
VU Research Portal

Positron Emission Tomography of Novel Radiotracers for the Central Nervous System

van der Aart, J.

2019

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
van der Aart, J. (2019). Positron Emission Tomography of Novel Radiotracers for the Central Nervous System:
Radiation Dosimetry and Translational Imaging Studies. [PhD-Thesis - Research and graduation internal, Vrije
Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/2d372f6f-c530-4d00-8313-c5477d164d74


p
o

sitr
o

n
 em

issio
n

 to
m

o
g

r
a

p
h

y o
f n

o
v

el r
a

d
io

tr
ac

er
s fo

r
 th

e c
en

tr
a

l n
er

vo
u

s system
r

a
d

iatio
n

 d
o

sim
e

tr
y a

n
d

 tr
a

n
sl

atio
n

a
l im

a
g

in
g

 stu
d

ie
s                          ja

sp
er

 van
 d

er
 a

ar
t

positron 
emission 

tomogr aphy 
of novel 

r adiotr acers 
for  the 
centr al 
nervous 

system
radiation dosimetry and  

transl ational imaging studies

jasper van der a art



positron emission tomography of novel radiotracers 
for the central nervous system



Design: Caroline de Lint, Voorburg (caro@delint.nl)

All rights reserved. No part from this thesis may be reproduced, distributed or transmitted  

in any form or by any means, without prior written permission of the author.

Publication of this thesis was financially supported by the foundation  

Centre for Human Drug Research in Leiden, the Netherlands

vrije universiteit

positron emission tomography  
of novel radiotracers for  

the central nervous system
Radiation Dosimetry and Translational Imaging Studies

academisch proefschrift

ter verkrijging van de graad Doctor of Philosophy aan
de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. V. Subramaniam,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie

van de Faculteit der Geneeskunde
op maandag 30 september 2019 om 11.45 uur

in de aula van de universiteit,
De Boelelaan 1105

door
Jasper van der Aart

geboren te Lisse



chapter 1
7 introduction

chapter 2
25 radiation dose estimates for carbon-11 labelled pet tracers

chapter 3
45 human dosimetry of the nmda receptor ligand [11c]gmom

chapter 4
55 evaluation of the novel pet tracer [11c]hach242 for imaging the 

glun2b nmda receptor in non-human primates

chapter 5
72 first in human evaluation of [18f]pk-209, a pet ligand for the ion 

channel binding site of nmda receptors

chapter 6
95 quantification of human brain pde4 occupancy by gsk356278:  

a [11c](r)-rolipram pet study

chapter 7
109 discussion and conclusions

chapter 8
127 summary in dutch / nederlandse samenvatting

137 curriculum vitae
139 list of publications

promotoren: prof.dr. A.A. Lammertsma
 prof.dr. B.N.M. van Berckel
 
copromotor: dr. G.J. Groeneveld



chapter 1 

introduction

Leescommissie: prof.dr. M. Lubberink 
 prof.dr. K. van Laere
 prof.dr. R. Boellaard
 prof.dr. H.W.H.G. Kessels
 dr. J. Doorduin
 dr. E. A. Rabiner



8 positron emission tomography of novel radiotracers for the central nervous system  9  chapter 1 – introduction

are not the only important determinants of r&d productivity, but also the optimi-
sation of clinical development operations such as speed (e.g. reducing inter-trial 
intervals) and regulatory submission quality.

Drug development in neurology and psychiatry has been particularly unsuc-
cessful. The decline in new drug has largely been driven by a high failure rate in the 
translation of preclinical efficacy findings, caused by inadequate animal models, 
poor protocol design, data robustness, data generalisability and target engage-
ment8. In fact, when scientists at Pfizer reviewed 44 on the company’s Phase II 
programmes across several therapeutic areas for evidence of target engagement, 
they found that 43% of clinical proof-of-concept (poc) studies that failed to show 
efficacy did not adequately demonstrate whether the mechanism of the drug-
target interaction was tested9. Similarly, an analysis of the use of biomarkers in 
the development of novel treatments for schizophrenia showed that for 80% of 72 
novel drugs tested in poc studies between 1994 and 2014 there was no evidence of 
biomarker-driven dose selection8. The analysis of a longitudinal internal review 
of AstraZeneca’s small-molecule drug projects10 concluded that 40% of projects 

Healthcare has the characteristics of an industry susceptible to disruption. The 
unsustainable rise in healthcare costs is a key challenge that is high on the agenda 
of politicians and entrepreneurs around the world. Already, Americans spend 17% of 
gross domestic product on health care, compared with 11% in the Netherlands1. Ten 
of the twenty occupations that will grow the fastest in the u.s. by 2020 are related 
to healthcare, largely due to an aging population2. Solutions to curtail healthcare 
expenditures include the digitisation of patient records, amassing data from clini-
cal trials, and the development of big-data algorithms that can provide the most 
robust evidence for patient treatment and research and development (r&d) invest-
ment decisions.

Another area where gains can be made is the reduction of drug development 
cost. There has been substantial media interest in the price of a small number of 
medicines, partly triggered by scandals concerning the hiked prices of old drugs. 
However, as Figure 1 shows, pharmaceutical spending as part of total healthcare 
spending has decreased in most countries in the past 20 years. For example the u.s. 
and the Netherlands saw a decrease of approximately 4% to 12.2% and 8.0% of total 
healthcare spending respectively3. Nevertheless, despite a rise in drug develop-
ment r&d spending, new product approvals have been low, especially of drugs that 
intent to treat central nervous system (cns) disorders. The likelihood of approval of 
a novel drug for a neurological indication that is in Phase 1 of clinical development 
is currently just 9%4. The two most important reasons for failures between Phase 2  
and submission to regulatory authorities were a lack of efficacy (52%) or safety 
(24%)5. Failure of compounds in late phase development reduces r&d efficiency 
substantially. However, failure in Phase 1 does not necessarily need to be interpret-
ed as a negative trend. The early timing of attrition in the pipeline can be a powerful 
lever for driving r&d productivity by avoiding the need for costly late-stage clini-
cal trials. Fortunately, success rates of new drugs across the industry are up in the 
three years up to 20146. Forty-five new molecular entities were approved in 2015 by 
the United States Food and Drug Administration (fda) Center for Drug Evaluation 
and Research. The size of the overall portfolio of novel clinical-stage compounds 
has increased as well to 3,823 compounds in 20156. However, operations in the phar-
maceutical industry are far from optimised. A recent report7 showed that against 
a standardised portfolio of clinical trials, a ‘poor’ company performing at –1 stan-
dard deviation (sd) spends 1.9 times as much money, takes 1.5 times as long and has  
2.3 times as many regulatory findings per audit as a ‘good’ company performing at 
+1 sd. These results highlight that product value and the rate of pipeline attrition 

figure 1 Pharmaceutical spending from 1976 to 2016 as % of total health spending.3
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The criteria for fit-for-purpose biomarkers in early drug development have been 
reviewed extensively in the literature14,15. A valuable biomarker offers insight 
into the timing, magnitude, and location of pharmacological effects. It can help to 
answer important questions early in the drug development process such as:

•	 Does a new drug molecule reach the tissue of interest in potentially 
pharmacologically active concentrations? 

•	 Is it interacting with the target of interest? 
•	 What is the quantitative relationship between the extent of this interaction  

and the administered dose? 
•	 What are the consequent pharmacological and physiological effects and  

how long do they last?
•	 Do patients express the target differently than healthy volunteers?

With regards to development of drugs targeting the cns, a wide range of phar-
macodynamic tools and biomarkers can be used to establish effects on the brain. 
Pharmacological functional magnetic resonance imaging (fmri)16 can show 
how compounds affect downstream physiology, in this case the haemodynamic 
response to neuronal activity. In addition, computerised, repeatable drug-sensitive 
tests such as those incorporated in the NeuroCart battery developed by the Centre 
for Human Drug Research (Leiden, the Netherlands) have been implemented in 
Phase 1 studies. Using the NeuroCart, the pharmacodynamic profile of more than 
40 cns compounds has been determined, by using tests that measure cognitive, 
psychomotor, neurophysiological and subjective drug effects17. Such tests offer 
the chance to explore both dose-response and time specific drug effects, including 
generating evidence to answer key questions related to blood-brain-barrier pen-
etration and the pharmacokinetic-pharmacodynamic (pk-pd) relationship.

Positron Emission Tomography

The highest level of confidence and direct evidence that engagement of the tar-
get (e.g. a receptor, transporter or enzyme) is achieved, can be provided with in 
vivo molecular imaging experiments with positron emission tomography (pet). 
Important discoveries in nuclear physics, neurophysiology and radiotracer devel-
opment in the 20th century revolutionised non-invasive imaging techniques that 
led to the invention of the first human positron imaging devices in the 1950s and the 

that failed in Phase 2 could be ascribed to a lack of target linkage to the disease or 
no availability of validated animated models. 29% of failures could be attributed 
to absence of evidence that supported exposure of the drug to the target tissue. 
Clearly, a drug’s exposure, binding, and functional modulation of the target site 
(that is relevant for the chosen indication) must be established as early on as pos-
sible in order to minimise attrition in Phase 1 and 2 clinical trials.

Following pre-clinical development, novel compounds are conventionally 
implemented in four consecutive phases of clinical development. The objectives 
are generally to provide information on (I) safety, tolerability and pharmacokinet-
ics in healthy subjects, (II) modulation of disease activity in patients, (III) the drug’s 
therapeutic index and covariate effects leading to marketing approval, and (IV) 
post-approval trials, e.g. competitor comparisons. This framework reduces the 
risk of unknown findings, yet offers only incremental confidence in the drug. Data 
intensive (and hence more informative) early phase studies could reduce the risk 
of performing a subsequent larger clinical trial at either non-pharmacological 
doses or at doses that produce side effects. The European Medicines Agency (ema) 
published in July 2017 a guideline for first-in-human drug studies, which has been 
comprehensively discussed by Van Gerven and Bonelli11 with a focus on the iden-
tification and mitigation of risks inherent to administration of investigational 
medicinal products in humans. 

In addition to safety and tolerability objectives that are traditionally the pri-
mary objectives in first-in-human studies, clinical development programmes may 
benefit from the quantitative measurements of pharmacodynamic (pd) effects 
to explore drug efficacy early on. However, the inclusion of pd endpoints in Phase 
1 that are relevant to the drug’s mechanism of action has only slowly gained trac-
tion over the past decades. For example, in a review of 81 Phase 1 studies in healthy 
volunteers that were submitted in 2009 to the competent authority for clinical tri-
als in the Netherlands, 32 were first-in-human studies with safety and tolerability 
as the primary endpoints, and in only 13 studies biomarkers were investigated12. 
Biomarkers can aid the identification of molecular and cellular mechanisms of dis-
ease pathogenesis processes. By exploring pharmacological modification in Phase 
1, biomarkers that are relevant to the disease may mitigate the risk of clinical trial 
failure. A more cyclical, instead of linear Phase 1 to 3 approach to drug development 
may be more suitable to novel compounds12,13. One that incorporates biomark-
er identification and measurement into the scientific objectives of the clinical 
programme.
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Only minute amounts of radioligand (tracer amounts) are sufficient to illuminate 
processes in the human body using modern pet scanners. These have the abil-
ity to measure gamma ray photons with a high temporal and spatial resolution. 
Microdosing of the radiotracer eliminates the risk that routine toxicological safety 
screening prohibits the administration of a small molecule pet imaging agents in 
humans. Tracer amounts further ensure that the radioligand engages only a frac-
tion of the target, and therefore should not influence the pharmacokinetics of the 
drug under investigation. Only for the most potent agonist radiotracers such as 
[11C]phno there is a risk that the injected mass is outside the tracer range, which 
could present potential confounding factors in imaging23. 

Quantification of the tissue radioactivity data allows inferences to be made about 
biochemical and physiological processes reflected in the distribution and kinetics 
of the labelled molecule in humans in vivo. However, in order to allow appropriate 
quantification in the organ of interest (e.g. the brain), a radiotracer with sufficient 
radioactivity (in the order of megaBecquerels) needs to be administered. This 
exposes the subject’s body tissue to a source of ionising radiation. Short-lived posi-
tron emitting isotopes such as carbon-11 and fluorine-18 (T½=109.77 min) enable 
optimal use of imaging photons to capture the kinetics of the radiotracer in the 
body, while keeping the radiation dose relatively low. Furthermore, through state-
of-the art radiochemistry, these isotopes can be incorporated into pharmaceuticals 
without altering their biological activity. However, despite the relatively short half-
lives of carbon-11 and fluorine-18 (compared with e.g. zirconium-89), estimates are 
still required of the radiation dose and associated risk arising from the radiotracer 
administration. In chapter 2 of this thesis, we describe in more detail the biologi-
cal effects of radiation and the methods to estimate radiation dose for carbon-11 
labelled pet tracers. Furthermore, we summarise the published radiation dose esti-
mates for a wide range of carbon-11 labelled radiotracers and relate them to most 
commonly used dose limits from regulatory guidelines.

In chapter 3, we present human pet experiments that have been performed 
to assess the radiation dose of the novel brain n-methyl-d-aspartate (nmda) 
receptor radiotracer [11C]gmom. Although there are methods available to scale 
radiation dose estimates from preclinical species to man, potentially significant 
interspecies differences mean that extrapolation from rodent data should be con-
sidered with care. When a new radiotracer is implemented in a clinical setting, with 
potentially repeated imaging in a single (healthy) subject, this should not incur a 
safety risk to the subject. pet biodistribution studies can help to understand the 

introduction of the first pet scanner in 197518 . The technique relies on the concept 
of imaging molecules that are labelled with positron emitting radionuclides called 
radiotracers, or radioligands if they bind with high affinity to a specific molecu-
lar target. Following intravenous administration, a radiotracer is distributed 
throughout the body in a matter of minutes. The gamma radiation emitted by the 
radiotracer can be detected and localised by a pet scanner, and its distribution fol-
lowed over time. Radioactive isotopes such as carbon-11 have unstable nuclei that 
decay to stable form by converting excess protons to neutrons. This process, where 
a proton is converted into a neutron, a positron, and an electron neutrino is known 
as β+ decay or positron emission. Carbon-11 for example decays to boron-11 mainly 
by positron emission (99.8%) with a half-life (T½) of 20.334 minutes19. Radioactivity 
refers to the nuclear transformation rate, i.e., the number of disintegrations of 
unstable atomic nuclei per second. The si unit is the Becquerel (Bq) which equals 
to one disintegration per second. When a positron annihilates with an electron, the 
mass of the positron and electron (both 9.1091 · 10t31kg) is converted into energy 
as described by E=mc2 20,21 in the form of two photons with 511keV energy in nearly 
opposite directions (Figure 2)22. Combining pet with computed tomography (ct) or 
mri facilitates anatomic localisation of the signal and direct mapping to function-
al pathways. However, pet spatial resolution is ultimately limited by the positron 
range before annihilation (~1-2mm) and the non-collinearity of the annihilation 
(180° ± 0.25˚). 

figure 2 Tomography of positron emission using gamma ray detectors following injection of a radiotracer.

Adapted from reference 22.

radioactive tracer

gamma  
ray detectors

y-radiation
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receptor antagonists, which target the neuroinflammatory cascade, has engaged 
the pursuit of pet ligands for this target 48,49. In 2016, the candidate tracers that 
were in development were not ready for clinical implementation, despite the com-
pletion of Phase 1 studies with p2x7 antagonists such as jnj-5417544650. Clinical 
availability of a p2x7 radiotracer would have allowed confirmation of jnj-54175446 
bbb penetration. In addition, data on target occupancy could be related to plasma 
exposure, safety and tolerability outcomes, and (if present) pharmacodynamic 
effects. The development and validation of pet radiotracers requires significant 
resources and expertise, and the discovery and clinical implementation of the right 
radiotracer at the right time is a major challenge for the field of pet.

Radiotracer Target Reference

[11C]Flumazenil Brain gaba a receptor 27

[11C]Raclopride Brain Dopamine d2/d3 receptor 28

[11C]pk11195 Brain Microglial activation 29

[18F]dpa-714 Brain Microglial activation 30

[11C]smw139 Brain p2x7 receptor 31

[11C]gmom Brain pcp site of the nmda receptor 32

[18F]pk-209 Brain pcp site of the nmda receptor 33

[11C]pib Brain Beta-amyloid 34

[18F]Flutemetamol Brain Beta-amyloid 35

[[18F]Florbetapir Brain Beta-amyloid 36

[18F]av1451 Brain Tau 37

[11C]Phenytoin P-glycoprotein 38

[11C]Verapamil P-glycoprotein 39

[11C]Laniquidar P-glycoprotein 40

[11C]hed Norepinephrine, myocardium 41

[11C]Erlotinib Oncology tyrosine kinase inhibitor 42

[18F]flt Oncology tumor proliferation 43

[18F]faza Oncology tumor hypoxia 44

[18F]fdg Glucose metabolism 45

[15o]h2o Blood flow 46

radiopharmaceutical’s administration, distribution, metabolism or elimination 
profile (adme). Put simply, a dynamic pet scan allows for the measurement of the 
concentration-time course in the tissue of interest, which in the case of [11C]gmom 
is the nmda receptor in the brain. It was therefore important not only to assess radi-
ation dosimetry, but also to confirm blood-brain-barrier (bbb) penetration of the 
radiotracer in humans.

The strength of pet lies not in biodistribution studies, but rather in its potential 
for “precision pharmacology”24. Using a labelled tracer molecule that specifically 
binds to the same target as the investigational compound, pet imaging can indi-
rectly visualise the interaction between the investigational compound and its 
target by showing changes in radiotracer binding. It is comparable to competitive 
antagonism – the higher the affinity of the compound to the target, the more the 
tracer signal will be reduced. pet can provide excellent quantitative accuracy and 
high sensitivity, provided that the utilised radiotracer has the right characteristics 
for the objective of pet imaging. The availability of specific radiotracers is para-
mount to successful bridging of preclinical and early clinical drug development, 
and for the application of pet in the clinical setting. The increased accessibility in 
the 1990s to lab facilities sufficiently equipped for radiopharmaceutical research 
spurred development of high-quality pet radiotracers as well as pharmacologi-
cal challenge tools with suitable characteristics to evaluate radiotracer binding. 
Nowadays there are well-validated pet radioligands available for more than 40 
cns targets, including neurotransmitter targets (receptors, transporters, synthe-
sis and activity) such as dopamine, serotonin, noradrenaline, gaba , glutamate, 
acetylcholine, histamine, opioids, and many others25,26. Table 1 shows a selection 
of radiotracers that have been implemented in clinical studies at the vu University 
Medical Center (Amsterdam umc, The Netherlands) which span therapy areas such 
as neurology, cardiology and oncology.

Unfortunately, radiotracer development is often a time-consuming process with 
considerable attrition, akin to processes in drug development. The requirements for 
optimal characteristics of cns radiotracers and its targets are well described in the 
literature47. In brief, the tracer should have good brain delivery, good (rapid) tissue 
kinetics, low non-specific binding (e.g. from radiometabolites), and sufficiently high 
affinity for the target. The target itself should have high concentration in the tissue 
(i.e. Bmax) to provide a useful signal-to-noise ratio. Furthermore, the timing of the 
availability of a well validated pet ligand for a novel target is crucial for it to have 
maximum benefit in drug development. For example the recent interest in p2x7 

table 1 A selection of radiotracers that have been implemented in clinical studies at the vu university medical 
center. 
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the plasma component does not represent a third component in radioligand imag-
ing). K1 is the rate constant that represents the influx from plasma to tissue, whereas 
k2 represents the clearance from tissue to plasma. By using dynamic pet data and a 
compartmental description of the tracer, the model parameters are able to decou-
ple tracer delivery and binding information. For example, assuming a cerebral blood 
flow of 50 ml ·100 g ·min-1 and a density of brain tissue of 1 g ·cm-3, the first pass 
extraction of [11C]raclopride from plasma is approximately 30%53. The free and 
non-specifically bound ligand can be kinetically distinguished by rate constants k3 
and k4. The latter equals 0 for an irreversible two tissue compartment model.

In Vivo Radiotracer Quantification

The exposure and regional distribution of radiotracers in the brain can be measured 
with a high resolution pet system and quantified using standard pharmacokinetic 
parameters such as Cmax, Tmax, auc and brain/blood ratios. However, target bind-
ing also depends on the affinity of the ligand for its target (the inverse of KD) and 
the density of the target (Bmax). Quantification of binding can be achieved with 
kinetic analysis using compartmental modelling. A radiotracer that is suitable to 
measure drug occupancy at its target ideally has reversible, high specific binding 
(S) and low non-specific binding (NS, e.g. binding to other proteins). Non-specific 
and free unbound radiotracer in the tissue are together referred to as the non-
displaceable (nd) fraction, as they cannot be blocked by competitive binding. The 
non-displaceable fraction is often assumed to be equal in regions of interest (rois) 
that are target-rich and target-free. For example, [11C]raclopride has high affinity 
for dopamine D2/D3 receptors, which are expressed in the striatum but not in the 
cerebellum. The binding potential is the equilibrium concentration of specific bind-
ing as a ratio to another concentration, e.g. non-displaceable radioligand (bpnd), 
and is unitless51. In the case of [11C]raclopride, the bpnd in the region with the high-
est D2 fraction (putamen) is approximately 3.0 when using a reference region devoid 
of the target (cerebellum)23. The molecular targets that are investigated in this the-
sis, i.e. the nmda receptor and the pde4 enzyme, are expressed throughout the cns, 
and therefore reference regions devoid of the targets are not available. However, 
the non-displaceable fraction of the radiotracer can also be quantified if there is a 
blocking agent available that competes with the radioligand at the target. In this 
case, ‘baseline’ radiotracer binding is compared to binding after administration of 
the blocking agent, regardless of the existence of a reference region. The fraction of 
non-displaceable binding can be derived from the (modified) Lassen plot52 after a 
full block of the specific signal, under the assumption that there is a range of regions 
with differing target density.

The radiotracer concentrations in plasma and tissue (Figure 3) can be described 
by pet pharmacokinetic models which simplify the physiological interactions 
by using compartments that can characterise the kinetics of the tracer. Kinetic 
parameter estimates can be calculated by minimising the sum of squares between 
measured data and (non-linear) models. The amount of radioactivity in the tissue is 
dependent on the amount supplied to it via the plasma. Figure 4 shows a schematic 
diagram of a two-tissue compartment model (in contrast to clinical pharmacology, 

figure 3 a. Example of time-activity curves (tacs) showing radioactivity concentrations in plasma following 
intravenous administration of the radiotracer, and uptake, distribution and elimination in two 
different tissues of interest. b. Example tacs corrected for injected radioactivity and bodyweight  
(i.e. standardised uptake values, suv) in grey matter (closed circles) and white matter (open circles) 
and kinetic fits using one compartment (1t2k) or two compartment models (2t4k), the latter 
showing a superior fit of the grey matter tac).

p f+ns sK1

k2

k3
k4

figure 4 Schematic diagram of a two-tissue reversible compartment model with 4 kinetic parameters (2t4k).
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The pet scanner cannot distinguish between positrons that are emitted from radio-
tracer molecules that are specifically bound or non-displaceable. Neither can it 
distinguish between emission from intact radiotracer or from its metabolites that 
carry the radioactive label and emit positrons. Should radiometabolites pass the 
bbb, they may bind off-target, compromising the signal-to-noise ratio and hinder-
ing kinetic analysis of the pet data. An arterial input function takes into account 
radiotracer metabolism and the amount of radioactivity in blood and plasma. 
Experiments in chapter 4, 5 and 6 of this thesis describe the measurement of 
radiometabolites and the parent fraction using high performance liquid chroma-
tography (hplc). The individual subject’s metabolite corrected arterial plasma 
input function describes the concentration of intact radiotracer that is available 
in plasma during the course of the scan. The input function is then combined with 
the subject’s pet data for quantification of tissue uptake in rois using the optimal 
kinetic model.

nmda Receptor Imaging

In the last two decades, a significant effort in drug development has focused on the 
nmda receptor, and specifically the negative allosteric modulation of the nmda 
receptor’s ion channel activity via the GluN2B binding site (previously known 
as nr2b). Glutamate is an important mediator of excitatory neurotransmission 
in the cns and GluN2B modulators may have therapeutic potential for the treat-
ment of a wide range of cns pathologies, including acute and chronic pain, stroke, 
dementias and major depressive disorder54,55. At present, there is no well validated 
GluN2B binding pet radiotracer available. The majority of radiotracers tested in 
the past exhibited poor brain penetration, high non-specific uptake in the brain 
and extensive metabolism56. In chapter 4, we present the initial pet assessment 
in non-human primates of [11C]hach242, a new GluN2B antagonist radiotracer57. 
Prior preclinical experiments with [11C]hach242 ex vivo have shown that the ligand 
enters the brain and that distribution in tissue is consistent with the known distri-
bution of the GluN2B binding site58. These results gave confidence to continue with 
the next steps in tracer evaluation, which included the assessment of the kinetic 
profile, the measurement of plasma parent radiotracer and metabolites, and the 
attempt to block the specific signal. To this end, a pharmacological dose of radi-
prodil was administered intravenously, which was expected to reduce the specific 
signal of [11C]hach242 at GluN2B binding sites in the brain.

When there are no suitable reference regions or blocking agents, the total volume 
of distribution (VT) is an appropriate endpoint for quantification. Volume of distri-
bution in radioligand imaging refers to the concentration in the target region (e.g. 
brain) in relation to the concentration in plasma, at equilibrium, and is expressed 
as ml · cm-3 of tissue. VT includes both the specific (VS) and nonspecific (Vnd) bind-
ing signals (Figure 5). The VT is equal to Vnd + VS and is calculated by the formula,  

VT =  
K1 

  (1 + 
k3 ) 

            k2              k4
 where 

Vnd= 
K1

  .
 

               k2
The VS can further be represented as the product of Vnd and the binding potential 
(bpnd), therefore VS = Vnd × bpnd.

When a drug competes with specifically bound radiotracer in the brain it can 
lead to a reduction of the bpnd and consequently the VT (Figure 5). After the time 
of maximum drug concentration in plasma (Tmax), the concentration is normally 
reduced by processes of metabolism and elimination. In case of reversible binding 
of the drug to the target, the concentration at the target will therefore also decrease 
following Tmax, thereby increasing the fraction of radiotracer binding.

figure 5 Schematic representation of the total volume of distribution of the radiotracer before drug 
administration and at two timepoints post drug administration, for example at tmax and after  
two half-lives.

Baseline scan Post-dose 1 scan Post-dose 2 scan
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subanaesthetic dose of S-ketamine (0.5 mg/kg) was administered to healthy volun-
teers in order to reduce the specific binding of [18F]pk-209. Compartmental models 
were used to simplify the complex pharmacological processes in vivo. As the nmda 
receptor is expressed throughout the cns, a reference region devoid of nmda recep-
tors was not available. Arterial blood sampling was performed in combination with 
pet imaging for the parallel measurement of radioactivity in whole blood, plasma 
and brain, as well as radiotracer metabolism.

The relationship between target (e.g. receptor) occupancy profiles and the plas-
ma concentration of the drug over time can guide dose selection for subsequent 
clinical trials in order to find the optimal balance between therapeutic efficacy in 
patients and unwanted safety and tolerability effects. In chapter 6 we report and 
interpret the results of a pet experiment which aimed to evaluate the relationship 
between the plasma concentration of gsk356278, a novel inhibitor of the phospo-
diesterase-4 (pde4) enzyme, and the occupancy of pde4 by gsk356278 in healthy 
male subjects. pde enzyme activity dysfunction has been implicated in disease 
states such as asthma, ischemic stroke and cns disorders61. Upregulation of the 
camp cascade through long-term pharmacological inhibition of the pde4 enzyme 
is a promising therapeutic intervention for a range of conditions. The imaging probe 
that was used, [11C]R-rolipram, is suitable for in vivo quantification of pde4 avail-
ability and activity. We present the first human data of pde4 occupancy measured 
directly in the human brain with pet. The results of this study were used in conjunc-
tion with plasma gsk356278 pharmacokinetics to determine optimal doses to be 
used in future clinical development.

Finally, the main findings of this thesis are summarised, discussed, and put into 
context of recent scientific developments in chapter 7.

pet in non-human primate is highly amenable to clinical translation, and successful 
imaging of the nmda receptor in primate species warrants further investigation in 
humans. A second promising novel nmda receptor ligand, [18F]pk-209, has recent-
ly been synthesised at the vumc (Figure 6) and successfully tested in non-human 
primates59.

The radiotracer binds to the phencyclidine (pcp) binding site of the nmda recep-
tor, which sits within the ion channel in the transmembrane domain. Primate 
studies with [18F]pk-209 have shown that the regional binding of [18F]pk-209 can 
be quantified with acceptable between-subject variability and evidence for specific 
binding, albeit modest59. This data provided a stimulus for the evaluation of [18F]
pk-209 in humans, enabling further insight into glutamatergic neurotransmission 
in the brain. In chapter 5, we describe and report the first-in-human experiments 
which aimed to assess test-retest variability and specific binding following intrave-
nous ketamine infusion. The interest in ketamine as a treatment for mood disorders 
such as treatment-resistant depression, as well as suicidal ideation and post-trau-
matic stress disorder has greatly expanded60. The study included a cohort in which a 

figure 6 Chemical structures of the three radiotracers tested and described in chapters 3, 4 and 5. [11C]gmom 
(i.e. [11C]n-(2-chloro-5-thiomethylphenyl)-n’-(3-methoxy-phenyl)-n’-methylguanidine), [18F]pk-209 
(i.e. (3-(2-chloro-5-(-methylthio)-phenyl)-1-(3-([18F]fluoromethoxy)phenyl)-1-methylguanidine),  
and [11C]hach242 (i.e. n-((5-(4-fluoro-2-[11C]methoxyphenyl)pyridin-3-yl)methyl)-cyclopentanamin). 
Ketamine (i.e. 2-(2-chlorophenyl)-2-(methylamino)cyclohexanone) was used as a blocking compound 
in chapter 5.
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Introduction

pet is an imaging technique which allows the visualisation and quantification of 
the time-dependent distribution of molecules labelled with positron-emitting iso-
topes. Appropriate quantification of the tissue radioactivity data allows inferences 
to be made about biochemical and physiological processes reflected in the distribu-
tion and kinetics of the labelled molecule in humans in vivo. In addition to its use 
in research1and clinical practice2, pet makes a significant contribution to phar-
maceutical development3. However, the administration of radiotracers to human 
subjects exposes them to an additional source of ionising radiation. In order for 
research ethics committees and other regulatory bodies to be able to adequately 
review research protocols, and for potential research subjects to be able to make an 
informed decision about their participation, it is necessary to estimate the risk to 
the subject posed by that exposure. In addition, restrictions are typically placed on 
the doses which can be administered to subjects who are not anticipated to benefit 
personally from a scanning procedure. Therefore, estimates of the radiation dose 
and associated risk arising from the administration of a particular radiotracer are 
required. In this review, we summarise the published radiation dose estimates for 
carbon-11 labelled pet tracers, discuss radiation dosimetry in the context of the 
research applications of pet imaging, and relate the doses required to meet com-
mon research objectives to the most widely used guidelines.

Radiation measures

Radiation dose estimates are based on four concepts which we will briefly intro-
duce: radioactivity, absorbed radiation dose, equivalent dose and effective dose. 

•	 Radioactivity refers to the nuclear transformation rate, i.e. the number of disin-
tegrations of unstable atomic nuclei per second. The si unit, becquerel (1 Bq = 1 
disintegration per second) has superseded the curie (Ci) as the unit of radioactiv-
ity (1 Ci = 37000 Bq). 

•	 The absorbed radiation dose for a material as a result of its exposure to ionising 
radiation is the absorbed energy per unit mass. The si unit, gray (1 Gy = 1 Joule/
kilogram), has superseded the rad (1 Gy = 100 rad). 

•	 For living tissues exposed to radiation, dose equivalent, a term introduced by 
the International Commission on Radiation Protection (icrp) in Publication 

Abstract

introduction Carbon-11 labelled pet tracers commonly used in biomedical 
research expose subjects to ionising radiation. Dosimetry is the measurement of 
radiation dose, but also commonly refers to the estimation of health risk associ-
ated with ionising radiation. This review describes radiation dosimetry of carbon-11 
labelled molecules in the context of current pet research and the most widely used 
regulatory guidelines. 

methods  A medline literature search returned 42 articles, 32 of these were 
based on human pet data dealing with radiation dosimetry of carbon-11 molecules. 
Radiation burden expressed as effective dose and maximum absorbed organ dose 
was compared between tracers. 

results All but one of the carbon-11 labelled pet tracers have an effective dose 
under 9 µSv/mbq, with a mean of 5.9 µSv/mbq. Data show that serial pet scans in a 
single subject are feasible for the majority of radiotracers. 

conclusion Although differing in approach, the two most widely used regula-
tory frameworks (those in the usa and the eu) do not differ substantially with regard 
to the maximum allowable injected activity per pet study. The predictive validity 
of animal dosimetry models is critically discussed in relation to human dosimetry. 
Finally, empirical pet data is related to human dose estimates based on homoge-
nous distribution, generic models and maximum cumulated activities. Despite the 
contribution of these models to general risk estimation, human dosimetry studies 
are recommended where continued use of a new pet tracer is foreseen.
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Organ or tissue wt
icrp 30 (1979) *

wt
icrp 60 (1991)

wt
icrp 103 (2007)

Gonads 0.25 0.20 0.08

Red bone marrow 0.12 0.12 0.12

Large intestine 0.12 0.12

Lung 0.12 0.12 0.12

Stomach 0.12 0.12

Bladder 0.05 0.04

Breast 0.15 0.05 0.12

Liver 0.05 0.04

Oesophagus 0.05 0.04

Thyroid 0.03 0.05 0.04

Skin 0.01 0.01

Bone surface 0.03 0.01 0.01

Rest † 0.30 0.05 0.12

Brain 0.01

Total 1.00 1.00 1.00

* icrp 30 wt  are used to calculate ede, whereas icpr 60 wt and icrp 103 wt  give E values.  
† ‘Rest’ includes adrenals, small intestine, kidney, muscle, brain (except icrp 103 wt), pancreas, spleen, thymus, and uterus.

Stochastic effects

The radiation doses administered in pet studies are so low that any harmful 
effects are likely to be stochastic in nature, meaning that as the dose increases the 
probability of harm increases, rather than the severity of symptoms. Stochastic 
effects arise from radiation induced chromosomal changes, leading to cancers 
and (in theory at least) genetic disorders in future generations. Stochastic effects 
associated with doses from 60 mSv have been described by extrapolation in epide-
miological studies of atomic bomb survivors and other populations known to have 
been exposed to high doses of radiation7. However, effects below 60 mSv are not 
well characterised as they are hard to detect. There has been a long debate8about 
how best to estimate the effects of low doses of radiation. Currently icrp guid-
ance uses a linear-no-threshold model (lnt), which assumes a linear relationship 
between dose and risk even at low radiation doses, i.e. there is no dose that does not 
carry a risk. However, there is no single dose-effect relationship, i.e. each link in the 
chain of radiation effect will have its own dose-effect relationship (e.g. mechanisms 

304, equals the absorbed dose multiplied by a radiation ‘quality factor’ which 
expresses relative biological damage from a particular type of radiation. The si 
unit of dose equivalent (also referred to as equivalent dose) is the sievert (Sv), 
which has superseded the rem (1 Sv = 100 rem). It should be noted that in esti-
mating exposure from pet, dose equivalent is numerically equal to absorbed 
dose as the radiation quality factor is 1 for both gamma rays and positrons at all 
energies.

•	 Effective dose (e) The total or whole body absorbed dose, i.e. the total amount 
of radiation absorbed by the body divided by the mass of the body, is not ade-
quate to estimate the risks associated with exposure to radiation since it does 
not take into account non-uniform irradiation or differences in tissue radiosensi-
tivity. In the icrp scheme4,5 the relative overall harm to health or detriment from 
the exposure of different organs to low doses of radiation is taken into account 
through tissue weighting factors (wt, table 1) that represent the relative risk con-
tribution arising from each organ or tissue should the whole body be irradiated 
uniformly. Summation of the weighted dose equivalents over all tissues gives 
the effective dose equivalent (ede). The icrp subsequently renamed ede effective 
dose (E), and introduced revised tissue weighting factors5more appropriate for 
biomedical research, which have recently been revised again6. ede however is 
still mentioned regularly in dosimetry calculations, sometimes exclusively. E can 
in principle be used prospectively for any procedure involving low doses of ion-
ising radiation (therefore excluding high dose exposures in procedures such as 
radiotherapy), allowing easy comparison between radiation dose from different 
radiotracers. Perhaps confusingly, the unit of E is also the sievert (Sv).

Biological effects of radiation

The biological effects of ionising radiation can be classified as deterministic, tera-
togenic and stochastic, and depend on the magnitude and duration of exposure. 
Deterministic effects occur when a radiation dose threshold is exceeded. Examples 
include erythema and hair loss. The threshold for deterministic effects is relatively 
high (of the order of several Sv), although some tissues have lower thresholds (e.g. 
the eye lens). Teratogenic effects are caused by in utero exposure, and can be sto-
chastic or deterministic. The complexity of teratogenic effects is beyond the scope 
of this review. 

table 1 Tissue weighting factors.
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Radioactive Substances) Regulations. There is no dose limit for research purposes, 
but like many eu member states, the uk follows the icrp 62 guidance that indicates 
a constraint of 10 mSv (or less) per study where research subjects are not expected 
to benefit personally15. Perhaps the most notable distinction between regulation 
in Europe and the us is the absence of organ limits in Europe and the increased 
emphasis on effective dose.

Methods to calculate exposure

Methods to estimate the absorbed radiation dose following radiotracer injection 
have been used since the medical use of radiolabelled compounds began in the 
1940s17. Today dosimetry methods applicable to pet, radionuclide therapy, and 
the exposure of different populations (i.e. children, females)18are all available. In 
addition, guidelines concerning dose estimation at the sub-organ, voxel, and cel-
lular levels have been published19. In the simplest terms, the dose will depend on 
both the biological half-life (residual time in various organs) of the radiolabelled 
compound (and any labelled metabolites) and radioactive half-life of the nuclei 
attached to the molecule. Various methods are available, each having its own pros 
(e.g. external validity) and cons (e.g. cost). However, up until now a concise overview 
of the methods used to obtain animal and human dosimetry for carbon-11 labelled 
pet tracers (at the organ and whole body level) has been lacking.

Dosimetry for a homogeneously distributed carbon-11 labelled molecule

Calculations can be made a priori about radiation energy deposition per mbq of 
injected activity for a whole body. The simplest way to estimate dose is to assume 
homogeneous distribution of the radiotracer in the body, where radioactivity is 
only removed by physical decay and not by excretion. Radiation dose then equals 
the total number of transitions multiplied by the energy per transition divided by 
the mass of the body. Assuming a reference body with a target mass of 70kg, deposi-
tion of 100% beta energy and 50% gamma energy in tissue, the total body dose of an 
injected carbon-11 labelled radiotracer would equal 3.6 µSv/mbq.

In reality the assumption of homogeneous radiotracer distribution rarely holds. 
However, given the relatively short half-life of carbon-11 (20.4 min) compared to 
fluorine-18 or iodine-123 tracers (109.8 min and 13.22 hour half-lives respective-
ly), the total radiation burden (the effective dose E) depends largely on the initial 
organ perfusion and retention. Highly perfused organs with a high blood flow as 

of suppression, amplification, destabilisation and feedback), and those effects will 
combine to form the biological endpoint8,9. 

One study estimated that among 400 000 nuclear workers with a mean accu-
mulated total dose of about 20 mSv, 1-2% of all cancer deaths may be attributable 
to occupational radiation exposure10. Nevertheless the added cancer risks from pet 
studies performed under the current guidelines are so low as to be practically unob-
servable9. Furthermore, everyone is exposed to some level of ionising radiation 
from environmental sources (background radiation) in addition to any occupation-
al or medical exposure one may receive. The worldwide average dose is estimated to 
be 2.4 mSv per year11with a sizeable portion of the population receiving 10-20 mSv. 
Most variation in dose is explained by the level of natural radionuclide content in 
the soil and concentration of radon gas in indoor air.

Guidelines concerning radiation exposure  in research 
studies

The three basic principles of radiation protection in biomedical research are (i) jus-
tification of irradiation, (ii) administration of a dose that is as low as reasonably 
achievable (alara) or practicable (alarp, used in the uk) consistent with the aim of 
the investigation, and (iii) adhering to dose constraints specified by the appropriate 
regulatory body. The fundamental issues pertaining to human research involving 
ionising radiation have been previously described12,13.

Research in the usa and Europe is subject to different local and national 
regulations, and as such the acceptable/permissible radiation exposure differs 
from country to country. For studies performed in the usa , the Food and Drug 
Administration (fda) Code of Federal Regulations (cfr) Title 21 Part 36114 states 
that the maximal absorbed dose for the whole body should not exceed 30 mSv 
per study, or 50 mSv annual total dose. Importantly, the fda puts limits on specific 
organs, e.g. 30 mSv for the red marrow, testes, ovaries, and the lens of eye (although 
the eye is commonly ignored in dosimetry studies where pet tracers are injected 
intravenously), 50 mSv per study for all other organs, or a total annual dose of 
150 mSv. The icrp guidance was largely adopted in a directive from the European 
Commission13. In the uk for example this directive has been enacted in the Ionising 
Radiation (Medical Exposures) Regulations16. In addition to ethical review, permis-
sion must also be obtained from the Administration of Radioactive Substances 
Advisory Committee (arsac) under the terms of the Medicines (Administration of 
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small animals than in man. Therefore human residence times extrapolated from 
rat data are estimated using conservative assumptions. For example, Parsey et 
al.22notes that rats have a 60.6 times lower absorbed bladder dose than humans 
(Mathis c, as described in22 ) following injection of the 5-ht1 a receptor tracer [11C]
way100635. The majority of injected activity in human subjects accumulated in the 
bladder within 1 hr of injection, indicating that differences in radiotracer binding 
to the target (between species) may lead to substantially different absorbed organ 
doses. [11C]way100635 also provides an example of a radiotracer that is subject 
to different metabolic rates and/or fates in different species, potentially leading 
to the presence of different radiolabelled metabolites. The rate at which the [11C]
way100635 radioactivity in plasma decreases is contrary to the order expected on 
the basis of body weight, i.e. human > monkey > rat23. Indeed, it has been proposed 
that animal data require an interval of factor 10 to reliably predict human organ 
dose estimates 90% of the time24. Several other examples exist in the literature of 
substantial differences between calculated effective doses based on rodent versus 
human data. For example, E for [11C]cp126,998 was found to be 3.9 µSv/mbq based 
on human pet data25, whereas mouse data returned an estimate of 7.7 µSv/mbq. 
For the α7 nicotinic receptor tracer [11C]chiba-1001, mouse data underestimated 
human data; 3.8 versus 6.9 µSv/mbq respectively26,27. Human dosimetry estimates 
for [11C]pbr28 based on monkey biodistribution data were overestimated by 60%, 
as the absorbed activity in the monkey was greater than in humans for organs with 
high pbr densities28. Taken together, these studies suggest that although animal 
studies may highlight cases which do not conform to the homogenous distribu-
tion model and provide information about the kinetics of the pet tracer in an organ 
of interest such as the brain, they add relatively little to human dose estimates in 
terms of effective dose. For these reasons, preclinical data was not included in this 
review where human data was available.

Typical Human Dosimetry

In vivo pet studies can provide biokinetic input data such as fractional long term 
retention of labelled molecules, turnover of the radiopharmaceutical and its 
metabolites, and distribution within different organs. A pet dosimetry protocol for 
a carbon-11 labelled tracer will typically specify the acquisition of images from mul-
tiple overlapping bed positions collected over consecutive passes lasting up to 120 
minutes, after which time less than 2% of the injected activity remains throughout 
the body. The short half-life of carbon-11 in combination with a scan duration of 

a percentage of cardiac output (brain, heart, lung, liver, kidney) receive the major-
ity of the absorbed dose while less perfused organs (muscle, fat) and small organs 
receive a smaller fraction. Therefore the worst case scenario would be for all activity 
to decay in one organ with a high tissue weighting factor. For example, in the case 
of the serotonin transporter radiotracer [11C]dasb (E = 6.4 µSv/mbq)20, it was shown 
that E would be 670 µSv/mbq if one assumes that all activity decays in the testes/
ovaries (wt=0.2), whereas E would be 2.7 µSv/mbq if all activity decayed in the skin or 
bone (wt=0.01). This variability highlights the effect of inhomogeneous tracer dis-
tribution on E, and the need to account for the biological half-life of the tracer per 
organ in addition to energy deposition within the body.

Pre-clinical experiments and scaling to humans

Biodistribution data for an intravenously administered radiotracer can be obtained 
in rodents without the use of pet imaging, by classical dissection or direct measure-
ment techniques such as gamma or liquid scintillation counting and quantitative 
whole body autoradiography (qwba). For a tritiated molecule, classical dissection 
is often preferable due to the relatively low cost and high sensitivity. Extrapolating 
data obtained with a tritium labelled tracer does require the assumption that a 
difference in the labelling position (compared to carbon-11) does not lead to differ-
ent radio-labelled metabolites. However, given the short half-life of carbon-11 and 
other sources of inter species variation this assumption is normally deemed to be 
acceptable. qwba has the advantage of providing detailed distribution data in pic-
torial form allowing quantification with similar accuracy to classical approaches. 
With either method typically pairs of rats (e.g. one male and one female) are dosed 
and sacrificed at each of several times post-dose (e.g. 5, 10, 20, 60 and 120 minutes) 
and all tissues/organs taken or sampled from each carcass are measured for total 
radioactivity. 

Various methods can be used to scale the normalised cumulated activities to 
man; the simplest being to assume that they are the same in both species. However, 
various interspecies differences can introduce errors. Differences in anatomy are 
perhaps the most obvious. Rats lack a gallbladder, and in general relative organ 
size decreases as animal size increases. In addition other factors may affect the 
rate of drug/tracer elimination, for example: both the level of hepatic enzymes and 
the number of nephrons as a fraction of kidney weight are thought to be higher in 
small animals than in humans21 ; In addition, biliary excretion and bladder expo-
sure varies substantially between species; and blood circulation time is shorter in 
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interval of 5.2-6.6 and range 3.2-8.9 with one outlier at 14, Figure 1), supporting the 
assertion that the half-life of carbon-11 is the major determinate of E for pet tracers 
based on small molecules. Compared with an estimated E of around 15 µSv/mbq for 
most fluorine-18 tracers (data summarised in icrp 5368 ), and 19 µSv/mbq for [18F]
fluorodeoxyglucose (data summarised in icrp 8069,70), carbon-11 tracers generally 
display a relatively modest radiation dose profile. ede values are higher than E for 
all studies where both are computed, suggesting that the use of older weighting 
factors overestimates radiation risk for carbon-11 tracers. Second, organ perfu-
sion and the mechanism of clearance is a major determinant of tracer biokinetics 
in humans and hence effective dose. For institutions following us fda legislation14, 
the maximum injected activity per study may be limited by the critical organ rather 
than the (whole body) effective dose as used by many eu pet centres. Organs which 
exhibit the highest absorbed dose differ markedly between radiotracers, and are 
not confined to major visceral organs such as the kidneys, liver, and lung. Indeed, 
the bladder-wall and gallbladder-wall are frequently reported to be the limiting 
organs, despite both delayed filling and the short half-life of carbon-11. Many radio-
tracers seem to be excreted rapidly in urine, which in turn contributes considerably 
to E. However, closer inspection of the data in the articles shows that dose estimates 
for organs involved in excretory pathways generally display a large variability 
between subjects. The effective dose of one radiotracer appeared to be an outlier, 

120 minutes avoids the need to extrapolate time-activity data. If scanning time is 
insufficient (e.g. if other radionuclides are used) and more data post scan is needed, 
it is conservatively assumed that the area under the time activity curves of organs 
from the end of the scan to infinity follows a declining mono-exponential function. 
Whole-body scanning may miss an early perfusion phase for organs with a low 
retention of the tracer; however the energy deposition from the tracer in these tis-
sues is likely to be minimal.

Organs to be included in the image analysis are often determined by visual 
inspection, with regions of interest being drawn for organs showing uptake (activity 
levels) above the tissue background. ‘Residence time’ or ‘normalised cumulated 
activity’29, which refers to the number of nuclear transitions per injected amount 
of activity, can be obtained directly from pet studies. Data is corrected for organ 
volume using anatomical models and subsequently entered into dose estimation 
software such as those developed by the icrp, the Medical Internal Radiation Dose 
(mird) committee, or the Radiation Dose Assessment Resource (radar). The most 
widely used publicly available software packages are mirdose30 and in revised 
form olinda/exm (Organ Level Internal Dose Assessment/Exponential Modeling)31. 
It should be noted that the output uses icrp 60 (1991) wt to calculate E instead of 
revised icrp 103 (2007) wt.

Methods 

The PubMed search engine (http://www.pubmed.gov) was used to query the med-
line bibliographic database (u.s. National Library of Medicine) using the terms 
“Dosimetry and 11C”, returning 120 articles. Studies were selected after inspection 
of titles and abstracts. The search was then complemented by manually cross-
checking the reference list of the selected papers. In the cases where preclinical 
dosimetry experiments were conducted, the calculated human dose estimates are 
given.

Results

Effective dose reviewed

Two main conclusions can be drawn from the dosimetry data presented in table 2. 
First, the analysis of 37 effective dose estimates available from 42 dosimetry arti-
cles shows a narrow range of values (mean E=5.9 ± 2.0 µSv/mbq, 95% confidence Human nhp Pig
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figure 1 Effective dose estimates for 37 carbon-11-labelled pet tracers.
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table 2 dose estimates

Target Radiotracer e ede Critical Organ Max 
absorbed

us 
max*

Species Ref

Receptors μSv/ 
MBq

μSv/
MBq

μGy/  
MBq

MBq  

α2-adreno Mirtazapine 6.8 lungs 34 1470 Human (n=1, 1♀) 32

α2-adreno Yohimbe 5.7 urinary bladder 54.3 920 Pig (n=1) 33

Dopamine d1 nnc 112 5.7 9.2 gallbladder 32.4 1351 Human (n=7, 3♀) 34

Dopamine  d2 Raclopride 6.3 8.7 gallbladder 31.5 1587 Human (n=6, 3♀) 35

Dopamine  d2 Raclopride 6.7 kidney 40.6 1231 Human (n=3) 36

Dopamine  d2 mnpa 6.4 urinary bladder 26 1923 nhp (n=2) 37

Dopamine  d2 nmb 3.7 4.4 heart 10.5  4761 nhp (n=2) 38

Dopamine  d2 npa 3.2 6.7 gallbladder 28.1 1779 Human (n=6, 3♀) 39

gaba benzodiazepine Flumazenil 7.6 11.2 urinary bladder 63.2 791 Human (n=6, 3♀) 40

gaba benzodiazepine Flumazenil 5  urinary bladder 37 1351 Human (n=5, 2♀) 41

gaba benzodiazepine mpga 5.3 small intestine 33 1515 Human (n=3) 42

gaba benzodiazepine Iomazenil  15 urinary bladder 99 505 Human (n=2) 43

nk1 gr-205171 8.6 12.1 lung 55.4 902 nhp (n=3) 44

Opioid Carfentanil 4.6 5.4 urinary bladder 36.5 1369 Human (n=5, 3♀) 45

Glutamate 5 abp688  3.7 liver 16.4 3048 Human (n=5) 46

α 7-Nicotinic chiba-1001 6.9 small intestine 24.0 2083 Human (n=3) 27

Acetylcholine mp4b 4.2  urinary bladder 18.6 2688 Human (n=7) 47

Angiotensin 2 Telmisartan 4.3 gallbladder 46.7 1071 Human (n=6) 48

Serotonin 5-ht1a way100635 14.1 17.4 urinary bladder 194 258 Human (n=6, 3♀) 22

Serotonin 5-ht6 gsk215083 7.7 7.8 lung 25.6 1172 Human (n=6, 3♀) ¥

tspo (prb) pbr28 6.6 11 kidney 52.6 951 Human (n=6, 3♀) 28

tspo (pbr) pk11195 4.8 5.1 kidney 14.0 3571 Human (n=5) 49

(icrp103)

Transporters Radiotracer e ede Maximum  
dose organ

Max  
dose

us 
max*

Species Ref

Dopamine transporter pe2i 6.4 urinary bladder 18.0 2778 Human (n=3) 50

Pg-p dlop 7.8 kidney 50.1 998 Human (n=12,8♀) 51

Serotonin transporter dasb 7 8 lungs 32.8 1524 Human (n=7, 5♀) 52

Serotonin transporter dasb 6 7.3 urinary bladder 25.2  1984 nhp (n=2) 20

vmat 2 mtbz   gonads 40.0 750 Human (n=6, 3♀) 53

vmat 2 tbz  gonads 27.6 1086 Rat (n=5) 54

vmat 2 dtbz 6.1 stomach 14.0 3571 nhp (n=5) 55

Protein targets,  
other

Radiotracer e ede Maximum  
dose organ

Max  
dose

us 
max*

Species Ref.

Acetylcholinesterase 
inhibitors

cp126,998 3.9 5.1 liver 20.6 2427 Human (n=2) 25

Monoamine  
oxidase A

Harmine 8.9 11.1 lungs 39.9 1253 nhp (n=3) 56

Beta-Amyloid pib 5.3 8.9 gallbladder 44.8 1116 Human (n=6, 3♀) 57

Beta-Amyloid pib 4.7 gallbladder 41.5 1205 Human (n=8) 58

Beta-Amyloid bta-1 4.3  liver (n=4), 20.1 2488 Human (n=5, 3♀) 59

Beta-Amyloid mes-impy 4.9  gallbladder 33.4 1497 nhp  (n=2) 60

Metabolism Glucose  3.3 Brain 11.0 4545 Human (n=33, 14♀) 61

Tumor Imaging Agent meaib 4 pancreas 18.0 2778 Human (n=25, 7♀) 62

Tumor Imaging Agent Methionine 5.2 urinary bladder 27.0 1852 Human (n=5) 63

Tumor Imaging Agent Acetate 4.9 6.2 pancreas 17.0 2941 Human (n=6) 64

Tumor Imaging Agent ly2181308 4.7 6.8 kidneys 32.0 1563 nhp (n=3) 65

Tumor Imaging Agent doceta xel 4.7 liver 35.2 1420 Human (n=7, 2♀) 66

Epidermal Growth 
Factor Receptor

pd153035 4.7 7.4 urinary bladder 60.1 832 Human (n=9, 5♀) 67

¥Comley, pers. comm. * us max activity per study

(continuation table 2)

[11C]way100635. The estimated effective dose of 14.1 µSv/mbq reported by Parsey 
et al.21is more than four standard deviations above the mean of all tracers reviewed 
here. The absorbed dose for the bladder was on average 167 µGy/mbq for males and 
220 µGy/mbq for females. A bladder dose of this magnitude is unusual but could in 
part be attributable to active secretion of the tracer into the renal tubule. One can 
speculate that for carbon-11 labelled tracers excreted via this route, an E of 14 µSv/
mbq represents an upper limit.

Implications of us versus recent icrp guidelines

us Federal Law guidelines state that the maximum absorbed dose per organ should 
be limited to either 30 mSv or 50 mSv depending on the organ. All but one of the 
radiotracers reviewed here fall into the 50 mSv organ limit category, the exception 
being [11C]mtbz. To illustrate the implication of organ limits; the 50 mSv single study 
organ limit would be reached following injection of 832 mbq [11C]pd15303567or 
505 mbq [11C]iomazenil43. Injected activity limits based on the critical organ for all 
tracers are given in Table 2. On average, the allowable injected activity equals 1713 
mbq per study. This is comparable to the limit deduced from the average effective  
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models that can at best only be representative of a population and should not be 
used to calculate the risk to a particular individual arising from a particular low 
level exposure.

These estimations may also not be generalisable across patient populations, e.g. 
tumour uptake in oncology patients will affect the distribution of absorbed dose. 
Moreover, radiation risks are estimated for a population of healthy individuals with 
normal lifespans that may not be applicable to patients. In addition it should be 
noted that fifteen human studies reviewed here only gathered dosimetry data for 
males. Because of the smaller size of the average female, conservative approaches 
should be taken (i.e. taking into account higher whole body dose relative to males) 
when administering pet tracers to female research subjects. Indeed, it has been 
suggested that biological half-life and fractional uptake differ across individuals 
with an estimated biokinetic variability factor of 2 for any carbon-11 labelled pet 
tracer76. A clear example is [11C]pbr28; individual differences in organ absorbed 
doses were so substantial that one human subject was not included in the effective 
dose calculation (based on the abnormal uptake in the kidneys, spleen and lungs, in 
addition to 4 times higher residence time in the gallbladder)28. If the critical organ 
in one subject receives double the average dose, this would limit the us specified 
maximum allowable injected dose for this subject by half, were it to be applied at 
the individual level. pet centres following regulations based on effective dose are 
less affected by the maximum organ dose due to multiplication by tissue weighting 
factors. However, it has been shown76that the choice of factors (icrp 30, 60, 103) can 
result in differences in effective dose of 20% to 40% depending on the radioisotope. 
The majority of studies reviewed here calculate the effective dose according to icrp 
60 (1990), with three studies reporting ede and not E43,46,61 and two studies report-
ing neither53,54. Only one study calculated E based on the newer icrp 103 (2007) 
organ weighting factors49. 

Conclusion

Although it is difficult to estimate the risk that radiation exposure from pet studies 
poses to research subjects, radiation protection legislation and ethic committees 
demand an estimate of risk per radiotracer. In this paper we summarised the dosim-
etry of 42 carbon-11 labelled pet tracers. Radiation burden expressed as effective 
dose and maximum absorbed organ dose were compared. Estimated mean effec-
tive doses based on homogenous distribution (3.6 µSv/mbq) or the generic model 

dose (10 mSv dose deposited after 1692 mbq at 5.9 µSv/mbq), suggesting that both
 regulatory bodies allow on average comparable maximum injected doses per study. 
However, us regulations allow the annual absorbed radiation dose to ‘other’ organs 
to be up to 150 mSv, which depending in the critical organ, is three times higher than 
the icrp 62 recommendations. Finally, it should be emphasised that computerised 
tomography scans (ct) used for attenuation correction and sometimes anatomical 
localisation may contribute significantly to the radiation dose in pet studies where 
pet-ct systems are used71.

Models

Gatley72 proposed a model for carbon-11 labelled tracers that estimates the inject-
ed activity which could not, on a priori grounds, exceed the us organ limits. Factors 
such as tissue blood flow and arterial plasma data were included in the model 
which tried to estimate upper limits, rather than true organ doses. It proposed lim-
iting administration of activity to humans from a novel molecule to 130 mbq in order 
not to exceed the organ limit of 50 mSv. As the author points out, calculated cumu-
lated activities are unrealistically high, as the assumption of immediate uptake 
and trapping of the tracer until radioactivity has decayed in reality never holds. 
Nevertheless, 130 mbq of injected activity may allow derivation of physiologically 
meaningful parameters from pet experiments in humans.
A generic model to estimate effective dose for brain receptor studies was developed 
by Nosslin et al.73,74 with input data from thirteen carbon-11 labelled radiotrac-
ers. The model assumes rapid uniform distribution throughout the body, and an 
instantaneous 5% deposition in the brain. However, as data was lacking arbitrary 
judgements were made about biokinetic parameters. The model assumes that 25% 
of carbon-11 is excreted via the gallbladder and 75% in urine, with a biological half-
life of 2 hours. The observation that brain uptake (between 1 and 9%) and organ 
doses of the selected radiotracers were sufficiently similar justified the attempt 
to formulate a generic model. Effective dose was estimated at 4.5 µSv/mbq, a slight 
underestimation of the mean E of 5.9 µSv/mbq across all radiotracers reviewed here.

Individual Differences

In terms of health risks, the magnitude of stochastic effects, though difficult to 
predict at the lower end of the lnt model, are believed to be dependent on age and 
gender75. Because uptake and distribution of tracers differs between individuals, 
and because the biological effects of low levels of radiation exposure are not direct-
ly observable, dosimetry calculations rest on the assumptions of mathematical 
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(4.5 µSv/mbq), and upper limits of cumulated activity contribute to our understand-
ing of dose deposition for carbon-11 labelled tracers. However, despite the value of 
these models, in vivo dosimetry experiments remain crucial to the accurate estima-
tion of health risks based on current guidance. Dosimetry estimates are affected by 
both biological and methodological sources of variability. In addition significant 
inter-species differences suggest that extrapolation from animal data should be 
considered to provide only preliminary dose estimates for humans.

For the studies examined, organs with peak uptake differed between tracers, 
though many irradiated excretory organs. Widely used radiation dose guidelines 
imply either an effective dose constraint of no more than 10 mSv per study, at least 
for healthy volunteers15, or a specific organ dose limit of 50 mSv per pet study14. 
With effective doses between 3.2-8.9 µSv/mbq for all but one of the radiotracers, 
serial pet scans in a single subject are feasible within the above constraints. For 
first time in human studies with a new carbon-11 labelled small molecule pet tracer 
where no human dosimetry data is available, one could assume an effective dose of 
10 µSv/mbq (mean E plus two standard deviations). Where continued use of a new 
tracer is foreseen, it is recommended that a human study is performed to measure 
the spatiotemporal distribution of radioactivity and obtain a reliable estimate of 
effective dose.
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Introduction

The phencyclidine (pcp) binding site within the pore of the glutamatergic n-meth-
yl-d-aspartate (nmda) receptor ion-channel is a target for nmda antagonists such 
as mk-801 and ketamine. Imaging the pcp site using positron emission tomography 
(pet) with radiolabelled antagonists has been pursued avidly, but clinical imple-
mentation of these radiotracers has been held back by high nonspecific binding, 
high lipophilicity, low brain entrance, or rapid radioligand metabolism1. Results 
from human molecular imaging studies with methylguanadine derivatives such 
as [11C]cns 51612 and [18F]ge-1793seem more promising. [11C]gmom (carbon-11 
labelled n-(2-chloro-3-thiomethylphenyl)-N`-(3-methoxyphenyl)-N`-methylgua-
nidine) studies in awake rats showed that administration of the antagonist mk-801 
decreased tracer binding in brain regions of interest (rois), whereas the channel 
activator d-serine increased binding4. Recent experiments in healthy subjects 
showed that intravenous administration of ketamine 0.3 mg·kg-1 reduced the [11C]
gmom inhibition constant (Ki) in total brain grey matter by, on average, 66%5. More 
human studies with [11C]gmom are planned, but at present no data on tracer distri-
bution and radiation dose are available. Although various methods can be used to 
scale dose estimates from preclinical species to man, potentially significant inter-
species differences mean that extrapolation from rodent data should be considered 
with care6,7. The purpose of the present study was to calculate [11C]gmom effective 
dose in men and women for use in future clinical pet protocols.

Materials and Methods

Subjects and scan protocol

The study was approved by the Medical Ethics Review Committee of the vu 
University Medical Center Amsterdam and all subjects signed an informed consent 
form prior to inclusion. Five healthy subjects were included, two males and three 
females, with a mean (± standard deviation, sd) weight of 75.4 ± 7.0 kg, height of 177 
± 10 cm, and age of 24.9 ± 2.5 years. Subjects were screened and health status was 
confirmed by blood and urine tests (complete blood count, serum chemistry, drug 
screen), together with a physical examination and medical history. The scanning 
protocol was identical to that reported previously8. Subjects were positioned on the 
bed of a Philips Gemini tf-64 pet/ct scanner (Philips Medical Systems, Cleveland, 
oh, usa) and a 35 mAs low-dose whole body ct scan was acquired. [11C]gmom was 

Abstract

introduction  The methylguanadine derivative [11C]gmom has been used suc-
cessfully to quantify n-methyl-d-aspartate (nmda) receptor binding in humans. 
The purpose of the present study was to estimate the [11C]gmom radiation dose in 
healthy humans. 

methods Following [11C]gmom injection, three female and two male subjects 
underwent 10 consecutive whole body pet scans in approximately 77 minutes. 7 
source organs were defined manually, scaled to a gender specific reference, and res-
idence times were calculated for input into olinda/exm software. Accepted tissue 
weighting factors (icrp103) were used to calculate the effective dose. 

results  Mean absorbed radiation doses in source organs ranged from 7.7 
µGy·mbq-1 in the brain to 12.7 µGy·mbq-1 in the spleen. The effective dose (± sd) was 
4.5 ± 0.5 µSv·mbq-1. 

conclusion The effective dose of [11C]gmom is at the lower end of the range seen 
for other c-11 labelled ligands, allowing for serial pet scanning in a single subject. 
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factors, which represent each organ’s relative risk contribution should the whole 
body be irradiated uniformly, were taken from the International Commission on 
Radiological Protection (icrp) publication 10312. Total effective dose is the sum of 
the organ effective doses.

Results

Figure 1 shows coronal slices of the [11C]gmom distribution in a female subject as 
a function of time. Figure 2 shows subject-averaged suvs for the manually delin-
eated rois. In early time frames, [11C]gmom concentrations are highest in lungs, 
spleen, kidneys and thyroid. Mean residence times are shown in Table 1. The longest 
residence time (0.0368 ± 0.0093 hours) was observed in the liver, the shortest in the 
thyroid (0.0005 ± 0.0002 hours). In all subjects, the organ with the highest absorbed 
dose was the spleen (mean 12.7 µGy·mbq-1). The mean effective dose was 4.5 ± 0.5 
µSv·mbq-1 (males 4.3 ± 0.8 µSv·mbq-1 and females 4.6 ± 0.4 µSv·mbq-1).

Discussion 

Organ radiation exposure for the nmda-receptor radiotracer [11C]gmom was mea-
sured in five healthy subjects. The mean effective dose was 4.5 ± 0.5 µSv·mbq-1. 
Therefore, a pet scan following an injection of 370 mbq [11C]gmom would lead, on 
average, to a radiation dose of 1.67 mSv, which is in the range of other carbon-11 

synthesized according to methods described previously5. Following intravenous 
injection of 376 ± 19 mbq [11C]gmom, a series of 10 whole-body sweeps was per-
formed, taking 40 s per bed position and typically requiring 11 bed positions to cover 
the body from the top of the head to the upper thigh. Overlap between bed positions 
was approximately 50% to maintain a constant axial coverage. Total acquisition 
time was approximately 77 minutes, i.e. 3.8 times the half-life of carbon-11. Five 0.5 
ml venous blood samples per subject were taken manually at 10, 27, 44, 60 and 77 
minutes post [11C]gmom injection for measurement of whole blood radioactivity 
concentrations. 

Data Analysis

All pet scans were reconstructed using the standard time-of-flight reconstruction 
algorithm, including normalization, and corrections for scatter, randoms, attenu-
ation and dead-time8. Non-decay corrected radioactivity (Bq) in source organs was 
used to calculate [11C]gmom residence times. Source organs (rois) were defined 
manually on relevant slices of either ct or pet images depending on optimal vis-
ibility of those organs. rois included heart, liver, kidneys, spleen, lungs, thyroid and 
brain. Organ volume (ml) was derived automatically from the rois. The lung roi was 
edited manually when its location on the respiration-averaged pet scan differed 
from that on the ct scan. Individual rois were projected onto each serially acquired 
pet frame, manually adjusted in case of patient motion, and [11C]gmom time-
activity curves (tacs) were generated. Radioactivity per organ volume (Bq·ml-1) was 
calculated assuming that the distribution of radioactivity within an organ was uni-
form. tacs were extrapolated from the last whole-body scan to infinity, assuming 
only physical decay and no further organ clearance. Red marrow activity concentra-
tion was assumed to be one third of the whole blood radioactivity concentration10. 
Standardized uptake values (suv) were calculated by dividing non-decay corrected 
tissue radioactivity concentration by injected dose per body weight. [11C]gmom 
residence times (i.e. normalized cumulated activities) in the seven source organs 
were obtained through multiplication of the areas under the tacs with each sub-
ject’s organ mass. Mass was calculated by scaling reference organ weights from a 
standard male (73.7 kg) or female (56.9 kg) to each subject’s body weight using the 
software package olinda/exm 1.111. Residence times of the manually drawn source 
organs of each subject were entered into the software to calculate absorbed dose 
(µGy·mbq-1) for the target organs, 24 in total. Multiplication of absorbed doses 
with tissue weighting factors gave the organ effective doses (µSv·mbq-1). The 

figure 1 Coronal pet/ct fusion images of [11C]gmom uptake in bq per ml tissue (bqml) showing tracer bio-
distribution at four different time points (2, 18, 36, and 52 mins) for a female subject. Each panel is  
a composite of 11 bed positions of 40 seconds each.
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labelled tracers7,13. 2222 mbq injected activity would lead to a radiation dose of 
10 mSv, which is the limit for proof of concept studies in normal subjects accord-
ing to icrp 62 guidelines and The Dutch Commission on Radiation Dosimetry14. For 
institutions following organ dose limits for radiopharmaceuticals that are adminis-
tered under u.s. Radioactive Drug Research Committee regulations, the maximum 
injected activity per study would be limited by the critical organ rather than the 
(whole body) effective dose. The critical organ in this study was the spleen with an 
absorbed dose of 12.7 µGy·mbq-1, which is equivalent to 4.7 mSv for a typical injec-
tion of 370 mbq of [11C]gmom.

Radiotracer dose deposition in tissue depends on both the biological half-life of 
the compound (and any radiolabelled metabolites) and half-life of the radionuclide. 
Given the relatively short half-life of carbon-11 (20.4 min), the effective dose mainly 
depends on organ perfusion and retention. Indeed, in the present study, the highest 
absorbed doses were found for highly perfused organs. Often, the urinary bladder-
wall is reported as being the critical organ, despite delayed filling and the short 
half-life of carbon-1113. [11C]gmom did not accumulate in the bladder, but rather in 

Target Organs Residence Time  
(Hours)

Absorbed Dose  
(μGy·MBq-1)

Effective Dose  
(μSv·MBq-1)

Spleen 0.0065 ± 0.0009 12.7 ± 1.5 0.013

Lungs 0.0297 ± 0.0066 10.4 ± 1.9 1.252

Kidneys 0.0086 ± 0.0005 9.8 ± 0.4 0.010

Heart Wall 0.0072 ± 0.0011 9.3 ± 1.3 0.009

Liver 0.0368 ± 0.0093 9.1 ± 2.5 0.362

Thyroid 0.0005 ± 0.0002 8.0 ± 2.3 0.268

Brain 0.0283 ± 0.0033 7.7 ± 1.0 0.077

Pancreas 4.0 ± 0.4 0.004

Adrenals 3.9 ± 0.4 0.004

Gallbladder Wall 3.9 ± 0.4 0.004

Stomach Wall 3.5 ± 0.3 0.421

Total Body 3.5 ± 0.3 0.172

ULI Wall 3.4 ± 0.4 0.409

Ovaries 3.3 ± 0.3 0.261

Thymus 3.3 ± 0.3 0.003

Uterus 3.3 ± 0.3 0.013

LLI Wall 3.2 ± 0.3 0.384

Small Intestine 3.2 ± 0.2 0.003

Muscle 2.9 ± 0.3 0.003

Red Marrow 0.0016 ± 0.0008 2.8 ± 0.2 0.336

Urinary Bladder 2.8 ± 0.2 0.145

Breasts 2.7 ± 0.3 0.326

Skin 2.4 ± 0.2 0.024

Rest 3.5 ± 0.3 0.172

Total Effective Dose 4.5

lli=lower large intestine, uli=upper large intestine. ‘Rest’ includes Extrathoracic Region, Oesaphagus, Stomach, 
Lymphatic Nodes and Salivary Glands.

table 1 Mean ± sd (n=5) [11C]gmom residence times (in source organs), absorbed organ doses and effective 
organ doses. Organs are sorted from highest absorbed dose to lowest.
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figure 2 Time-standardised uptake value (suv) curves (non-decay corrected) showing [11C]gmom suv  
(mean and standard deviation of 5 subjects) in manually delineated source organs.
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the kidneys. This suggests that the main route of tracer excretion is not through the 
urinary system, and emptying of the bladder will not reduce the dose significantly. 
The results of the present study are in line with the dosimetry of another methyl-
guanadine derivate, [11C]cns5161, of which the highest dose was also observed in 
lungs and spleen15. 

A whole-body scan (from brain to upper thigh) typically required 11 bed positions 
taking about 7.5 minutes in total. The assumption was made that radiotracer kinet-
ics between first and last bed positions were the same and that the main effect was 
decay, although this was not the case especially during the early phases of tracer 
distribution. The resulting uncertainty in organ dose estimates could have been 
minimized by using shorter pet frames for the first whole-body scans. However, 
organs with high uptake in the first frame were located towards the centre of a 
single bed position (i.e. mid-frame), and overlap between consecutive bed positions 
was approximately 50% to maintain a constant axial coverage.

Seven organs were designated source organs after visual inspection of the pet 
images. Absorbed radiation doses in these organs were low (e.g. 12.7 µGy·mbq-1 in 
spleen) compared with other carbon-11 labelled radiotracers13. The mean absorbed 
dose in the critical organ of 32 radiotracers tested in humans was shown to be 40 
µGy·mbq-1 (range 11-194), a factor 3 higher than the spleen dose in the present 
study. Mean (± sd) effective dose of the 32 radiotracers was 5.3 ± 1.5 µSv·mbq-1, half a 
standard deviation higher than the [11C]gmom effective dose. 

Conclusion

With an effective dose of 4.5 µSv·mbq-1 and relatively low organ doses, [11C]gmom 
has a dosimetry profile that allows for serial pet scanning in a single subject.
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Introduction

n-Methyl-d-aspartate (nmda) receptors are ionotropic glutamate receptors that 
mediate excitatory postsynaptic signaling and are expressed widely in the cen-
tral nervous system (cns). nmda receptors are heterotetramers of mostly GluN1 
and two GluN2(a-d) subunits in the cns1. In the last decade, a major effort in nmda 
receptor drug development has focused on allosteric modulation of ion chan-
nel activity via the GluN2B (also known as nr2b) binding site which are located 
on the extracellular n-terminal domain (ntd) of the nmda receptor. Ligands such 
as ifenprodil and derivatives are noncompetitive antagonists of the GluN2B site 
that stabilise a closed-cleft conformation of GluN2B ntd2. Immunoblotting tech-
niques showed that in the human brain, the GluN2B subunit is primarily expressed 
in forebrain structures, such as the cortex, hippocampus, striatum, thalamus, and 
olfactory bulb. Moderate levels of GluN2B subunit expression are evident in the 
midbrain, such as the hypothalamus, colliculi, and also the brain stem (rat only), 
and low expression occurs in the cerebellum and spinal cord3,4. The interest in 
the therapeutic potential of GluN2B negative allosteric modulators has spurred 
drug development of ifenprodil derivatives in the past two decades. Second gen-
eration ‘prodils’ such as radiprodil (rgh-896), traxoprodil (cp-101,606), Besonprodil 
(CI-1041), cerc-301 (mk-0657), evt-101, Ro 25-6981 and bmt-108908 have been 
developed for the treatment of a wide range of cns pathologies, including acute and 
chronic pain, stroke, dementias and major depressive disorder.

The highest level of confidence and direct evidence that GluN2B engagement 
is achieved is acquired from in vivo molecular imaging experiments with positron 
emission tomography (pet). The development of pet tracers for imaging the nmda 
receptor system has been reviewed in the past5,6,7. Unfortunately, the majority of 
radiotracers exhibit poor in vivo applicability owing to poor brain penetration8, 
non-specific uptake in the brain and extensive metabolism9,10. At present, there is 
no well validated GluN2B binding pet radioligand available. Recently, a new class 
of GluN2B antagonists with a wide range of potential 2,6-disubstituted aromatic 
and heteroaromatic compounds was described11. Biodistribution and blocking 
studies with n-((5-(4-fluoro-2-[11C]methoxyphenyl)pyridin-3-yl)methyl)-cyclo-
pentanamin ([11C]hach242, Figure 1) were carried out in anaesthetised mice and 
in non-anaesthetised rats12. The affinity of [11C]hach242 for GluN2B receptors was 
12.4 ± 2.1 nM as shown in competition binding experiments against 5 nM [3H]ifen-
prodil, which is equal to ifenprodil and about 5 times lower than Ro25-6981. Brain 

Abstract 

purpose  There are currently no positron emission tomography (pet) radio-
tracers for the GluN2B (nr2b) binding sites of brain n-Methyl-d-aspartate (nmda) 
receptors. In rats, the GluN2B antagonist Ro25-6981 reduced binding of [11C]
hach242. This paper reports the evaluation of [11C]hach242 pet in non-human pri-
mates at baseline and following administration of the GluN2B negative allosteric 
modulator radiprodil.

procedures Eight 90-min dynamic [11C]hach242 pet scans were acquired in 3 
male anesthetised rhesus monkeys, including a retest session of subject 1, at base-
line and 10 min after intravenous 10 mg/kg radiprodil. Standardised uptake values 
(suv) were calculated for 9 brain regions. Arterial blood samples were taken at 6 
timepoints to characterise pharmacokinetics in blood and plasma. Reliable input 
functions for kinetic modelling could not be generated due to variability in the 
whole-blood radioactivity measurements.

results [11C]hach242 entered the brain and displayed fairly uniform uptake. 
The mean (± standard deviation, sd) Tmax was 17 ± 7 min in baseline scans and 24 ± 
15 min in radiprodil scans. The rate of radioligand metabolism in plasma (primarily 
to polar metabolites) was high, with mean parent fractions of 26 ± 10% at 20 min 
and 8 ± 5% at 85 min. Radiprodil increased [11C]hach242 whole-brain suv in the last 
pet frame by 25%, 1%, 3% and 17% for subjects 1, 2, 3 and retest of subject 1, respec-
tively. The mean brain to plasma ratio was 5.4 ± 2.6, and increased by 39% to 110% 
in the radiprodil condition, partly due to lower parent plasma radioactivity of -11% 
to -56%. 

conclusions The present results show that [11C]hach242 has a suitable kinetic 
profile in the brain and low accumulation of lipophilic radiometabolites. Radiprodil 
did not consistently change [11C]hach242 brain uptake. These findings may be 
explained by variations in cerebral blood flow, a low fraction of specifically bound 
tracer, or interactions with endogenous nmda receptor ligands at the binding site. 
Further experiments of ligand interactions are necessary to facilitate the develop-
ment of radiotracers for in vivo imaging of the ionotropic nmda receptor.
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Rijswijk, The Netherlands), and underwent a complete physical, haematological, 
and biochemical examination before the study started. They remained under inten-
sive veterinary supervision during the entire study period. Animals were housed 
in enriched cages at a temperature between 20-22°c, with a 12 hour light/12 hour 
dark cycle per day. Drinking water was provided ad libitum but food was with-
held for 16 hours prior to anaesthesia. Ethics approval by the Animal Experiments 
Committee (dec) of the bprc was obtained prior to the commencement of the study. 
The procedures performed in this study were in accordance with the Dutch laws on 
animal experimentation, with the regulations for animal handling as described in 
the eu Directive 63/2010 and with the Weatherall report63. The bprc is accredited 
by the Association for Assessment and Accreditation of Laboratory Animal Care 
International.

Age
(years)

Weight 
(kg)

Injected activity 
scan 1  (mbq)

Am pet1   
(mbq nmol-1)

Injected  activity 
scan 2  (mbq)

Am pet2 
(mbq·nmol-1)

s1 5.4 8.7 201 6.1 155 11.3

s2 8.6 11.3 86 17.9 78 13.9

s3 5.6 11.9 104 20.7 61 7.8

s1 re-test 5.7 8.7 113 23.6 72 22.7

am = molar activity, mbq = megabecquerel.

Study design, anaesthesia and treatment

Three subjects underwent pet and magnetic resonance imaging (mri) scans 
on an Philips Ingenuity Time-of-Flight pet/mri scanner at the department of 
Radiology & Nuclear Medicine of the vu University Medical Center (Amsterdam, the 
Netherlands). Each subject was scanned twice on the same day, at baseline and 10 
min post radiprodil IV administration. Subject 1 completed a second baseline and 
radiprodil pet scan 77 days after the first imaging session to investigate retest vari-
ability of pet and arterial blood measurements.
Monkeys were transported from the bprc to the vumc in the morning, under-
went pet scanning at approximately 11:00 and 14:00, and were returned to the 
research colony of the bprc at the end of the afternoon. The animals were trained 
to voluntary enter their transit cages, and no anaesthesia was used during the 40 
min transportation period. The animals were familiar with the procedures and 

distribution studies in mice showed a 3-fold increase in activity uptake in forebrain 
regions vs. cerebellum at 15 min, which is the highest ratio that has been reported 
for candidate GluN2B site radiotracers. [11C]hach242 binding in non-anaesthetised 
rats was reduced by Ro25-6981, showing a regional distribution that is consistent 
both with the expression pattern of GluN2B subunits and the density of [3H]Ro25-
6981 binding sites in the adult rodent brain. However, high levels of non-specific 
uptake were observed in the thalamus12.

GluN2B ligands frequently exert off-target effects. For example ifenprodil dose-
dependently reduces brain uptake of the sigma-1 receptor radiotracer [11C]
sa450313. The selectivity of [11C]hach242 for GluN2B was investigated in an exhaus-
tive pharmacological screen against 79 targets12. The radioligand showed affinity > 
1.1 µM for 78 of the targets. Sigma-1 was the exception, for which the tracer showed 
an affinity of 20 nM. Further studies with GluN2B specific antagonists are war-
ranted to investigate the specific binding of [11C]hach242 in vivo. Radiprodil binds 
to GluN2B-containing receptors irrespective of the GluN2 subunit composition, 
analogous to Ro25-698162. Furthermore, radiprodil binding is insensitive to 1,3-di-
o-tolylguanidine (dtg), which suggests it does not bind to the sigma receptors14. 
Research on non-human primates (nhp) generates complementary data that can 
bridge translational imaging research from rodents to humans. This paper reports 
on the initial assessment of [11C]hach242 pet in nhp at baseline and following 
intravenous administration of a high dose of radiprodil.

Materials and Methods

Animals, housing and care

Three adult male rhesus monkeys (Macaca mulatta) were selected for this study. 
Subject and radiotracer injectate details are shown in Table 1. All animals origi-
nated from and were housed at the Biomedical Primate Research Centre (bprc, 

figure 1 Chemical structures of [11C]hach242 and radiprodil.

table 1 Subject and injectate details. 
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with an on-line blood sampler detection system (Swisstrace twilight, Switzerland). 
In addition, discrete 3 ml blood samples were collected at set timepoints (5, 10, 20, 
40, 60, 85 min post injection) to measure plasma and whole-blood ratios, calibrate 
and extrapolate the whole-blood data, and determine metabolite fractions. Blood 
was collected into heparin tubes (Greiner Bio-One GmbH, Kremsmünster, Austria) 
and mixed by inversion. Plasma was separated from blood cells by centrifugation 
at 4000 rpm for 5 min at 4°c using a Hettich Universal 16 table centrifuge (Hettich 
Benelux bv, Geldermalsen, the Netherlands). Activity concentrations of whole blood 
and plasma were measured in a gammacounter (Wizard 2480, Perkin Elmer). For 
metabolite analysis, 1 ml of plasma was diluted with 2 ml of water and passed over 
an activated tC18 Sep-Pak cartridge (Waters, the Netherlands). The Sep-Pak car-
tridge was washed with 5 ml of water. Recovered fractions were defined as the polar 
and nonpolar radiolabelled metabolites. Thereafter, the tC18 Sep-Pak cartridge 
was eluted with 1.5 ml of methanol followed by 1.5 ml of water, and the fraction was 
further analysed by hplc. The stationary phase consisted of a Phenomenex Gemini 
C18 5 µm 250*10 mm column (Phenomenex, Utrecht, the Netherlands). The mobile 
phase was A = acetonitrile B = H2o / 0,1 % ammonium acetate in a gradient system 
from 70% B to 10% B in 9 min at a flow of 3 ml·mint1. Fractions were collected and 
measured using a multiwell gammacounter (Wizard 2470, Perkin Elmer) and hplc 
chromatograms were constructed.

Image Acquisition

The attenuation of the pet signal by tissues was derived from the mr data by 
performing a dedicated attenuation mr sequence. The scanner reconstruction 
software also accounts for the attenuation by the mr radiofrequency head coil 
using built-in template µ-map images. Ninety min dynamic pet data was acquired 
and binned into 38 time frames (1×10, 8×5, 4×10, 3×20, 5×30, 5×60, 4×150, 4×300, 
2×600, 2×900 sec). Reconstruction was performed using line-of-response row-
action maximum likelihood algorithm (lor-ramla). All data were normalised and 
corrected for scatter, random coincidences, attenuation, decay and dead time. 
Images were reconstructed into a matrix of 128x128x90 voxels, with an isotropic 
voxel size of 2 mm. Subject motion was checked by visual inspection of the align-
ment of intrasubject pet frames and no frames needed to be adjusted or excluded. 
t1-weighted mri scans were co-registered to an average of the pet frames from 
~0-2 min post injection using vinci software. Individual whole-brain masks were 
manually drawn on each subject’s t1 mri scan and on each averaged pet image (25-
150s frames) to ensure coregistration based on brain voxels only. Volumes of interest 

personnel involved. At the pet-mri facility, monkeys were sedated with an injection 
of the α2-adrenoceptor agonist medetomidine hydrochloride (60 µg/kg; Sedastart 
1 mg/ml, ast Farma bv, Oudewater, the Netherlands) and midazolam (0.3 mg/
kg; Midazolam Actavis 5 mg/ml; Actavis bv, Baarn, the Netherlands), which were 
administered intramuscularly. Two cephalic lines were placed, first for the induc-
tion and maintenance of propofol anaesthesia, which was delivered at a rate of 0.2 
mg/kg/min (PropoVet Multidose 10 mg/ml, Fresenius Kabi ab, Uppsala, Sweden). 
The second line was placed for to infuse NaCl/glucose for maintenance of fluid bal-
ance at a rate of 1 ml/kg/h (0.45% sodium chloride & 2.5% glucose 500ml, Baxter bv, 
Utrecht, the Netherlands). Two arterial lines were placed in the femoral artery for 
continuous and discrete blood sampling. Xylocaine 10% was used for endotracheal 
intubation to provide additional oxygen. The animals were allowed to breath freely 
during the anesthesia. The monkeys were subsequently positioned in the scanner 
in the supine position, placed on a fluid heating system in order to maintain normo-
thermia set at 38.5˚ (Small Animal Instruments Inc. [saII], Stony Brook, ny, usa). saii 
mr-compatible equipment was used to monitor haemoglobin oxygen saturation 
levels (SpO2), heart rate, and body temperature. Monitoring data were transmit-
ted out the magnet bore by optical fiber cables to a control/gating module which 
resided in the mr control room.

Radiprodil (ucb, Belgium) was used to block the GluN2B binding site of nmda 
receptors. The drug was administered via the right cephalic vein 10 min prior to 
[11C]hach242 injection at a dose of 10 mg/kg (free-baseweight) in a concentration 
of 5 mg/ml. The solution contained 2.5% dmso (dimethyl sulfoxide), 7.5% Tween 80 
(polysorbate) and sodium dihydrogen phosphate (NaH2PO4).

Radiopharmaceutical Preparation and Injectate

Radiosynthesis of n- ((5-(4- fluoro- 2- [11C] methoxyphenyl) pyridin- 3- yl) meth-
yl)cyclo pentan-amine ([11C]hach242) was performed according to methods 
published previously12. Synthesis time including hplc purification was approxi-
mately 90min and radiochemical purity of the final product  > 98%. The radiotracer 
was formulated in a phosphate-buffered saline solution containing 8.6% ethanol, 
and administered by intravenous injection of ≤10 ml over a 10 second period.

Blood sampling and metabolite analysis

Blood was withdrawn from the femoral arteries using an iRadimed MRidium 3850 
infusion pump with a controlled withdrawal rate of 2.5 ml·min-1 for a period of 6 
min following [11C]hach242 injection. Whole-blood radioactivity was measured 
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2 and 3. Covariance of suvauc between subjects for the 4 baseline scans was 12%. 
The suv of [11C]hach242 in whole brain, frontal cortex and cerebellum gray matter 
when normalised for individual peak uptake are shown in Figure 3b. Slower wash-
out in the radiprodil condition resulted in slight suv increases in the last pet frame 
compared with peak uptake of 4 to 11% for subjects 1, 2 and 3 and 45% for the retest 
of subject 1. 

Plasma analysis

Radioactivity measurements in blood and plasma, as well as tracer metabolism are 
shown in Figure 4. Blood could not be sampled from the artery during the radiprodil 
scan of subject 3, therefore results of four baseline scans and three radiprodil scans 
are reported. Mean parent fraction in all 7 scans was 52 ± 16% at 5 min, 35 ± 13% at 
10 min, 26% ± 10 at 20 min, 15 ± 4% at 40 min, 13 ± 6% at 60 min, and 8 ± 5% at 85 
min post injection. hplc analysis demonstrated that the polar fraction and 1 major 
metabolite accounted for the remaining radioactivity (Figure 4b). Polar metabo-
lites constituted 52 ± 10% at 10 min and 76 ± 8% at 85 min post injection. The mean 
nonpolar metabolite fraction was approximately 9% from 10 min p.i. until the end 
of the scan (not displayed). Mean auc of [11C]hach242 parent fraction for baseline 
scans was 1316 (range 733-2025) and for radipril scans 1689 (range 1170-2026). Total 
Plasma suvauc was reduced by 11%, 45% and 56% in the radiprodil scans compared 
to baseline. 
suvauc of [11C]hach242 in the brain divided by the Plasmaauc was 39%, 72% and 
110% higher in the radiprodil condition for subjects 1, 2 and subject 1 retest, respec-
tively. This change was partly driven by lower Plasmaauc in the radiprodil scans 
(-11%, -45% and -56% respectively). Radiprodil administration did not affect the 

(vois) were automatically delineated onto coregistered mri scans using the INIA19 
template for the rhesus monkey brain 16,17. The following regions were defined and 
combined for the left and right hemispheres: frontal cortex, occipital cortex, tempo-
ral cortex, striatum (caudate and putamen), cerebellum, as well as all gray matter 
voxels in whole brain (global). vois were projected onto the dynamic pet images to 
extract the corresponding time-activity curves, using in-house software written in 
matlab® (R2007b, The MathWorks, Natick, ma , usa).

Statistical Analysis

Radioactivity concentration was expressed as counts per second per mm3 of brain 
tissue (Bq/mm3). Standardised uptake values (suv, equaling measured activity 
divided by injected dose per body weight) were calculated from measured radio-
activity in each voi. Area under the time-activity curves (auc0-82.5; frame midpoint 
times) was calculated as a simplified measurement of accumulated brain uptake 
of [11C]hach242-derived radioactivity. The between-subjects coefficient of varia-
tion (cv) was calculated as the ratio of standard deviation to mean suv values. The 
auc of arterial parent [11C]hach242 fraction in plasma was estimated by means of 
the trapezoidal algorithm for each scan. Plasma suv at each time point was calcu-
lated as well as the auc. Finally, the plasma parent fraction was multiplied by the 
corresponding plasma suv at each time point. Reliable input functions for kinetic 
modelling could not be generated because of variability in the whole blood radio-
activity measurement during the first minutes post tracer injection. The brain to 
plasma partition coefficient, that is, the ratio of [11C]hach242 concentration in 
brain to that in plasma (KP), was obtained by calculating the ratio between brain 
suvauc to the individual parent plasmaauc. Results are presented as mean ± stan-
dard deviation (sd).

Results

[11C]hach242 readily entered the brain and displayed a fairly uniform pattern of 
uptake (Figure 2). Individual subject suvs at baseline and after radiprodil adminis-
tration are shown in Figure 3 and summarised in Table 2. The peak uptake in whole 
brain gray matter during radiprodil scans was increased by 20% in subject 1 but 
reduced by 9%, 1%, and 20% for subjects 2, 3 and the retest of subject 1, respectively, 
compared to baseline. suv of in the last 15 min pet frame was 17 to 25% higher in 
the radiprodil condition for subject 1, but approximately equal (1 to 3%) in subjects 

figure 2 Transaxial, coronal and sagittal views of time-weighted suv pet images from 0-90 min.
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change in [11C]hach242 brain-to-plasma ratio differently in the brain vois when 
compared to baseline brain-to-plasma ratios.

Figure 5 shows that the average [11C]hach242 uptake in the frontal cortex at 
baseline condition was initially 68% of cerebellum uptake (range 52-83%), and 
increased to 106% (range 96-118%) at the end of the scan. After radiprodil adminis-
tration, the average suv in the frontal cortex is more in line with the cerebellum suv, 
starting at 80% (range 68-93%) and reaching 96% (range 86-110%) of the cerebel-
lum uptake at the end of the scan.

  s1 s2 s3 s1 re-test mean sd s1 trt change

suvpeak Baseline 3.77 3.86 3.60 3.76 3.75 0.11 0%

Radiprodil 4.51 3.51 3.55 3.03 3.65 0.62 -33%

Change 20% -9% -1% -20% -3% 17%

suv75-90 min Baseline 1.91 2.67 3.08 1.43 2.27 0.74 -25%

Radiprodil 2.39 2.70 3.16 1.68 2.48 0.62 -30%

Change 25% 1% 3% 17% 11% 12%

suv75-90 min /

suvpeak

Baseline 0.51 0.69 0.86 0.38 0.61 0.21 -25%

Radiprodil 0.53 0.77 0.89 0.55 0.69 0.17 5%

Change 4% 11% 4% 45% 16% 20%

pl asma auc / pf Baseline 44.3 56.2 30.9 79.9 52.8 20.8 80%

Radiprodil 39.5 30.9 35.5 35.3 4.29 -10%

Change -11% -45% -56% -37% 23%

suvauc /

pl asmaauc 

Baseline 5.32 4.83 8.79 2.62 5.39 2.55 -51%

Radiprodil 7.37 8.28 5.52 7.06 1.41 -25%

Change 39% 72% 110% 74% 36%

trt=test-retest, pf=parent fraction

table 1 pet standardised uptake values (suv) and areas under the curve (auc) of brain and plasma parent 
fraction per subject and treatment. 

figure 3 a. Individual subject suvs for whole-brain grey matter (global), frontal cortex and  cerebellum and  
b. Normalised for peak uptake. 

figure 4 a. Plasma-to-blood ratio, b. the mean percentage of plasma radioactivity attributable to parent  
[11C]hach242 and polar metabolites, c. the standardised uptake value (suv) of whole blood 
radioactivity and d. suv of plasma radioactivity multiplied by the parent fraction. Results at each 
time-point are presented as the mean ±sd fractions from baseline (N=4) and radiprodil (N=3) scans.
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Discussion 

This study describes the first in vivo evaluation of the radiotracer [11C]hach242 in 
the primate brain. [11C]hach242 tacs in the brain showed appropriate reversible 
pharmacokinetics within the timeframe of the pet scan. Systemic plasma clearance 
of the parent compound remained constant throughout the scan and was lower 
than clearance from brain vois. No consistent reduction was observed in [11C]
hach242 suvs after intravenous infusion of radiprodil, a GluN2B negative allosteric 
modulator. Radiprodil distribution studies in rodents showed that it has unrestrict-
ed access to the brain tissue with brain-to-plasma ratios of ~1 and a terminal 
half-life of 3.2h in dogs (ucb Pharma, unpublished communication). Radiprodil was 
therefore expected to decrease the suv ratio at late time frames in vois with high 
versus low GluN2B binding sites. This could be suggestive of lower specific bind-
ing of [11C]hach242, under the assumption that the radiotracer kinetics in plasma 
are equal in both conditions. The main limitation of this study is that reliable input 
functions for kinetic modelling could not be generated because of variability in the 
whole blood radioactivity measurement during the first minutes post tracer injec-
tion. However, interpretation of the [11C]hach242 kinetics in different brain vois in 
relation to plasma metabolism and clearance allows for deductions to be made of 
the underlying physiological processes.

In previous studies in mice, [11C]hach242 showed high specific binding and het-
erogeneous distribution in brain slices that was similar to the expression of nmda 
receptors. For example, a 3-fold increase in activity uptake was measured in fore-
brain regions vs. cerebellum at 15 min64. Results in the present study show that 
average [11C]hach242 peak uptake in the frontal cortex at baseline condition is 
30% lower than cerebellum uptake and 10% higher at the end of the scan. This sug-
gests a lower perfusion of the tracer into the frontal cortex and a somewhat slower 
wash-out. After radiprodil administration, the uptake in the cerebellum is more in 
line with the frontal cortex (Figure 5). The lower ratio from 30 min to the end of the 
scan could suggest that binding of [11C]hach242 to GluN2B in the frontal cortex is 
reduced relative to cerebellum binding. However, the ratio change can be explained 
largely by the change in the cerebellar tacs after radiprodil administration. 

In another effort to compare the effect of radiprodil on [11C]hach242 binding, 
suvs were normalised to the individual peak uptake (Figure 3B). GluN2B saturation 
was expected to accelerate the washoff and reveal the degree of specific binding. 
However, slower washout in the radiprodil condition was observed, resulting in suv 

increases in the last pet frame of 4 to 11% for subjects 1 to 3 and 45% for the retest 
of subject 1. The baseline tacs of the cerebellum were similar for subject 1 test and 
retest scans after normalization to peak uptake, indicating good tac test-retest 
reproducibility in a voi with relatively low density of the target. In situ hybridization 
studies of GluN2B have shown that mrna expression patterns of the GluN2B sub-
unit were similar between humans, monkeys, and mice in most brain regions18. The 
nr2b subunit is found predominantly in hippocampus, cerebral cortex, striatum 
and olfactory bulbs, as shown by immuno-cytochemical localisation studies19. The 
present baseline pet data indicate slower wash-out in cortex than in cerebellum, as 
could be expected based on the target density. Although in vitro autoradiography of 
[11C]hach242 in the brain of rhesus monkey has not been performed yet, the wide-
spread distribution of GluN2B suggests that a reference region in the brain devoid 
of GluN2B binding sites is not available, which prevented the exploration of refer-
ence tissue compartmental models to fit to the pet data. An additional complexity 
in the interpretion of the current results is the affinity of [11C]hach242 to sigma-1 
receptors (20 nM) in the brain. A postmortem human brain study found moderate 
levels of sigma-1 receptor mrna distributed in the cortex, with the temporal cor-
tex being particularly enriched20. Although experiments to confirm the affinity of 
[11C]hach242 to sigma-1 in primates are warranted, it is reasonable to assume that 
the measured [11C]hach242 pet signal constitutes binding to both GluN2B and sig-
ma-1,which could confound interpretation of (clinical) data. The degree of specific 
binding to GluN2B in mice was shown to vary between 3 and 40% 12. Dense labelling 
was observed in brain regions that do not express high levels of GluN2B subunit-
containing nmda receptors, suggesting binding to sigma-1 or other proteins. Future 

figure 5 Mean suv ratio of the frontal cortex over cerebellum of all 4 baseline and Radiprodil scans. Error bars 
represent standard deviations.
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no scientific reports available that have investigated with pet or mri the effect 
of ‘prodils’ or other GluN2B negative allosteric modulators on cbf in the healthy 
brain. One study on the protective effects of ifenprodil on ischemia used laser dop-
pler flowmetry and showed that there was no significant change in cerebral blood 
flow22. In the present study, the anaesthetics medetomidine and midazolam were 
administered intramuscularly approximately 2 hours before the baseline pet scan, 
equating to ~6 hours before the radiprodil scan. Considering medetomidine’s time 
to peak concentration and half-life of ~30 min following i.m. administration23, the 
plasma and brain concentrations may still have been high enough to exert phar-
macodynamic effects in the baseline scan. Reports of the effect of anaesthesia on 
cbf are important in this regard. A spect study in dogs showed that medetomi-
dine increased the regional cbf in all brain regions bar the subcortical (thalamic) 
area24. Consistent with increased cbf, [11C]hach242 tacs showed higher uptake 
and faster wash-out in the baseline scan. However, midazolam, which was 
co-administered with medetomidine, has been shown to reduce global cbf dose-
dependently in humans25. Propofol was injected intravenously at a constant rate 
during the entire scan day for maintenance of anaesthesia and therefore should not 
have affected cbf differently between the two [11C]hach242 pet scans on the same 
day. Polypharmacological effects, which potentially modulate multiple targets in 
the brain, complicate predictions of regional cbf effects. Ketamine is commonly 
used as a sole anaesthetic agent in nhp studies. However, this compound acts on 
the nmda receptor26and therefore it was not suitable for implementation in the 
current study. Opioidergic compounds such as fentanyl can affect nmda receptor 
function17, and hence propofol was deemed the most appropriate anaesthetic in 
the present study design. Future attempts at visualising the GluN2B binding site 
of the nmda receptor are preferably performed in awake primates or humans to 
exclude potential cbf effects of anaesthetics. Simultaneous [11C]hach242 pet and 
fmri could elucidate the relationship between nmda receptor blockers, blood flow 
and radiotracer binding27.

Preclinical experiments with [11C]hach242 have shown that anaesthesia in 
mice, administered as a mixture of fentanyl, fluanisone and midazolam, resulted in 
inconsistent effects on brain uptake of [11C]hach242 following pre-treatment with 
Ro25-69816. Specifically, Ro25-6981 induced either a mean 22% decrease or a mean 
29% increase in radioactivity uptake across all brain regions analysed in ex vivo 
brains 20 min after radiotracer injection. It is striking that in the present study there 
was considerable test-retest variability of subject 1 suv in brain and plasma. pet 

research could employ a sigma-1 receptor compound such as the agonist fluvox-
amine in combination with a GluN2B negative allosteric modulator to assess the 
binding potential of [11C]hach242. Importantly, however, a recent pet study in rats 
showed that the sigma-1 receptor agonist (1)-pentazocine abolished [11C]Me-NB1 
specific binding in the brain, despite the lack of direct competition in vitro and a 
33-fold selectivity of [11C]Me-NB1 for the human GluN2B receptor over sigma-121. 
It was hypothesised that an interaction between sigma-1 agonism and GluN2B in 
the living brain could hamper binding of [11C]Me-NB1, which is structurally compa-
rable with [11C]hach242. It would be valuable to further investigate [11C]hach242 
kinetics following administration of a sigma-1 agonist to confirm the findings of an 
in vivo pet signal block. 

The change in [11C]hach242 brain uptake and washout following radiprodil 
administration may be a consequence of the drug’s effect on the delivery of parent 
[11C]hach242 from blood to tissue. Results showed that suv in blood and plasma, 
as well as the plasma-to-blood ratio were reduced in the radiprodil condition com-
pared to baseline. A lower auc of plasma parent fraction was also observed in the 
3 radiprodil scans for which data was available (-11%, -45% and -56% compared 
to baseline). Binding in peripheral binding sites or to plasma proteins might have 
been altered by radiprodil, resulting in a different pattern of uptake in the brain, 
however a closer look at the individual tacs does not show a clear relationship 
between suvauc in plasma and brain. Fast peripheral metabolism of [11C]hach242 
and rapid clearance of the parent tracer from plasma hindered prolonged measure-
ments of [11C]hach242 from arterial plasma. Errors in the estimation of arterial 
blood parameters are probable. For example the whole-blood activity at 85 min in 
the radiprodil retest scan of subject 1 was 40% higher than the previous samples 
resulting in aberrant group averages (Figure 4). Polar metabolites made up 50% 
of measured radioactivity in plasma at 10 min p.i., compared with 75% in previous 
in vivo [11C]hach242 experiments in mice64. In general, it is assumed that polar 
metabolites do not cross the blood-brain barrier, but even if they do they will only 
increase the non-specific signal. The non-polar metabolite fraction remained less 
than 10% throughout the time of the scan. Therefore, even if these lipophilic metab-
olites cross the blood-brain barrier, they would constitute only a minor fraction of 
total cerebral uptake. Nevertheless, future studies are needed to assess the behav-
iour of the labelled metabolites in the brain. 

It is possible that changes in cerebral blood flow (cbf) contributed to the dif-
ference between baseline and radiprodil [11C]hach242 suv. There are currently 
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experiments performed in nhp under awake conditions with the carbon-11 labelled 
analogue of the GluN2B-selective ligand cp-101,606 showed no appreciable spe-
cific binding28. Endogenous ligands of the nmda receptor such as spermine and 
spermidine, as well as divalent cations, strongly inhibited radiolabelled cp-101,606 
binding in the order of Zn2+ > Mg2+ > Ca2+ at their physiological concentrations. 
L-glutamate and nmda tended to slightly increase the binding, while glycine and 
d-serine showed no effect28. Discrepancies between in vitro and in vivo binding 
properties of radiotracers developed for the GluN2B binding site have been report-
ed for other nmda receptor radiotracers 21,29. Ifenprodil and spermine inhibited the 
in vitro binding of 11C-labelled bis(phenylalkyl)amines with potencies similar to 
those of non-radioactive ligand. In vivo however, pre-treatment with non-radioac-
tive tracer caused an increase of binding in the cerebral cortex and hippocampus 
compared with the control group29. Estimating the [11C]hach242 binding potential 
in vivo is complicated by the atypical mode of action of GluN2B containing nmda 
receptors. For example, binding is context-dependent30, such that strongly activat-
ed receptors are preferentially inhibited. In addition, GluN2B-selective antagonists 
can divide into two distinct classes according to binding pose, resulting in strikingly 
different ligand orientation and receptor interactions31. Taken together, there are 
various receptor interactions and biophysical factors that affect in vivo binding 
properties of nmda receptor radioligands, which remain to be tested, for example 
using bolus-plus-infusion pet experiments in awake primates while monitoring 
hemodynamic changes27. 

Conclusions

The present results show that [11C]hach242 has a suitable kinetic profile in the 
brain and low accumulation of lipophilic radiometabolites. Under the tested condi-
tions however, the specific binding of [11C]hach242 in vivo using pet could not be 
visualised. The divergent preclinical behavior in mice and primates could be a con-
sequence of variations in cerebral blood flow, a low fraction of specifically bound 
tracer, or interactions of the radiotracer with the sigma-1 receptor or endogenous 
ligands at the binding site. The typical study design for neuroreceptor pet trac-
ers executed here may not be applicable to such a dynamic and complex receptor 
system as the GluN2B site of the nmda receptor. Further experiments of ligand 
interactions are necessary in order to facilitate the development of radiotracers for 
in vivo imaging of the ionotropic nmda receptor.
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Background

Ionotropic glutamate receptors are subdivided into four groups: kainate, 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (ampa), δ-receptors and 
n-methyl-d-aspartate receptors (nmda-r). The nmda-r is a heteromultimeric 
assembly of four subunits which, in the central nervous system, is primarily com-
prised of GluN1 and GluN2(a-d) subunits1. The nmda-r is different from other types 
of ligand-gated ionotropic receptors in that it functions as a molecular coincidence 
detector. To open the ion channel, relief of the voltage dependant magnesium block 
is required by activation of nearby ampa and kainate receptors, as well as co-activa-
tion of the ligand-binding domain by glutamate (via GluN2) and either d-serine or 
glycine (via GluN1 or GluN3)2,3. The phencyclidine (pcp) binding site sits within the 
ion channel in the transmembrane domain of the receptor 4. It is an attractive target 
for pharmacological restoration of glutamatergic homeostasis in central nervous 
system disorders1. For example, non-competitive nmda-r channel blockers such as 
ketamine, mk-801, and memantine may attenuate excessive neuronal depolariza-
tion and prevent amyloid-β-induced excitotoxic cell death5.

Considerable interest has arisen in the development of a molecular imaging tool 
that can assess nmda-r function in vivo. Positron emission tomography (pet) stud-
ies of radiolabelled nmda-r antagonists in humans have been hampered by poor 
radiotracer selectivity and affinity, low brain entrance, rapid radioligand metabo-
lism, and/or inability to establish specific nmda-r targeting 6,7,8,9. However, recent 
studies using [11C]gmom in humans demonstrated that intravenous administra-
tion of ketamine 0.3 mg·kg-1 reduced the radiotracer net influx rate (Ki) in whole 
brain grey matter by, on average, 66%10. The structure of gmom11,12 was used as 
a template for a new series of substituted n, n’-diaryl-n-methylguanidines13,14. 
Preclinical experiments showed that the fluorine-18 labelled analogue of gmom, 
[18F]pk-209([3-(2-chloro-5-(methylthio)phenyl)-1-(3-([18F]fluoromethoxy)
phenyl)-1-methylguanidine]) was the most promising candidate ligand for imaging 
nmda-r, with a high apparent affinity of 18 nM against [3H]mk-801 (Ki) compared 
with 15 to 22 nM for [11C]gmom13. Lipophilicity of [18F]pk-209 (LogDoct,7.4 = 1.45) was 
acceptable for a neuroreceptor tracer13and the compound exhibited high selectiv-
ity for the ion-channel of nmda-r over other targets15. A subsequent pet study in 
rhesus monkeys showed prolonged retention of [18F]pk-209 in nmda-r rich corti-
cal regions relative to the cerebellum15. IV administration of 0.3 mg·kg-1 mk-801 30 
min before [18F]pk-209 pet reduced the volume of distribution (VT) compared with 

Abstract

background Efforts to develop suitable positron emission tomography (pet) 
tracers for the ion channel site of human n-methyl-d-aspartate (nmda) receptors 
have had limited success. [18F]pk-209 is a gmom derivative that binds to the intra-
channel phencyclidine site with high affinity and selectivity. Primate pet studies 
have shown that the volume of distribution in the brain was reduced by administra-
tion of the nmda receptor antagonist mk-801, consistent with substantial specific 
binding. The purpose of the present study was to evaluate [18F]pk-209 in 10 healthy 
humans by assessing test-retest reproducibility and binding specificity following 
intravenous S-ketamine administration (0.5 mg·kg-1). 

methods Five healthy subjects underwent a test-retest protocol and five others 
a baseline-ketamine protocol. In all cases dynamic 120 min pet scans were acquired 
together with metabolite corrected arterial plasma input functions. Additional 
input functions were tested based on within-subject and population-average par-
ent fractions. 

results Best fits of the brain time-activity curves were obtained using an irre-
versible two-tissue compartment model with additional blood volume parameter. 
Mean test-retest variability of the net rate of influx Ki varied between 7 and 24% 
depending on the input function. There were no consistent changes in [18F]pk-209 
pet parameters following ketamine administration, which may be a consequence 
of the complex endogenous ligand processes that affect channel gating. 

conclusion  The molecular interaction between [18F]pk-209 and the binding 
site within the nmda receptor ion channel is insufficiently reproducible and specific 
to be a reliable imaging agent for its quantification.
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3 M 62 23 28 187 185 88 77 0.7 0.8

4 F 71 34 61 180 183 45 50 1.4 1.3

5 M 93 22 31 173 172 60 64 1.0 1.0

Mean 183 180 64 80 1.1 0.9

 sd 7 6 22 28 0.4 0.3

Paired t-test 
(P value)

0.23 0.21 0.22
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6 F 64 23 161 191 194 47 17 1.4 4.1

7 M 83 28 28 189 187 89 44 0.8 1.5

8 F 56 23 98 187 188 80 38 0.8 1.7

9 M 81 23 49 202 195 52 56 1.4 1.2

10 F 70 25 13 189 195 10 40 6.4 1.7

Mean 192 192 56 39 2.2 2.1

sd 6 4 31 14 2.4 1.1

Paired t-test 
(P value)

0.92 0.31 0.94

am = molar activity, sd = standard deviation. 

seasonal changes in tracer binding. Dynamic pet data were acquired for 120 min 
and binned into 25 time frames (1x15, 3x5, 3x10, 4x60, 2x150, 2x300, 10x600 s). pet 
was followed by a low dose ct (30 mAs, 120 kVp) for attenuation correction and local-
ization. Data were reconstructed using a three-dimensional row action maximum 
likelihood reconstruction algorithm (3-d ramla). Acquired pet data were normal-
ized and corrected for dead time, randoms, scatter, attenuation and decay16.

Blood sampling

All subjects received a radial artery cannula for continuous and manual arterial sam-
pling. For each scan an arterial input function was obtained using an on-line blood 
sampler (Veenstra Instruments, Joure, The Netherlands) with a withdrawal rate 
of 5 ml·min-1 during the first 5 min and 2.5 ml·min1 from 5 to 60 min post injection 

baseline in two out of three subjects. These findings supported further evaluation of 
[18F]pk-209 as a pet radioligand for the pcp site of the nmda-r in human subjects. 
To this end, test-retest reproducibility and specific binding following intravenous 
administration of ketamine were assessed in this first in human study.

Methods

Subjects

This was an open-label study in ten healthy volunteers aged 22 to 37 years (Table 
1). Mean age ± standard deviation (sd) in the test-retest group was 27.6 ± 7.4 and in 
the ketamine group 24.4 ± 2.2. All subjects were free of medical and psychiatric ill-
nesses based on medical history, neurological examination, blood tests (complete 
blood count and serum chemistry), urine analysis, and tested negative for drugs in 
urine. This study was approved by the Medical Ethical Review Committee of the vu 
University Medical Center (Amsterdam umc) and conducted in accordance with ich 
gcp and the 2008 revision of the Declaration of Helsinki. All participants included in 
this study provided consent to participate.

Radiopharmaceutical preparation 

Precursor synthesis and radiolabelling procedures for [18F]pk-209 have been 
described previously13. The radiotracer was formulated in a phosphate-buffered 
saline solution containing 6.7% ethanol, and administered intravenously as a 0.5 
to 15 ml bolus injection, which subsequently was flushed with a saline solution. 
The molar activity at time of injection was calculated against a calibration curve 
of pk-209 using the same high-performance liquid chromatography (hplc) system 
and was 10 - 123 mbq/nmol. In all cases, synthesis time, including hplc purification, 
was approximately 90 min, and radiochemical purity of the final product > 98%. 

Positron emission tomography data acquisition

In total, 20 pet scans were acquired on a Gemini tf-64 pet/ct scanner (Philips Medi-
cal Systems, Cleveland, oh, usa). Five subjects underwent [18F]pk-209 test and retest 
(trt) scans 31-61 days apart over a period of 211 days. Another 5 subjects underwent 
baseline and ketamine scans 13-161 days apart over a period of 258 days. At the start of 
each scan [18F]pk-209 was injected as an intravenous bolus with a mean injected ac-
tivity of 187 ± 7 mbq. All scans were performed between 12:00 and 15:00 h to minimize 
diurnal variation. Duration of daylight on each scan day was calculated to investigate

table 1 Subject demographics and injectate details. 
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pet frames and no frames were excluded due to excessive movement. t1-weighted 
mri scans were co-registered to an average of the pet frames from ~4-70 min p.i. 
using vinci software17. The co-registered mri scans were segmented into grey mat-
ter (gm), white matter and extra-cerebral fluid, using pve-lab18. Subsequently 68 
regions of interest (rois), including whole brain, were derived from the Hammers 
atlas19and used to extract gm time activity curves (tacs). As a last step, the tacs of 
60 out of the 67 rois were redefined into 9 volume weighted rois by combining the 
radioactivity at each timepoint according to the equation, 

Bq = 
∑i αi × Bqi , 

               ∑i αi
where α1 is the volume (in mm3) of region i and the counts per mm3 of region i. The 
selection of rois was based on the widespread nmda-r availability in the brain: 
frontal, temporal, occipital, and parietal cortices, hippocampus, thalamus, insula, 
brainstem, dorsal striatum, and cerebellum, as well as whole brain gm from the 
Hammers atlas. Standardized uptake values (suv, equalling measured activity 
divided by injected dose per body weight) were calculated for whole brain gm.

Using the metabolite corrected arterial plasma input function, all gm tacs were 
fitted to single-tissue (1T2k), two-tissue irreversible (2T3k) and reversible (2T4k) 
compartmental models, both with and without an additional parameter for frac-
tional blood volume (VB). The non-metabolite corrected arterial whole blood 
curve was used as input function for VB. The optimal tracer kinetic model for 
describing in vivo kinetics of [18F]pk-209 was determined according to the Akaike 
Information Criterion (aic)20. Depending on the model preference, outcome mea-
sures were the net influx constant (Ki=K1k3/(k2+k3)) or the distribution volume  

(VT = 
K1(1+

k3)).
 

                 k2            k4
For subsequent group level analysis (e.g. trt variability and ketamine effects), all 
scans were analyzed using the same, most preferred, tracer kinetic model. Non-
displaceable distribution volumes (Vnd=K1/k2) as well as K1 and k3 values are also 
reported separately. 

Statistics

The absolute percentage trt variability of kinetic parameters between test and 
retest scans was calculated using the equation trt variability = 2·(ρretest−ρtest)/ 
(ρtest+ρretest)·100, where ρ is the kinetic parameter of interest. The between-sub-
ject coefficient of variation was calculated as the standard deviation divided by the 

(p.i.) in order to stay within blood volume sampling constraints. Continuous blood 
withdrawal was interrupted briefly to manually collect arterial blood samples (10 
ml each) at set timepoints (5, 10, 20, 40, 60, 75, 90, 120 min p.i.). In several subjects, an 
arterial sample was taken immediately before pet and incubated with [18F]pk-209 
at 37°c to compare radioactivity recovery fractions throughout the 120 min with 
extracted fractions of the arterial samples taken during pet. The samples were used 
to measure blood and plasma radioactivity concentrations, whole blood-to-plasma 
ratios, and plasma metabolite fractions of [18F]pk-209. For the latter purpose, sam-
ples were analyzed using solid-phase extraction combined with hplc using off-line 
radioactivity detection.

The final arterial plasma input function was derived using both continuous and 
discrete arterial blood data. The input function was corrected for plasma to whole-
blood ratio, metabolites and time delay. For each scan, two additional plasma input 
functions were generated to investigate the effect of within-subject and between-
subject variability in plasma data. For the within-subject averaged input function, 
the mean of pet1 and pet2 [18F]pk-209 parent fractions per subject were used at each 
of the 8 sample time points for both scans. For the population averaged input func-
tion, the mean parent fractions for all 5 subjects in the trt and ketamine groups (i.e. 
10 scans) were taken at each timepoint. The manual arterial blood samples were also 
used for assessment of the plasma ketamine concentration. The area under the ket-
amine concentration-time curve was estimated by means of the trapezoidal rule.

Ketamine infusion

The (s+)-isomer of ketamine (0.5 mg·kg-1) was dissolved in NaCl 50ml and adminis-
tered intravenously in a pseudo-steady state model with a sub-acute loading dose. 
First, ketamine was administered for 40 min at a rate of 0.006 mg·kg-1·min-1 fol-
lowed by a 130 min equilibrium phase at 0.002 mg·kg-1·min-1. [18F]pk-209 injection 
and start of pet were performed at 10 min into the equilibrium phase, following 0.26 
mg·kg-1 administration in the preceding 50 min.

Image acquisition and analysis

Prior to the pet studies, structural 3-dimensional coronal t1-weighted magnetic 
resonance images (mri) were acquired for all subjects on a 1.5 t Sonata scanner 
(Siemens Medical Solutions, Erlangen, Germany) with 160 coronal slices using echo 
time 3.97 ms, repetition time 2700 ms, flip angle 8° and voxel size 1.0x1.5x1.0 mm3. 
Subject motion was checked by visual inspection of the alignment of intrasubject 
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sample mean · 100. Areas under the curve (auc) from 0-120 min (suvauc) and plasma 
parent fractions (0-180 secs and 0-120 mins) were calculated with Graphpad Prism 
7.0 (La Jolla California usa , www.graphpad.com). suv from 90 to 120 min (suv90-120) 
was calculated as the mean of the last three mid-frame suv values.

Results

Brain Images and Plasma analysis

Uptake images from a trt subject are shown in Figure 1. Total gm tacs for all sub-
jects are shown in Figure 2. Peak uptake occurred around 10 min p.i. and with a suv 
between 3.6-5.7. Brain activity decreased to about 25-40% of the peak by 120 min. No 
radioactivity uptake was observed in the jaw and skull in the dynamic pet images, 
indicating no defluorination. Injected activity was similar between pet1 and pet2 
in the trt (subjects 1-5) and ketamine (subjects 6-10) groups (Table 1). Molar activ-
ity and injected mass differed on average (± sd) 50 ± 40% between pet1 and pet2. 
The radioactivity concentration of [18F]pk-209 in plasma peaked with a mean suv 
of 17.4 ± 2.8 and decreased to ~7% of the peak at 3 min (Figure 3). The auc (0-180 
sec) for both trt and ketamine groups did not differ between pet1 and pet2 (paired 
Student’s t-test p=0.11 and p=0.20, respectively). [18F]pk-209 was rapidly metabo-
lized (Figure 4). Mean parent fractions for all 20 scans were 77 ± 7, 57 ± 9, 34 ± 5, 19 ± 3 
and 14 ± 3% at 5, 10, 20, 60 and 120 min p.i., respectively.

hplc analysis of the radioactivity in plasma demonstrated that one major metab-
olite accounted for 8 ± 5% at 5 min, 27 ± 3% at 20 min and 32 ± 3% at 120 min p.i. The 
remainder of the activity could not be extracted, constituting 15 ± 3% at 5 min and 54 
± 4% at 120 min p.i. Recovery from the incubated pre-pet arterial sample remained 
> 90%. There was no significant difference in metabolism (auc) of [18F]pk-209 
between test and retest scans. However, parent fractions in the baseline scans 
of subjects 6 to 10 were 8 to 15% lower than their ketamine scans and 16% lower 
(range -5 to -30%) than the test-retest group. Specifically, the parent fraction was 
significantly lower at 10, 20 and 80 min post [18F]pk-209 injection (paired Student’s 
t-test p<0.05). The difference in mean blood-to-plasma ratios between test-retest 
and between baseline-ketamine scans was <3% for all 8 measured timepoints.  

Kinetic modelling

Best model fits, according to the aic, were obtained using an irreversible two-tis-
sue compartment model with blood volume parameter (2T3k_VB) in 8 out of the 10 

figure 2 tac for all subjects. a-e depict test-retest scans (closed and open circles respectively) of S1-5,  
and f-j depict baseline and ketamine scans (closed and open circles respectively) for S6-10.
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figure 1 Transaxial, coronal and sagittal views of mr images (a) and averaged pet images from 4.25-70 min for 
the test scan (b) and retest scan (c) of subject 1. Activity is expressed in kBq·mL-1. 
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trt scans and 6 out of the 10 ketamine group scans (see Table 2). Model preference 
between baseline and ketamine scans was different in 4 out of 5 subjects, but no 
consistent change in model preference was observed between pre- and post-ket-
amine scans. Fits of the 67 rois to the 2T3k_VB model in the 15 non-ketamine pet 
scans showed the highest consistency in the temporal lobe and cerebellum (12 
out of 15 scans preferring 2T3k_VB) and lowest consistency in the thalamus and 
brainstem (7 and 8 out of 15 scans respectively). The correlation between model 
agreement and roi size was significant (r=0.33, p<0.01) indicating less stable fits 
in smaller regions. The 2T4k_ VB model was preferred in 25% of the rois, and no 
regions were identified that consistently favoured a model other than the 2T3k_ VB 
model. Input functions that were averaged within-subjects increased the consis-
tency in model preference, as 17 out of 20 pet scans showed best fits for the 2T3k_VB 
model. Considering the finding that the majority of scans as well as rois were fit 
best by the irreversible two-tissue compartment model, all scans were analyzed 
using the 2T3k_VB model. The primary outcome parameter was therefore the net 
influx rate constant Ki. Values of Ki for all 20 scans were calculated with three differ-
ent plasma input functions and are presented in Table 2. The coefficient of variation 
of the baseline (pet1) Ki values (N=10) was 36% using the single scan input function, 
37% using the within-subject input function, and 43% using the population average 
input function. Mean pet1 values of Ki in the nine volume-weighted rois, from low 
to high, were similar for all three input functions at approximately 0.008 in dorsal 
striatum, 0.010 in cerebellum, thalamus and insula, 0.015-0.018 in frontal, temporal, 
parietal and occipital cortices and 0.034-0.040 in brainstem. Correlations between 
Ki and suv90-120 of the 10 pet1 scans, and between ΔKi and Δsuv90-120 were low for 
all three input functions (Spearman’s ρ<0.42, p > 0.22).

Test-retest group

Mean trt variability of whole brain gm Ki was 24% for scans analysed using indi-
vidual metabolite corrected plasma input functions. A decrease in Ki was observed 
in retest scans for all subjects (range 8-37%). Across the 9 rois, differences between 
mean test-retest Ki ranged from -17% in thalamus to -36% in brainstem. 

The Pearson correlation between scan interval in days and percentage dif-
ference in Ki was 0.99 (p=0.002) for whole brain gm (Figure 6) and 0.89 to 0.99 for 
individual rois. The trt variability of K1, K2, K3 and Vnd did not correlate with scan 
interval. Furthermore, the correlation of Ki trt variability with scan interval was not 
significant (p > 0.05) using within-subject and population averaged input functions.
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figure 3 Concentration of total radioactivity in plasma following [18F]pk-209 injection for subject 1-5 test 
scans (a) and retest scans (b) and subject 6-10 baseline scans (c) and ketamine scans (d).

figure 4 mean [18F]pk-209 parent fractions in plasma and whole blood to plasma (wb-p) ratios of the  
5 subjects in each group.
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Duration of daylight correlated moderately with Ki (r=0.54, p=0.11). roi size showed 
a weak correlation with trt variability (Spearman’s ρ=-0.24, p=0.11). The mean trt 
variability was 13% for K1, 21% for Vnd, and 20% for k3. trt variability of gm Ki gener-
ated using the within-subject input functions was markedly improved at 7%. The 
single population-averaged input function returned a Ki trt variability of 12%. 
Analysis of the tacs (Figures 2a-e) showed that mean gm suvauc of test scans was 
316 ± 40 suv·min and of retest scans 307 ± 31 suv·min. trt variability of gm suvauc 
was 13%, 33%, 4%, 8% and 6% for subjects 1 to 5, respectively (mean trt variabil-
ity 12%). Whole brain suv90-120 was, on average, 1.68 and 1.64 in test and retest 
scans (-3% difference). Mean trt variability of gm suv90-120 was 12 ± 12%, and the 
between-subject coefficient of variation of suvauc and suv90-120 for all 10 pet1 
scans (including baseline scans in the ketamine group) was 15 and 11%, respectively.

Ketamine group

Ketamine administration led to whole brain gm Ki reductions in subjects 7 and 9, no 
change in subject 8, and increases in subjects 6 and 10 (data in Table 2). The effects 
of ketamine on Ki varied considerably between subjects, ranging from -36 to 182%. 
Model fits were unstable across rois and this was reflected in variable Ki chang-
es between rois and subjects. The mean Vnd of whole brain gm did not change 
between baseline and ketamine scans. The mean rate of transport K1 in the base-
line scans ranged from 0.33 to 0.68 between subjects. After ketamine, K1 increased 
in subjects 6, 7 and 10 by 15-24% and decreased in subject 8 and 9 with 18 and 11%, 
respectively, resulting in an overall mean increase of 5%. Within-subject input func-
tions led to an increase in the difference of Ki between the baseline and ketamine 

table 2 Rate constants obtained using a 2t3k_vb model and three different plasma input functions (if) for all 
subjects. trt v = test-retest variability. %ΔKi = the percentage change from the baseline scan. The unit 
of K1 is mL·cm3 ·min-1 and the unit of k3 and Ki is min-1. vnd equals K1/k2.

 Single scan if Within-subject if Population if

Pref. 
model

k1 vnd k3 ki ki 
trtv

Pref.
model

ki ki 
trtv

Pref. 
model

ki ki 
trtv

s1 test 2t-3k 0.522 9.64 0.0016 0.0148 -32% 2t-3k 0.0118 6% 2t-3k 0.0136 4%

retest 2t-3k 0.420 8.02 0.0014 0.0108 2t-3k 0.0126 2t-3k 0.0142

s2 test 2t-4k 0.577 10.12 0.0016 0.0157 -23% 2t-3k 0.0131 -3% 2t-3k 0.0113 18%

retest 2t-3k 0.407 5.90 0.0022 0.0125 2t-3k 0.0127 2t-3k 0.0136

s3 test 2t-3k 0.341 7.33 0.0024 0.0166 -9% 2t-3k 0.0154 5% 2t-3k 0.0193 4%

retest 2t-4k 0.347 6.14 0.0026 0.0152 2t-4k 0.0162 2t-4k 0.0201

s4 test 2t-3k 0.473 9.73 0.0025 0.0235 -45% 2t-3k 0.0202 -17% 2t-3k 0.0147 -24%

retest 2t-3k 0.490 9.34 0.0016 0.0148 2t-3k 0.0170 2t-3k 0.0115

s5 test 2t-3k 0.451 8.64 0.0025 0.0208 -14% 2t-3k 0.0200 -5% 2t-3k 0.0170 -9%

retest 2t-3k 0.465 7.29 0.0026 0.0182 2t-3k 0.0191 2t-3k 0.0156

Mean trtv 13% 21% 20% 24.3% ± 14.5 7.3% ± 5.6 11.9% ± 8.9

Mean test 0.473 9.09 0.0021 0.0183 0.0161 0.0152

Mean retest 0.426 7.34 0.0021 0.0143 0.0155 0.0150

Pref. 
model

k1 vnd k3 ki % Δki Pref. 
model

ki % Δki Pref.
model

ki % Δki

s6 baseline 1t-2k 0.528 9.78 0.0005 0.0046 182% 1t-2k 0.0038 237% 2t-4k 0.0071 113%

ketamine 2t-3k 0.605 9.66 0.0014 0.0129 2t-3k 0.0128 2t-3k 0.0152

s7 baseline 2t-4k 0.394 6.54 0.0029 0.0182 -35% 2t-4k 0.0170 0% 2t-4k 0.0150 8%

ketamine 2t-3k 0.487 9.75 0.0012 0.0118 2t-3k 0.0169 2t-4k 0.0162

s8 baseline 2t-3k 0.683 11.72 0.0007 0.0083 1% 2t-3k 0.0220 -9% 2t-3k 0.0183 -9%

ketamine 2t-4k 0.559 10.30 0.0008 0.0084 2t-3k 0.0201 2t-3k 0.0167

s9 baseline 2t-3k 0.368 7.74 0.0026 0.0193 -36% 2t-3k 0.0200 -41% 2t-3k 0.0114 -62%

ketamine 2t-4k 0.328 6.56 0.0020 0.0124 2t-3k 0.0118 2t-3k 0.0044

s10 baseline 2t-3k 0.488 10.51 0.0014 0.0143 30% 2t-3k 0.0105 83% 1t-2k 0.0011 -10%

ketamine 2t-3k 0.600 9.84 0.0020 0.0186 2t-3k 0.0192 1t-2k 0.0010

Mean baseline 0.492 9.25 0.0016 0.0129 0.0147 0.0106

Mean ketamine 0.516 9.22 0.0015 0.0128 0.0162 0.0107

% change 5% 0% -9% -1% 10% 1%

figure 5 Scatterplot of the scan interval in days and percentage difference in Ki for subjects 1 to 5.
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accordance with in vivo behavior of [11C]gmom10, the carbon-11 labelled analogue of 
pk-209. [18F]pk-209 readily entered the brain and displayed a fairly uniform pattern of 
uptake, with the rank-order of highest to lowest net influx constant (Ki) in the volume-
weighted rois being brainstem > cortex > cerebellum-thalamus-hippocampus-insula >  
dorsal striatum. There were no rois which tacs consistently favoured a kinetic model 
other than the 2T3k_ VB model. However, the significant correlation between 2T3k_VB 
model agreement and roi size indicated that tacs in smaller brain rois were affected 
more by noise, and thus described adequately by several models. Previous kinetic 
analyses of pet scans with the structurally related radiotracer [11C]gmom have shown 
similar heterogeneity in model preference between and within subjects10.

Test-retest variability

The trt variability of [18F]pk-209 Ki calculated with single scan input functions was 
relatively large compared with reports of other radiotracers using similar equip-
ment and techniques21, at 24% in whole brain gm Ki and 17% to 36% in individual 
rois. A closer examination of suvauc showed good consistency between test and 
retest scans, with a mean 12% difference. Tracer uptake in the last 30 min of the 
scan, suv90-120, did not correlate with the irreversible rate of influx Ki in this group of 
subjects. Considering the small k3 it is likely that the pet signal at 90 to 120 min p.i. is 
still dominated by free and non-specific binding. Furthermore, the tacs themselves 
showed clear dissociation and washout of [18F]pk-209 during the course of the scan, 
suggesting that the ligand’s trapping component within the ion-channel is relative-
ly small. In the present study, a ‘coffee-break’ protocol with extended scanning up to 
four hours post radiotracer injection may have provided additional information on 
kinetics, such as the contribution of the ligand-binding site dissociation constant 
K4. However, tracer metabolism and low count rates at late timepoints would have 
complicated measurements of the input function.
Blood data from arterial measurements during the pet scan showed that there was 
rapid blood pool clearance combined with rapid tracer metabolism. Mean parent 
fractions were 57 and 34% at 10 and 20 min p.i., respectively, which is somewhat 
higher compared with non-human primate parent fractions15. Fast metabolism 
has also been shown in clinical pet studies of [11C]ketamine22 and ligands from the 
class of bis(aryl)guanidines, i.e. [11C]cns-516123, [11C]gmom10, and [18F]ge-17924, 
which are structurally related to [18F]pk-209. hplc analysis showed that one [18F]
pk-209 metabolite accounted for approximately 30% of total plasma radioactivity 
from 20 min until the end of the scan. A limitation of the present study was that the 
fractional recovery of radioactivity from plasma declined over time, stabilizing at 

scans, ranging from -41 to 237% in the five subjects. The population averaged input 
function did not improve the consistency in change of Ki either. Analysis of tacs 
(Figures 2f-J) showed that whole brain suvauc increased by 8, 27, 1, 1 and 17% fol-
lowing ketamine administration for subjects 6-10, respectively. Mean suvauc of the 
baseline scans was 289 ± 51 suv·min and of the ketamine scans 321 ± 66 suv·min. The 
mean suv90-120 of baseline and ketamine scans was 1.53 and 1.68 respectively (10% 
increase, owing to subjects 6, 7 and 10). 

Plasma ketamine concentration

Ketamine was well tolerated by all subjects. Feelings of dissociation were reported 
by all subjects at the start of pet scanning, but none showed loss of responsiveness 
or hypnosis. The plasma ketamine concentration could only be analysed for 3 out of 
5 subjects and results are shown in Figure 5. 

Discussion 

Twenty pet scans were performed in 10 healthy subjects to evaluate [18F]pk-209 
brain kinetics, test-retest reproducibility and quantification of radiotracer binding 
to the intra-channel binding site of nmda receptors. To this end, trt variability was 
assessed in 5 subjects, followed by blocking experiments with intravenous 0.5 mg·kg-1 
S-ketamine administration in 5 different subjects. The kinetic profile of [18F]pk-209 
indicated irreversible binding, at least for the 120 min scan duration, suggesting a 
trapped binding mechanism or slow dissociation. The slow irreversible nature is in 
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the three subjects aged 22-23. Future work is needed to understand the source of 
variability and a full validation of these findings will require a larger cohort.

Ketamine blocking studies

Despite good quality data for all [18F]pk-209 scans, there was no consistent effect of 
ketamine administration on the pharmacokinetic model parameters. Intravenous 
ketamine administration increased whole brain suvauc and suv90-120 in three out 
of five subjects, whereas previous non-human primate experiments showed a 15% 
reduction in mean suvauc after mk-801 administration15. The best pet model fits 
changed in 4 out of 5 subjects following ketamine administration, but not in a pre-
dictable manner. The unstable fits of [18F]pk-209 may be explained by changes in 
the arterial input function or brain pharmacokinetics of the tracer. For example, 
the increased suv in subjects 6, 7 and 10, which is reflected in increased K1 values, 
shows that the uptake of [18F]pk-209 is blood flow dependent. Ketamine is known 
to exert direct vasodilatory effects on the cerebral vasculature through a calcium-
dependent mechanism. In a review of 20 human imaging studies, it was shown 
that plasma ketamine concentrations, comparable to those used in the present 
study, increased global and/or regional cerebral blood flow in human subjects27. 
Contrasting results from a recent simultaneous pet and functional mri imaging 
study in anesthetized non-human primates demonstrated that cerebral blood vol-
ume following administration of the pcp site blocker ge-179 was acutely reduced28. 
In a bolus-plus-infusion paradigm, ‘cold’ ge-179 at a dose of 0.6 mg·kg-1 was admin-
istered when [18F]ge-179 was at steady-state, which was expected to reduce the 
brain signal by competitive displacement at the pcp binding site. A short-term 
blood volume decrease was observed, however ge-179 did not significantly block 
the pet signal and had no effect on arterial plasma blood levels, indicating that the 
[18F]ge-179 signal is independent of flow28. Ketamine may affect blood flow differ-
ently than ge-179, and a future study in humans with simultaneous [18F]pk-209 pet 
and fmri could elucidate the relationship between nmda-r blockers, blood flow 
and radiotracer binding.

The arterial plasma fractions of [18F]pk-209 in the baseline scans were on 
average 8 to 15% lower than in the ketamine scans (Figure 4), but also 16% lower 
compared with the trt group. The small increase in baseline metabolism of sub-
jects 6 to 10 may suggest an initial group difference which was normalized by 
ketamine administration. However, in non-human primates there was no effect of 
mk-801 on [18F]pk-209 metabolism, nor did ketamine administration affect [11C]
gmom metabolism in humans. Systematic errors in the estimation of arterial blood 

approximately 45%. Arterial samples taken immediately before pet were incubat-
ed with [18F]pk-209 at 37°c and radioactivity recovery of these samples remained 
constant at approximately 90% during the 2-hour experiment. The difference 
between recovery fractions suggest that, during the scan, metabolites were formed 
in the body, which subsequently were retained within the pellet for corresponding 
samples. An influx of radiometabolites into the brain may have confounded [18F]
pk-209 quantification and contributed to trt variability. Ex vivo rodent studies have 
shown that polar metabolites only contribute 4% to total brain radioactivity at 60 
min p.i. The non-polar metabolite fraction, however, was 18 and 25% at 15 and 60 
min p.i., respectively13. Logan plots of [18F]pk-209 in non-human primates showed 
that linearity was attained from early to late time-points, arguing against the sig-
nificant accumulation of radiometabolites in the brain. Furthermore, recovery of 
radioactivity in the present study was high at the start of the scan, indicating that 
the analytical methods to measure parent [18F]pk-209 and associated input func-
tions provided reliable results. trt variability was further examined as a function of 
parent fraction determination in plasma. To this end, tacs were modelled with arte-
rial input functions using parent fractions that were averaged within-subjects and 
across the two samples of 5 subjects. Within-subject input functions led to a sub-
stantial reduction in Ki trt variability from 24% to 7% and improved consistency of 
the 2T3k_VB model preference from 14 to 17 (out of 20) pet scans.

Preliminary results showed a significant correlation between scan interval in 
days and reduction in Ki using the single scan input function, but not with subject- 
and population-averaged input functions. This correlation is likely due to either a 
systemic error in test or retest input function measurements or a true biological 
component resulting in lowered availability of the nmda channel site for radiotracer 
binding during the second scan. In same-day test-retest studies with the metabo-
tropic glutamatergic tracers [11C]abp688 and [18F]fpeb, it was shown that binding 
was significantly higher in the second scan, whereas two scans days to weeks apart 
showed good trt variability25. Diurnal and seasonal variation in receptor or endog-
enous ligand concentrations might be sources of increased trt variability. In the 
present study, however, all scans were performed in the afternoon between 12:00 
and 15:00 h, limiting diurnal effects on glutamatergic neurotransmission. The 
moderate correlation of Ki with duration of daylight and strong correlation of Ki 
with scan interval could be indicative of seasonal effects. These have been found 
previously in serotonin 5-ht1 a receptor pet studies26. Finally, and taking into con-
sideration the limitations of a small sample size, it is noteworthy that the two 
subjects aged 34 and 37 showed numerically higher trt variability compared with 
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affect the nmda-r structure and ion channel opening31. Many endogenous ligands 
acting at nmda-rs, such as Mg2+, Zn2+, H+, polyamine cations, neurosteroids and 
fatty acids, determine the in vivo binding properties of ligands targeted for nmda 
receptors. For example, it has been shown that in native nmda receptors of rat 
hippocampus ca1 pyramidal neurons, ic50 values of nmda-r channel blockers are 
increased 1.5 to 5 times compared with magnesium-free conditions32. Variations 
in physiological Mg2+ or other endogenous ligands could have affected [18F]pk-209 
binding and may have contributed to the observed trt variability and incon-
sistent ketamine effects. A second possibility is that ketamine and [18F]pk-209 
inhibit distinct populations of nmda-rs. Ketamine predominantly inhibits syn-
aptic nmda-rs, whereas for example memantine primarily inhibits extrasynaptic 
nmda-rs33, although more weakly34. In this respect it may be valuable to investi-
gate memantine as a pharmacological blocker in future pet studies with nmda-r 
radiotracers to examine different domains of [18F]pk-209 binding. A third possibil-
ity is that ion-channel ligands exhibit biexponential association kinetics with the 
nmda ionophore and thereby complicate pet pharmacokinetic modelling. Very few 
studies have examined how the association rate constants of ion channel blockers 
change as a function of radioligand concentration, and there is evidence to suggest 
that the kinetics of channel blocker association with the nmda ionophore do not 
follow the law of mass-action2. Changing the ligand binding site accessibility can 
change the rate of association and dissociation, but has no effect on equilibrium 
affinity of ligand binding35. One cannot exclude that the slightly different doses of 
[18F]pk-209 injected in the baseline versus the blocking scans may have contributed 
to a noisy data set.

Conclusion

The establishment of a radiotracer for in vivo quantification of specific binding to the 
nmda receptor remains challenging. The divergent clinical and preclinical behav-
iour of [18F]pk-209 could be due to multiple differences in interactions between 
exogenous and endogenous glutamatergic ligands. There are plausible biophysi-
cal explanations that remain to be tested, which are pivotal for interpreting the 
ligand-nmda-r interactions. The conclusion of the present study is that the molec-
ular interaction between [18F]pk-209 and the binding site within the nmda-r ion 
channel was not shown to be reproducible or specific. It is possible that the typical 
study design for neuroreceptor pet tracers executed here is not applicable to such a 
dynamic and complex receptor system as the nmda-r.

parameters or natural variability in metabolism may underlie the observed differ-
ences. Although the measurement error may have affected the model parameters, 
it is unlikely to explain the variability of [18F]pk-209 Ki between subjects following 
ketamine administration.

The mean plasma ketamine concentrations plateaued at ~100 ng·ml-1 between 
20 and 60 min after the start of pet (40 min since the start of ketamine infusion) 
and decreased to ~70 ng·ml-1 at the end of the scan, 160 min since the start of 0.5 
mg·kg-1 ketamine infusion. As expected, the Cmax in the current study was dose-
proportionally higher than the 0.3 mg·kg-1 ketamine administered in the [11C]
gmom blocking study10. Subjects in a spect study by Stone et al.29 were adminis-
tered 1.1 mg·kg-1 S-ketamine over 75 min, which led to a mean plasma concentration 
of 173 ng·ml-1 and displacement of the nmda-r channel ligand [123I]cns-1261 in the 
brain. Preclinical in vivo studies have also demonstrated a strong and rapid tem-
poral relationship between ketamine concentrations in plasma and radiotracer 
inhibition in brain tissue. For example, in rats, 67% inhibition of [3h]mk-801 binding 
was observed at 1 min post-dosing with 3 mg·kg-1 racemic (±)ketamine IV, and the 
inhibition declined to 19% at 20 min post-dose30. The plasma racemic ketamine con-
centration required to inhibit 50% of specific [3h]mk-801 binding in vivo has been 
calculated in the range of 1.9-3.7 µM30. The present pharmacokinetic data show a 
concentration of ketamine in plasma of 0.3-0.4 µM during pet scanning, which 
may have been insufficient to unmask specific uptake of [18F]pk-209. Nevertheless, 
S-ketamine at a lower plasma concentration of 0.26 µM was shown to reduce the Ki 
of the equipotent carbon-11 labelled analogue of pk-209, [11C]gmom, in humans10. 
The concentrations of unlabelled pk-209 and gmom that inhibit specific binding of 
[3h]mk-801 to rat forebrain membranes were shown to be similar at 18.4 and 21.7 nM 
respectively13. Furthermore, data from the preclinical [18F]pk-209 pet study dem-
onstrated that a dose of 0.3 mg·kg-1 mk-801 reduced the volume of distribution in 
two out of three rhesus monkeys compared with baseline [15. In displacement bind-
ing studies, mk-801 is two orders of magnitude more potent than (±)ketamine at 
the ion-channel site30, but the compound is not approved for human use and there-
fore could not be implemented in the present study design. Despite these reports 
of inhibition of nmda-r activity by channel blockers, the recent preclinical in vivo 
evaluation of [18F]ge-179 suggests that the pet signal is largely non-specific28.

nmda receptors are complex, highly modulated ligand gated ion channels bound 
in cell membranes that, in order to open, require activation of nearby ampa and 
kainate receptors as well as co-activation by glutamate and d-serine or glycine. 
Recently, electron cryomicroscopy experiments revealed how small molecules 
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Introduction

Rolipram is a selective inhibitor of the enzyme phospodiesterase (pde)-4, a member 
of the pde enzyme family which hydrolyse the second messenger cyclic adenosine 
monophosphate (camp). The carbon-11-labelled (r) enantiomer of rolipram has 
been demonstrated to be suitable for in vivo evaluation of pde4 availability and 
activity with positron emission tomography (pet)1,2. [11C](r)-rolipram binding 
is sensitive to pharmacological challenges in rat3and porcine brain4. However, to 
this point, no human blocking studies with pde4 modulators have been published. 
gsk356278 is a potent, cns penetrant inhibitor of camp hydrolytic activity5that 
binds to the high-affinity rolipram binding site (harbs) with a pic50 of 8.6 and is 
nonselective for the pde4 a, b, and d isoforms6. In a model of anxiety in common 
marmosets, the therapeutic index for gsk356278 was > 10 versus <1 for rolipram6, 
which may be explained by the faster harbs dissociation rate compared to rolip-
ram. The present study was designed to evaluate the relationship between the 
plasma gsk356278 concentration and the occupancy of the brain pde4 enzyme in 
healthy male subjects. These data were to be utilized to optimize the dose range for 
future Phase 1 and 2 studies.

Methods

This was an open-label study in 8 healthy male volunteers with a mean (± stan-
dard deviation, sd) age of 34.4 ± 10.7. This study was approved by the Edinburgh 
Independent Ethics Committee for Medical Research and the Administration of 
Radioactive Substances Advisory Committee (arsac) and conducted in accordance 
with ich gcp and the 2008 revision of the Declaration of Helsinki. pet scanning 
was performed at Imanova, Centre for Imaging Sciences (Hammersmith Hospital, 
London, uk). All subjects gave written informed consent, tested negative for drugs 
in urine, and were free from clinically significant illness or disease as determined 
by their medical history, a full physical examination, blood laboratory tests and 
electrocardiography.

Radiopharmaceutical Preparation

[11C](r)-rolipram was prepared by O-[11C] methylation of its desmethyl analog (1 
mg) in dimethylformamide (350 µl) using [11C] methyl iodide in the presence of tet-
rabutyl ammonium hydroxide (0.5 M, 4 µl). The reaction mixture was heated to 85°c 

Abstract

We characterized the relationship between the plasma concentration of the pde4 
inhibitor gsk356278 and occupancy of the pde4 enzyme in the brain of healthy 
volunteers, using the pet tracer [11C](r)-rolipram. To this end, pet scans were 
acquired in 8 males before and at 3 and 8 hours after a single 14 mg oral dose of 
gsk356278. A metabolite corrected arterial input function was used in conjunction 
with the dynamic pet emission data to estimate volumes of distribution (VT) from 
a two-tissue compartment model. The administration of gsk356278 reduced [11C]
(r)-rolipram whole brain (VT) by 17% at 3 hours post-dose (p=0.01), and by 4% at 8 
hours post-dose. The mean plasma Cmax was 42.3 ng/ml, leading to a pde4 occu-
pancy of 48% at Tmax. The in vivo affinity of gsk356278 was estimated as ec50=46 ± 
3.6 ng/ml. We present the first report of a direct estimation of pde4 blockade in the 
living human brain. In vivo affinity of gsk356278 for the pde4, estimated in this early 
phase study, was combined with gsk356278 safety and tolerability data to decide on 
a therapeutic dose for future clinical development.
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pob values). This pob value was then multiplied by the whole blood curve to gen-
erate a total plasma curve. Parent fraction data were fitted to a sigmoid model 
f=((1-(t3/(t3+100)))b +c)/(1+c) where t is time and a, b and c are fitted parameters. 
The resulting fitted parent fraction profile was multiplied by the total plasma curve 
and then smoothed post-peak using a tri-exponential fit to derive the required par-
ent plasma input function. For each scan, a time delay was fitted and applied to the 
input function to account for any temporal delay between blood sample measure-
ment and the tomographic measurements of the tissue data. 

Image Analysis 

t1-weighted magnetic resonance images (mri) were acquired to aid in the defini-
tion of the anatomic regions of interest (rois) using a Siemens Magnetom Trio 3t 
mri scanner at Imanova. Dynamic pet images were registered to each individual 
subject’s mri, and corrected for motion using a frame-to-frame registration pro-
cess with a mutual information cost function. Regional analysis was facilitated by 
using a human brain atlas containing rois that had been manually delineated on 
a t1-mr image template according to strict anatomical criteria7. The target rois 
included the caudate, putamen, thalamus, hippocampus, frontal cortex, parietal 
lobe, temporal lobe, occipital pole and cerebellum. For each subject the template 
and the corresponding atlas were individually warped to the subject’s anatomical 
mri which was previously linearly registered to the pet images and used to gener-
ate time activity curves (tacs).

Compartmental modeling and specific signal estimation

The individual metabolite corrected arterial input function and the whole blood 
activity curve were used in conjunction with the dynamic pet data to estimate 
regional volumes of distribution (VT) using a two-tissue compartment model. The 
blood volume component (VB) was fixed at 5%. 
The VT is the sum of the tracer’s specific (Vs) and non-displaceable (Vnd) binding. As 
there is no suitable (pseudo)reference region in the human brain, devoid of pde4, it 
is not straightforward to estimate Vnd and calculate the non-displaceable binding 
potential (bpnd). Target occupancy and Vnd may be estimated from VT data and the 
related plasma concentration of gsk356278 if a sufficiently large reduction in VT is 
observed post-block. However, we were not able to acquire data following high lev-
els of pde4 blockade due to the safety limitations on the maximal dose of gsk356278 
we could administer. Therefore, an estimate of the average brain binding potential 

for 5 min, diluted with hplc mobile phase (1 ml) and loaded onto semi-preparative 
hplc for purification (Agilent Eclipse xdb c18, 5 µm, 250×9.4 mm). The retention 
time of [11C](r)-rolipram was 5.4 min through isocratic elution with a mixture of 
10 mM ammonium formate buffer/acetonitrile (60/40, v/v) at a flow rate of 6 ml/
min. The desired fraction was collected, diluted with water (20 ml) and loaded onto 
a SepPak® Classic C18 cartridge for reformulation. Following an initial wash with 
sterile water (10 ml), [11C](r)-rolipram was eluted off the cartridge with ethanol (1 
ml) and subsequently diluted with saline (10 ml). In a final step the resulting formu-
lation solution was filtered through a 0.22 µm sterile filter into a sterile, pyrogen 
free, vial. Typical synthesis from a 55 µA, 30 min beam provided 3.35 ± 1.4 gbq (uncor-
rected) of [11C](r)-rolipram in a total synthesis time of 35 min with a specific activity 
of 142 ± 133 gbq/µmol. Quality control showed that doses were obtained with radio-
chemical purities > 99% and that the final product for injection was sterile and 
pyrogen free.

Positron Emission Tomography Data Acquisition

In total, 22 [11C](r)-rolipram pet scans were acquired on a Siemens Biograph HiRez 
xvi pet-ct scanner (Siemens Healthcare, Erlangen, Germany) of which 8 scans 
at baseline (pet 1) and 7 scans at approximately 3 and 8 hours post-dose each (pet 
2 and pet 3 respectively). A ct scan of the head was acquired for attenuation and 
model-based scatter correction. Subjects were injected with an intravenous bolus 
of the radioligand and dynamic emission data were acquired continuously for 90 
minutes. pet data were reconstructed using filtered backprojection with correc-
tions for attenuation, dead time, random coincidences, and scatter. Dynamic data 
were binned into 26 frames (8*15 seconds, 3*1, 5*2, 5*5, and 5*10 minutes). A contin-
uous sampling system (abss Allogg, Mariefred, Sweden) was used to measure whole 
blood activity for the first 15 minutes (sampled at 5 ml/minute). Discrete blood sam-
ples were acquired to measure blood and plasma radioactivity concentration at 5, 
10, 15, 20, 30, 40, 50, 70, 90 min and to determine with hplc the fraction of radioactiv-
ity corresponding to intact parent [11C](r)-rolipram in arterial plasma. Plasma free 
fraction (fP) was determined by ultrafiltration. The three discrete blood samples at 
5, 10 and 15 min post-injection were used to calibrate the continuous blood data. 
The continuous and discrete datasets were used to form a whole-blood activity 
curve covering the duration of the scan. Radioactivity concentrations in discrete 
plasma samples were divided by the corresponding whole-blood samples to form 
plasma-over-blood (pob) data, and a constant pob model was fitted (i.e. average of 
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(bpnd          was used from the literature2, acquired in an experiment where the bin- 
ding of [11C](r)-rolipram and the inactive enantiomer [11C](s)-rolipram in the 
human brain was examined. The specific binding of [11C](r)-rolipram was esti-
mated by making explicit assumptions that the (s) enantiomer demonstrates only 
non-displaceable binding, and the magnitude of this non-displaceable component 
is similar for both stereoisomers. For each subject in the current study, an individual 
estimate of Vnd was made using bp*nd = 0.5 and the formula 

vnd =
 VT 

                 
1 + bp*nd

,
 

where VT ,is the global average brain VT before drug administration. In order 
to evaluate the sensitivity of our data to the assumption of the literature bpnd esti-
mate we repeated the process with bp*nd of 0.25 and 1. For each roi, average VT (VT) 
values per subject and scan were calculated as 

VT 
=

 

∑i 
αi × VTi

 , 
               

∑i 
αi

where αi is the volume (in mm3) of region i and VTi is the total volume of distribution 
of region i. Finally, gsk356278 occupancy of pde4 was calculated as, 
                                      

bpp
                                                      K1k3occupancy = 1−

bpp
                , where bpp =

 
k2k4

  .
 

Plasma gsk356278 concentrations (Cp  were obtained from blood samples 
using mass-spectrometry with a lower limit of quantification of 0.3 ng/ml. Changes 
in [11C](r)-rolipram specific binding following the administration of gsk356278 
were related to plasma gsk356278 concentrations at the start of pet scanning using 
an Emax occupancy model. The model 

Occ=       
Cp 

                                                                                                             Cp                 +ec50 
was fitted to the data to obtain estimates of the half maximal effective concentra-
tion (ec50). A paired sample one-tailed t-test with a significance level of 0.05 was 
used, under the assumption that population is normally distributed, to assess VT 
changes at 3h and 8h compared to baseline. Considering the small sample size the 
Wilcoxon signed rank test was also used to compare pet 1 with pet 2 and pet 3 with 
the critical value Wilcoxon W≤3 for p≤0.05. Six subjects completed both post-dose 
scans and two subjects completed only a single post-dose scan (one at 3h and one at 
8h), therefore yielding N=7 for both post-dose t-tests. 

figure 1 a. Anatomical mri and pet integrated activity from 30 to 90 minutes post [11C](r)-rolipram  
injection at baseline, post-dose 1 (3h) and post-dose 2 (8h) for subject 2. Data for each scan have  
been normalized by the injected activity per liter (%ID/l). b. Regional measured data (circles) and 
model fits (lines) for subject 2. For each region the baseline (red), post-dose 1 (3h, green) and  
post-dose 2 (8h, blue) time activity curves are shown. 

figure 2 Global brain volumes of distribution (vt) for baseline, 3h and 8h post-dose scan in all 8 subjects. 
Subjects 5 and 6 completed one post-dose scan. 

mri

Baseline pet

Postdose 1 pet

Postdose 1 pet

a b

baseline
 )

baseline

baseline

baseline

drug

gsk356278)

gsk356278

gsk356278



102 positron emission tomography of novel radiotracers for the central nervous system  103  chapter 6 – quantification of human br ain pde4 occupancy by gsk356278

Results

The mean (± sd) injected dose for the 22 pet scans in this study was 270 ± 61 mbq 
with specific activity of 76 ± 56 gbq/µmol. After injection, the tracer readily entered 
the brain and showed widespread distribution. The images and the regional tacs for 
a representative subject are presented in Figure 1a and 1b respectively. 

A two-tissue compartment model using the metabolite-corrected plasma input 
function described the kinetics of [11C](r)-rolipram well in all rois. The plasma free 
fractions (fP) were similar in pet 1, 2 and 3 with mean (± sd) values of 7.4 ± 3.4%, 7.5 
± 2.6% and 8.5 ± 2.9% respectively. [11C](r)-rolipram VT estimates are presented in 
Table 1 and Figure 2. The baseline [11C](r)-rolipram VT values seen in our study were 
consistent with those seen in previous human studies8. Intersubject variability 
(coefficient of variation) in the baseline VT values (N=8) was 20%. Oral administra-
tion of 14 mg of gsk356278 led to a mean (± sd) reduction in VT of 17.2 ± 14.1% at 
approximately 3h post-dose and 4.1 ± 19.1% at approximately 8h post-dose. The 
reduction in VT was statistically significant at pet 2 (p=0.012, Wilcoxon W=1) but not 
at pet 3 (p=0.271, W=6). The magnitude of the decrease was similar across the 9 rois 
in the brain (range 16-20% for pet 2 and 0-8% for pet 3). 

figure 3 Individual plasma gsk356278 concentration-time curves. the dotted lines show  the average time of 
the post-dose scans. 
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table 1 [11C](r)-rolipram binding in all 8 subjects expressed as vt for the whole brain (global) and  
9 regions of interest (roi). Plasma gsk356278 concentration was measured at the start of pet.  
The bottom three rows show the column means for all subjects, i.e. N=8 for baseline scans and  
N=7 for post-dose scans. vt, volume of distribution; vnd, non-displaceable volume of distribution;  
bp*nd , estimated non-displaceable binding potential. 
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1 Pre 0.54 0.43 0.37 0.27 0.53 0.6 0.58 0.51 0.55 0.52 0.56 0.53 0.48

2.9 0.44 18.0% 48.5 88% 54% 36% 0.43 0.50 0.46 0.43 0.44 0.42 0.47 0.45 0.39

7.7 0.51 5.4% 12.2 25% 16% 11% 0.49 0.59 0.52 0.5 0.52 0.52 0.53 0.5 0.43

2 Pre 0.80 0.64 0.56 0.40 0.76 0.91 0.85 0.74 0.89 0.79 0.82 0.8 0.68

2.9 0.65 18.7% 47.2 95% 59% 39% 0.62 0.73 0.68 0.64 0.7 0.62 0.69 0.66 0.55

8 0.76 5.0% 12.0 26% 16% 10% 0.7 0.85 0.8 0.74 0.82 0.77 0.8 0.78 0.62

3 Pre 0.74 0.59 0.50 0.37 0.68 0.85 0.79 0.73 0.75 0.7 0.76 0.72 0.64

2.6 0.77 -4.8% 43.8 0 0 0 0.76 0.90 0.79 0.72 0.8 0.76 0.81 0.76 0.64

7.6 0.98 -33.5% 11.5 0 0 0 0.93 1.08 1.04 0.98 1.01 0.97 1.02 0.96 0.85

4 Pre 0.68 0.54 0.46 0.34 0.65 0.81 0.7 0.68 0.72 0.66 0.69 0.63 0.57

2.6 0.60 12.6% 30.1 57% 37% 25% 0.56 0.69 0.63 0.59 0.62 0.56 0.63 0.57 0.49

7.5 0.62 8.5% 18.6 44% 27% 18% 0.66 0.69 0.65 0.59 0.66 0.6 0.62 0.61 0.51

5 Pre 0.83 0.67 0.57 0.42 0.82 0.96 0.91 0.86 0.85 0.8 0.86 0.82 0.63

6.6 0.77 7.2% 16.0 30% 20% 14% 0.8 0.88 0.82 0.81 0.8 0.73 0.78 0.78 0.57

6 Pre 0.74 0.60 0.50 0.37 0.75 0.91 0.8 0.76 0.73 0.68 0.78 0.71 0.58

2.5 0.61 17.8% 44.4 73% 50% 35% 0.58 0.76 0.65 0.63 0.63 0.56 0.65 0.59 0.46

7 Pre 0.85 0.68 0.58 0.42 0.73 1.02 0.87 0.86 0.86 0.83 0.89 0.85 0.7

3.2 0.48 43.2% 25.2 195% 130% 88% 0.42 0.55 0.5 0.48 0.51 0.47 0.51 0.5 0.38

7.7 0.58 31.4% 7.8 141% 94% 63% 0.5 0.69 0.61 0.59 0.59 0.56 0.61 0.59 0.48

8 Pre 1.07 0.86 0.74 0.54 0.93 1.3 1.1 1.08 1.13 1.1 1.12 1.04 0.85

3.8 0.91 15.2% 31.4 69% 46% 31% 0.8 1.07 0.95 0.88 0.95 0.93 0.96 0.93 0.71

7.8 1.02 4.7% 14.7 28% 17% 11% 1.02 1.16 1.07 1.02 1.06 1.03 1.06 1.01 0.77

Pre 0.78    % vt reduction per roi

2.9 0.64 17.2% 38.7  54%  17 19 18 18 17 18 16 16 20

7.6 0.75 4.1% 13.3  27%  0 8 5 4 5 4 5 3 7
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rejection value. Subject 7’s ΔVT for both post-dose scans exceeded the rejection 
region of 1.7 sd. Subsequently the test was applied to ΔVT with N=6 and identified 
both post-dose scans of subject 3 as outliers. The test on N=5 did not identify addi-
tional outliers. We therefore examined the group ΔVT again without subjects 3 and 
S. The reduction (± sd) in average VT for N=5 was 16.4 ± 2.5% and 6.1 ± 1.7% for 3h and 
8h data respectively (p<0.001, W=0). The estimated mean pde4 occupancy was 49 
± 8% at 3h, and 19 ± 5% at 8h. The in vivo affinity of gsk356278, excluding subjects 
3 and 7, was estimated as ec50=46 ± 3.6 ng/ml, leading to an estimated pde4 occu-
pancy of 48% at plasma Tmax.

Discussion 

To our knowledge, this is the first study to explore the blockade of the human pde4 
enzyme in the brain in vivo. Baseline VT values obtained in this study were consis-
tent with those seen in previous human studies2,8. The between subject variability 
(coefficient of variation) of the baseline VT was 20%, comparable to earlier reports of 
25%8. Oral administration of the pde4 inhibitor gsk356278 led to a mean VT reduc-
tion of 17% around 3 hours post-dose compared to the baseline VT, and a reduction 
of 4% around 8 hours post-dose, consistent with the hypothesis that gsk356278 
enters the brain readily and binds to pde4. VT change in all subjects followed the 
plasma concentration of gsk356278, with ΔVT pet 2 > than ΔVT pet 3. The estimated 
relationship between the plasma concentration of gsk356278 and pde4 occupancy 
indicates that occupancies of close to 50% of pde4 are achieved at Tmax following 
the administration of single oral doses of 14mg of gsk356278. The available data 
provides no evidence for indirect pharmacokinetics for gsk356278 in the human 
brain, suggesting that the plasma ec50 (46 ng/ml) estimated in this study can be 
used to calculate pde4 occupancy following repeat dose administration. 

The assessment of the relationship between pde4 occupancy and plasma 
gsk356278 concentration was complicated by our inability to estimate the [11C]
(r)-rolipram bpnd directly from the study data, due to the relatively low levels of 
occupancy achieved. Our population estimate of bpnd from the literature ignores 
between subject variability in pde4 expression. Although an error in the estimate 
of bpnd would lead to an error in the estimated ec50, a relatively large range of bpnd 
estimates (0.25 to 1) produced a modest difference in gsk356278 ec50 (21-84 ng/ml), 
indicating that our estimated ec50 is relatively robust to variability in assumed. In 
the absence of higher levels of occupancy or associated estimates with the inactive 

The individual plasma gsk356278 concentration-time curves are presented in 
Figure 3. The mean Cmax was 42.3 ng/ml. Figure 4 shows plasma gsk356278-pde4 
occupancy plots using three different estimates of bpnd. Visual inspection sug-
gested that subjects 3 and 7 may be outliers, with ΔVT (and occupancies) for these 
subjects being notably different from the mean ΔVT of the sample as a whole. 
Plasma free fractions were similar between the three pet scans in subject 3 (range 
6.3 to 9.3%) and subject 7 (range 11.8 to 12.0%). The modified Thompson Tau test was 
used to determine if the ΔVT for these subjects were outliers. The method takes 
into account the sample mean, sd and N, and provides a statistically determined 

figure 4  Model fits of the pet occupancy data and plasma gsk356278 concentration with estimated ec50 in all 
subjects examined (top row) and for the data set excluding subjects 3 and 7 (bottom row). Column 2 
represents the most likely value of the non-displaceable binding potential (bpnd) while the other two 
columns are intended to show the effect of a different estimate of bpnd on the ec50.
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enantiomer [11C](S)-rolipram it is not possible to confirm individual variability in 
directly. gsk356278 ec50 of 46 ng/ml with a plasma Cmax of 42.3 ng/ml leads to an 
estimated pde4 occupancy of 48% at Tmax, with a range of 34% - 67% (depending on 
the bpnd estimate).

Subjects 3 and 7 were identified as outliers based on abnormal post-dose VT com-
pared to the baseline. Specifically, subject 3 showed an increase in post-dose VT, 
whereas subject 7 showed an exceptionally large reduction, leading to occupancy 
at 3h > 100%. The metabolite-corrected arterial input function and plasma free frac-
tion of [11C](r)-rolipram for these subjects did not differ between scans, making it 
unlikely that changes in blood flow or plasma protein binding could explain these 
findings. Variability in estimated parameters are thus the most likely explanation 
for the findings in these subjects. Test-retest variability of VT in healthy humans was 
shown to be approximately 19% in an earlier study of 12 subjects8. 

pde enzyme activity dysfunction has been implicated in disease states such 
as asthma, ischemic stroke and cns disorders. In a study of patients with major 
depressive disorder, [11C](r)-rolipram binding was reduced by 18% compared to 
healthy control subjects, and could be partially normalized with selective sero-
tonin reuptake inhibitor treatment9. pde4 selectively metabolizes camp in the 
brain to the inactive monophosphate and is therefore an important component of 
the camp cascade. The enzymatic activity of pde4 is regulated by protein kinase A 
(pka) via a feedback mechanism, with high concentrations of camp stimulating pka 
to phosphorylate pde4, thereby increasing its enzymatic activity and returning the 
concentration of camp to steady state. Unilateral injection of a pka activator and 
inhibitor into the rat striatum was shown to significantly increase and decrease, 
respectively, the binding of [11C](r)-rolipram as measured with pet3. Upregulation 
of the camp cascade through long-term pharmacological inhibition of the pde4 
enzyme is a promising therapeutic intervention for a range of conditions. In preclin-
ical studies, gsk356278 was shown to improve performance in an object retrieval 
test in cynomolgus macaques6, consistent with the reported effects of rolipram in 
various tests of cognition10. Despite the possible benefits of brain-penetrant pde4 
inhibitors, clinical use has been limited by mechanism-dependent adverse events 
such as nausea and emesis11. The highest dose in this study was limited to 14 mg 
(equivalent to ~50% occupancy) by these adverse events in Phase I studies.

In conclusion, we present the first human report of pde4 occupancy measured 
directly in the human brain with pet. Our data will be used in conjunction with the 
known plasma gsk356278 pharmacokinetics to determine optimal doses to be used 
in future clinical development.
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the liver5. Tissue weighting factors enable the calculation of effective dose, which 
represents the relative risk contribution arising from each organ or tissue should the 
whole body be irradiated uniformly. In chapter 2, the methods to estimate radiation 
dose in animals and humans are reviewed, as well as the biological effects of the 
(relatively low levels of) radiation associated with carbon-11 labelled pet tracers. A 
literature review of 42 papers was performed and radiation burden was compared 
between tracers7.

The main finding in our review of human dosimetry studies was that the 95% 
confidence interval of the mean effective dose is small, with a range of 5.2-6.6 
µSv·mbq-1. Furthermore, inspection of ten animal studies suggested that preclinical 
dosimetry is not sufficiently reliable as a predictor for human dose estimates chiefly 
because of significant interspecies differences. Carbon-11 radiotracer dosimetry in 
animals prior to human imaging may therefore not offer significant value, and the 
benefit of animal dosimetry should be critically reviewed before experiments are  
committed to. 

In a clinical setting, many pet centres in Europe follow the International Com-
mission on Radiological Protection (icrp) guidance that indicates a whole body 
effective dose constraint of 10 mSv (or less) per research subject, where they are 
not expected to benefit personally65. The dosimetry data in chapter 2 show that up 
to four pet scans of 300 mbq can be acquired in a single subject for all radiotracers 
except one, while still staying below the 10 mSv constraint. For radiopharmaceuti-
cals that are administered in the United States under an Investigational New Drug 
Application (ind), there are no specific radiation dose limits. In studies performed 
at institutions that follow u.s. Radioactive Drug Research Committee legislation 
where no ind has been obtained for the radiotracer, the maximum injected activity 
per scan is most likely limited by the so called critical organ, for which a maximum 
absorbed dose of 50 mSv is set. We show in chapter 2 that an organ limit of 50 mSv 
per scan corresponds to an injected dose of between 500 to 3000 mbq depending on 
the radiotracer. In clinical practice, the injected dose from carbon-11 labelled trac-
ers rarely exceeds 400 mbq per scan as this provides a good signal-to-noise ratio 
for all regions of interest. However, pet protocols frequently include repeat scan-
ning in a single subject, for example in receptor occupancy studies that provide a 
quantitative relationship of plasma and brain concentrations 7,8. Annual dose limits 
that cover the time frame of subjects’ study enrolment are therefore more appropri-
ate. The us regulations allow the annual absorbed radiation organ dose to be up to 
150 mSv. Data show that this limit, translated into injected activity, is at least three 

Four decades of multidisciplinary pet research has provided a wealth of studies that 
show the utility of molecular imaging for biomarker quantification and drug devel-
opment (introduced in chapter 1). This thesis builds on that work with a literature 
review of dosimetry of carbon-11 labelled radiotracers (chapter 2) as well as four 
original pet studies describing the evaluation of novel radiotracers (chapters 3 to 
6). The current chapter summarises the most important results of this thesis and 
places them in the context of recent developments in the field of pet imaging.

Dosimetry

In the development of novel drugs and radiotracers, studies into the timing, mag-
nitude, and location of pharmacological effects are typically performed first in 
rodents1 and/or non-human primates (nhp)2, and subsequently in human subjects3. 
Prior to clinical implementation of novel pet radiotracers, national as well as local 
ethics and safety bodies require estimates of the radiation dose and associated risk 
arising from the intravenous administration of the radiopharmaceutical. In pet 
studies of the brain, there is usually a clear relationship between the amount of ra-
dioactivity injected and the accuracy and precision of imaging outcome measures. 
Quantification in regions with low radiotracer binding and / or low volumes requires 
injection of sufficient activity (expressed in megabecquerel) in order to obtain a 
good signal-to-noise ratio during the course of the pet scan. For example, a recent 
comparison of dynamic pet images of the d2/d3 radiotracer [11C]phno that were 
reconstructed into images corresponding to injected activities of 212, 106, 53, 26 and 
13 mbq showed that the estimated coefficient of variation of the [11C]phno bind-
ing potential in the substantia nigra ranged from 13% for a 211 mbq scan to 48% for 
a 13 mbq scan4. In contrast, the larger putamen returned an acceptable coefficient 
of variation with injected activities as low as 13 mbq. With the current generation 
of pet scanners, the experimental study design and/or data quality still needs to 
be balanced against radiation limits. One megabecquerel corresponds to one mil-
lion disintegrations of unstable atomic nuclei per second, exposing the subject to 
a source of ionising radiation until the radioisotope has decayed completely, which 
in the case of carbon 11 is approximately 5 half-lives or 100 minutes later. The total 
amount of radiation absorbed by the body divided by its mass (i.e. assuming homog-
enous distribution) is not adequate to estimate the risks associated with exposure 
to radiation since it does not take into account non-uniform irradiation or differ-
ences in tissue sensitivity. The lung for example, is more sensitive to radiation than 
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solely and irreversibly to a single organ. In reality however, the assumption of 
immediate uptake and trapping of the tracer until radioactivity has decayed 
never holds. 

•	 To determine whether the radiotracer has a suitable pharmacokinetic profile in 
the organ of interest (e.g. brain), perform 5 to 10 scans using doses up to 740 mbq, 
which would allow two scans in a single subject. If a (specific) signal can be iden-
tified in the brain, it is important to assess its stability over time and effects of 
biological variability and measurement variability.

•	 If the radioligand looks promising, complete the human dosimetry study 
by acquiring a total of six to ten whole-body scans at 370 mbq (10 mCi) each. 

An integral part of all pet activities in biomedical research are the two basic prin-
ciples of radiation protection: Justification of irradiation and administration of 
a dose that is as low as reasonably achievable (alara) or practicable (alarp) con-
sistent with the aim of the investigation. It could be argued that in cases where a 
carbon-11-labelled radiotracer will not be administered more than twice in the 
same subject, the radiation dose is unlikely to exceed an effective dose of 10 mSv 
or an organ dose of 150 mSv. In fact, for 31 out of 32 radiotracers reviewed in chapter 
2, the 10 mSv constraint will not be exceeded even if three 400 mbq pet-ct brain 
scans would be performed in the same subject (1200 mbq at 7.8 µSv·mbq equals 9.4 
mSv). However, the reported effective doses are group means that can at best only 
be representative of a population and should not be used to calculate the risk to a 
particular individual. It has been suggested that biological half-life and fractional 
uptake differ across individuals with an estimated biokinetic variability factor 
of two13. Nevertheless, effective dose is less affected by individual variability in 
organ dose due to multiplication of the absorbed dose by tissue weighting factors. 
Considering that the radiation burden of carbon-11 labelled tracers is relatively 
low and serial pet scanning in the same subject is possible for all tracers, it could 
be argued that carbon-11 dosimetry studies in groups of healthy volunteers should 
only be performed if the radiotracer is foreseen to be repeatedly administered in 
large groups of subjects. Not only do whole-body pet-ct dosimetry scans expose 
subjects to potentially unnecessary radiation, they also put a burden on expensive 
resources such as clinical scanners, highly trained staff and laboratory equipment. 
In this respect, it is vital to have agreement between pet researchers that a new 
radiotracer is indeed promising enough to justify further irradiation of subjects in 
a dosimetry study.

times higher than the icrp recommendations of a 10 mSv whole-body maximum6.
The radiation doses administered in pet studies are so low that any harmful effects 
are likely to be stochastic in nature, meaning that as the dose increases the prob-
ability of harm increases, rather than the severity of symptoms. In chapter 3, human 
pet experiments are presented that calculate the radiation risk for the novel nmda 
receptor radiotracer [11C]gmom9. In these first-in-human pet experiments, [11C]
gmom was shown to cross the blood-brain-barrier in all 5 subjects. Whole-body 
pet scans over 80 minutes allowed the visualisation of [11C]gmom distribution and 
elimination in each subject. Seven source organs were defined manually on the ct 
scans of three female and two male subjects. The radioactivity concentration-time 
course was measured to calculate carbon-11 residence times in the source organs 
and scaled to a gender specific reference. The effective dose (± sd) was 4.5 ± 0.5 
µSv·mbq-1, which is at the lower end of the range seen for other carbon-11 labelled 
ligands.

Radiation Considerations for Future Carbon-11 pet 
Studies

Compared with an effective dose of around 15 to 30 µSv·mbq-1 for most fluorine-18 
tracers10, carbon-11 tracers generally display a relatively modest radiation dose 
profile. Since all but one of the reviewed carbon-11 labelled pet tracers in chapter 2 
have an effective dose under 9 µSv·mbq-1, the data in this thesis support the notion 
that for first-time-in-human studies with a new carbon-11-labelled small mol-
ecule pet tracer where no human dosimetry data are available, one could assume 
an effective dose of 10 µSv·mbq-1 (equal to the mean effective dose plus two stan-
dard deviations). A single pet scan of the region of interest would be possible while 
maintaining a wide radiation safety margin. Shortly after the publication of chapter 
2, Zanotti-Fregonara and Innis11 expanded on this advice by suggesting an experi-
mental design to safely perform first-in-human studies of new carbon-11 labelled 
tracers: 
•	 Perform one whole-body scan in a single human subject with a ~370 mbq (10 mCi) 

injected dose. If the radioactivity is fairly widely distributed in the body, it would 
negate the hypothesis that any organ dose is likely to exceed the theoretical 
maximal irradiation hypothesized by Gatley12. In chapter 2 we describe how this 
model represents a worst-case scenario, assuming that the carbon-11 Iabelled 
compound is instantaneously distributed in the plasma and then transferred 
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the signal decays, and ~3 hours for carbon-1114. The large gain in sensitivity of the 
total-body pet/ct scanner will broaden the utility of pet for radiation biodistribu-
tion studies, but most importantly it will introduce a whole range of new impactful 
applications in medical research and drug development.

pet of Glutamate Receptor Pharmacology

The search for more efficacious pharmacotherapies for cns disorders relies heav-
ily on exploiting novel drug targets, such as glutamatergic receptors. Glutamate 
is the most abundant neurotransmitter in the vertebrate nervous system and the 
major mediator of excitatory signals. Brain tissue contains as much as 5 - 15 mmol 
glutamate per kg, depending on the region, more than of any other amino acid16. 
It has been estimated that 80% of the energy utilisation in the brain is for mem-
brane repolarization after glutamate release17. There are more than 20 different 
glutamate receptors, including the ionotropic nmda receptor which is permeable 
to calcium when activated. Pharmacological blockade of the ion channel and nega-
tive allosteric modulation of the GluN2B (nr2b) binding site of nmda receptors may 
have therapeutic potential for the treatment of a wide range of cns pathologies18. 
Although several molecules have been developed as cns drugs for these targets19, 
the strict physiochemical and pharmacological characteristics that are required 
for radiotracers in order to be suitable for in vivo quantitative target binding have 
been challenging to perfect. In contrast to novel cns therapeutics, where the elimi-
nation half-life would ideally allow for once-daily dosing, radiotracers benefit from 
medium-to-fast metabolism and elimination. A rapid reduction of the radiotracer 
concentration in the free compartment, in combination with low non-specific 
binding, minimises noise from the non-displaceable pet signal20. The challenges 
in the radiotracer development process are akin to drug development in that there 
is considerable attrition of candidates during preclinical to clinical translational 
studies due to the narrow range of suitable attributes20. In addition, pet studies 
must adhere to numerous complex regulations concerning toxicology, radiation 
exposure, manufacturing licenses, manufacturing practices, the type of approvals 
needed (depending on the objective of the investigation, the study population and 
whether or not it is considered to be a clinical trial) and the approval and conduct of 
clinical studies themselves. A successful pet ligand requires optimisation of many 
parameters such as affinity, selectivity, lipophilicity, stability, radiolabelling feasi-
bility, blood-brain barrier penetration and pharmacokinetics21.

Radiotracers are distributed throughout the entire body after intravenous adminis-
tration (assuming blood-brain barrier penetration). However, current pet scanners 
only contain a small portion of the body within the field of view, generally approxi-
mately 20 cm. It has been estimated that no more than ~3-5% of the available 
photon pairs that escape the body without being attenuated or scattered can be 
detected by the scanner14. The first prototype total-body scanner has recently been 
developed, which increases the coverage of detector rings to encompass the entire 
body (Figure 1,15 ). 

The sensitivity can be significantly increased by a factor of ~24 for pet scans from 
the top of the head to the groin. This gain can be used in several ways, for exam-
ple to (i) increase the signal-to-noise ratio, (ii) reduce imaging time, (ii) reduce the 
injected activity, or a combination of these. With a total-body pet scanner, a car-
bon-11 dosimetry scan could be performed with injections of just 20 mbq, resulting 
in negligible effective doses. Since multiple bed positions are not required anymore, 
total-body pet also opens up the possibility of pharmacokinetic scans of multiple 
organ systems after novel radiolabelled compounds have been administered not 
only intravenously, but also orally or intranasally. Furthermore, the increased sig-
nal-to-noise ratio allows radiotracers to be followed for significantly longer time 
courses than is currently possible. For example, it has been estimated that for 
18F-labelled radiotracers, imaging could be conducted as late as ~18 hours before 

figure 1 Whole-body pet (a) versus total-body pet (b).

a b
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of radiometabolites to the non-displaceable signal, preferably in humans. To mini-
mise factors that could influence the pet signal, future attempts at visualising the 
GluN2B binding site of the nmda receptor are preferably performed in humans. This 
may avoid potential cbf effects of anaesthetics and will allow for larger volumes of 
arterial blood to be drawn. First-in-human clinical trials with novel GluN2B specific 
ligands other than radiprodil will enable the clinical evaluation of [11C]hach242. 
Further assessment of test-retest variability and specific binding is therefore 
warranted.

The radiotracer [18F]pk-209, developed by vumc radiochemists Pieter Klein and 
colleagues22, binds to the phencyclidine binding site of the nmda receptor, which 
sits within the ion channel in the transmembrane domain. Preliminary evidence 
indicated that [18F]pk-209 exhibits quantifiable binding in non-human primates25. 
Since pet in primates is highly amenable to clinical translation, glutamatergic 
neurotransmission in the human brain was investigated with [18F]pk-209 in a first-
time-in-human pet study, presented in chapter 5. A radiotracer should provide a 
stable signal over a period of days and months in order to study drug occupancy, 
assuming that the density of the target remains relatively constant. Two aims of 
the pet study were to assess [18F]pk-209 test-retest (trt) variability within subjects 
and to characterise the specific binding component by comparing the baseline scan 
results to those following intravenous ketamine infusion. The nmda receptor is 
expressed throughout the cns, hence a reference region devoid of nmda receptors 
was not available. Arterial blood sampling was performed during each scan and a 
metabolite corrected input function generated.

With a scan time of 120 minutes, the best model fits to describe the in vivo kinet-
ics of [18F]pk-209 were obtained using an irreversible two-tissue model with blood 
volume parameter (2T3k_VB) in 8 out of 10 test-retest scans and 6 out of 10 scans in 
the ketamine group. There were no brain regions of interest (rois) that consistently 
favoured a kinetic model other than the 2T3k_ VB model. However, the significant 
correlation between 2T3k_VB model agreement and roi size indicates that tacs 
in smaller brain rois were affected more by noise, and thus described adequately 
by several models. tacs showed that [18F]pk-209 readily entered the brain and dis-
played a fairly uniform pattern of uptake, with the rank-order of highest to lowest 
Ki in rois being brainstem > cortex > cerebellum/thalamus/hippocampus/insula 
> dorsal striatum. This is partly consistent with the spatial distribution of [18F]
pk-209 binding in the rhesus monkey brain25, and approximately 50% higher in 
cortex compared with binding in the cerebellum, thalamus and dorsal striatum. 
The trt variability however was relatively large, showing a mean 24% difference 

Radiotracer development programmes at the vu University Medical Center 
(Amsterdam umc, The Netherlands) have shown significant advancements in the 
identification and synthesis of radioligands for the ion channel and GluN2B binding 
sites of the nmda receptor22,23,24. In chapter 4 and 5, two novel glutamatergic can-
didate radiotracers were evaluated in humans and non-human primates (nhp) by 
performing experiments that assessed the kinetic profile of the radiotracers and its 
metabolites in the brain, blood and plasma. In both studies, attempts were made to 
block the specifically bound fraction with intravenously administered pharmaco-
logical challenges that were expected to compete with the radiotracer at the nmda 
receptor binding site. Target occupancy in nhp and humans are generally highly 
correlated, after adjusting for interspecies differences in plasma-free fraction and 
bioavailability. In addition, there is a strong scientific case for nhp studies when 
investigational compounds have not been approved (yet) for human administra-
tion, as is currently the case for GluN2B negative allosteric modulators. 

In chapter 4, the initial pet assessment of [11C]hach242 in three nhps is present-
ed. A hybrid pet-mri scanner was used in conjunction with an arterial input function 
in an attempt to quantify [11C]hach242 binding before and 10 minutes after admin-
istration of an intravenous dose of radiprodil. This negative allosteric modulator of 
the GluN2B receptor was expected to reduce the signal of [11C]hach242, which after 
modelling of the data could reveal the extent of specific radiotracer binding to the 
nmda receptor in the brain. Results showed that [11C]hach242 enters the brain and 
produced time-activity curves (tacs) that showed appropriate reversible pharma-
cokinetics within the 90 minute duration of the pet scan. However, no consistent 
blocking effect was observed in the radiprodil condition. In chapter 4, a number of 
questions and issues which may explain these results have been addressed or pro-
posed for investigation in future research. Amongst these are (i) whether changes 
in cerebral blood flow (cbf) underlie the lack of clear changes in [11C]hach242 tacs, 
(ii) the effect of radiprodil on the delivery of parent [11C]hach242 from blood to tis-
sue, and other sources of variability in the input function, (iii) endogenous ligands 
competing with radiotracer acting at nmda receptors that affect the in vivo binding 
properties of the radioligand, (iv) non-selectivity of [11C]hach242.

Reliable input functions for kinetic modelling could not be generated because 
of variability in the whole blood radioactivity measurement during the first min-
utes post tracer injection. A closer look at the individual tacs does not show a clear 
relationship between the area under curve of the standardised uptake values (suv) 
in plasma and brain. Furthermore, although the metabolite analyses represent a 
useful approximation, more detailed studies are required to assess the contribution 
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variability from 24% to 7%. Population averaged parent fractions may provide an 
avenue for further investigation in future pet studies with [18F]pk-209 since trt 
variability of Ki using the population-averaged input functions was acceptable at 
11%. Mixed effects modelling of the pet data could also offer new insights into the 
tracer pharmacokinetics and trt variability. Non-linear mixed effects modelling on 
a population instead of individual level could resolve both intra- and intersubject 
variability27and might allow the estimation of covariate effects such as the factors 
listed above.

The unsuccessful translation of pre-clinical to clinical results might be related 
to pharmacological differences between the two blocking compounds, mk-801 and 
S-ketamine. However, S-ketamine at lower plasma concentrations than reported 
in chapter 5 have been shown to reduce Ki of the carbon-11 labelled analogue of 
pk-209, [11C]gmom, in humans28. Considering the preliminary evidence of speci-
ficity of the [11C]gmom pet signal for the ion channel of the nmra receptor, it is 
recommended that test-retest variability experiments are performed before fur-
ther clinical application of the radiotracer. 

The variable test-retest signal of [18F]pk-209 and [11C]hach242 could indicate 
that the tracers are sensitive to fluctuations in endogenous ligand such as gluta-
mate (via GluN2), d-serine or glycine (via GluN1 or GluN3), or cations such as Mg2+ 
and Zn2+. In addition, nmda receptor internalisation and/or different brain dis-
tributions of glutamatergic transporters could have affected the binding of [18F]
pk-209 and hence complicate the interpretation. Variations in presynaptic glu-
tamate release, altered glutamate uptake and release by glial cells, and altered 
glutamate metabolism could be investigated in future multimodal imaging stud-
ies, for example by using a combination of pet with 1H and 13C magnetic resonance 
spectroscopy (mrs). A major limitation of mrs however is that it cannot distinguish 
between glutamate located extracellularly or intracellularly (where it does not 
exert effects on the nmda receptor or pet radiotracer). 

Natural variability in the affinity of [18F]pk-209 for the binding site or changes in 
the number of binding sites might add variability to the pet measurements. In our 
small sample of 5 test-retest subjects, preliminary results showed a significant cor-
relation between the scan interval in days and the reduction in Ki using the single 
scan input function, but not with subject- and population-averaged input func-
tions. The observed correlation is likely due to either a systemic error in test or retest 
input function measurement or a true biological component resulting in lowered 
availability of the nmda channel site for radiotracer binding during the second scan. 

in whole-brain grey matter Ki between test and retest pet scans. The irreversible 
binding component Ki did not correlate with the last 30 minutes of the time activ-
ity curve, suv90-120. Only small irreversibility was observed, therefore it is possible 
that the last 30 min is still dominated by free and non-specific binding. Irreversible 
binding prohibited the assessment of the equilibrium partition coefficient between 
radioligand in plasma and the total concentration of radioligand in the tissue. Model 
independent graphical analysis techniques such as Patlak and Logan methods were 
not investigated due to the uncertainty in the arterial plasma measurements.

The discussion of chapter 5 includes a thorough investigation of the pet and 
blood data to evaluate the factors that may have contributed to the high trt vari-
ability and absence of a reliable reduction in [18F]pk-209 signal despite high plasma 
ketamine concentrations. These factors include:
•	 Differences in subject characteristics such as age
•	 Differences in [18F]pk-209 injectate such as activity and molar activity
•	 Diurnal and seasonal variation such as duration of daylight
•	 The interval between test and retest scans
•	 The relationship between non-displaceable distribution volumes (Vnd=K1/k2) as 

well as K1 and k3
•	 Radiotracer pharmacokinetics in blood, plasma and brain
•	 roi size in relation to kinetic model fits
•	 Target density in brain rois in relation to [18F]pk-209 binding
•	  [18F]pk-209 radiometabolites and parent fraction variation within subjects and 

between subjects
•	 Recovery fractions of radioactivity from plasma
•	 Ketamine plasma concentrations and potency at the binding site
•	 Ketamine’s potential cerebral blood flow effects
•	 In vivo nmda receptor biology and pharmacology
Measurement errors in the input function were methodically investigated. Blood 
data from arterial measurements during the pet scan showed that there is rapid 
blood pool clearance, combined with quick tracer metabolism that is similar to the 
rate reported for a comparable pcp radiotracer, [18F]ge-17926. In our dataset there 
were no significant changes in parent fraction between the test and retest scans. 
trt variability was further examined as a function of parent fraction determina-
tion in the plasma. To this end, tacs were modelled with arterial input functions 
using parent fractions that were averaged within-subjects and across the two 
samples of 5 subjects. Within-subject input functions led to a reduction in Ki trt 
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benefits of brain-penetrant pde4 inhibitors, the highest dose in our study was lim-
ited to 14 mg by mechanism-dependent adverse events such as nausea and emesis. 
The relatively low levels of occupancy achieved with 14 mg in combination with 
the absence of a suitable (pseudo)reference region in the human brain, devoid of 
pde4, complicated the estimatations of the [11C](r)-rolipram non-displaceable 
binding potential (bpnd) directly from the study data. Three non-displaceable (Vnd) 
binding values were calculated with bpnd estimates of 0.25, 0.5 and 1, which were 
chosen based on published data from an experiment with [11C](r)-rolipram and 
the inactive enantiomer [11C](S)-rolipram. The assumptions were that the (S) enan-
tiomer demonstrates only non-displaceable binding, and the magnitude of this 
non-displaceable component is similar for both stereoisomers. Consequently, the 
population estimate of bpnd ignores between subject variability in pde4 expression 
and non-displaceable radiotracer binding. Nevertheless, the relatively large range 
of bpnd estimates produced only a modest difference in gsk356278 ec50 of 21-84 ng/
ml, indicating that the estimated ec50 is relatively robust to variability in assumed 
bpnd. The data from the occupancy plot did not show hysteresis or other evidence 
for indirect pharmacokinetics for gsk356278 in the human brain, suggesting that 
the plasma ec50 could be used to calculate pde4 occupancy following repeat dose 
administration.

Future work is needed to determine the minimum level of occupancy required to 
ensure clinical effects. The decision on what is the minimal occupancy level to aim 
for will need to be made with reference to clinical and pharmacodynamic param-
eters achieved at particular occupancy levels. In addition, studies are required to 
assess the occupancy at steady state plasma gsk356278 concentration following 
repeat dose administration. Alternative dosing strategies such as the use of an 
up-titration regimen may help patients become accustomed a higher therapeutic 
maintenance dose with lower treatment discontinuation and improved tolerabil-
ity. In vivo occupancy of pde4 at Tmax higher than 60% (assuming bpnd=0.5) has not 
been published yet. Recent experiments in nhp with the pde4 inhibitor roflumilast 
confirm plasma concentration-dependent occupancy with a maximum occupancy 
of 50% even after the administration of up to 200 µg/kg roflumilast32. Repeat dose 
administration may lead to higher occupancy levels, and this merits further inves-
tigation. pet occupancy data that are correlated to safety and tolerability measures 
might help to stratify patients based on potential for treatment efficacy in late 
phase development. This could allow pharmacological differentiation of the asset 
from marketed drugs or new competitor compounds.

Future work is needed to understand the source of the variability and a full valida-
tion of these findings will require a larger cohort.

Imaging pde4 Occupancy in Humans

The ability to characterise brain binding in humans as early in the drug development 
process as possible is valuable decision making regarding compound progression29. 
The relationship between target occupancy and the plasma concentration of the 
drug over time can guide dose selection for subsequent clinical trials. In chapter 6, a 
third pharmacological experiment is described that relies on competition between 
the pet radiotracer and an administered drug. In contrast to the two nmda receptor 
targets described in chapter 4 and 5, the target that was studied in chapter 6, phos-
phodiesterase 4 (pde4), is located intracellularly. The pet tracer must therefore cross 
the plasma membrane to bind the target. The carbon-11 labelled R-enantiomer 
of rolipram, [11C](R)-rolipram, was used to investigate the pde4 occupancy of the 
novel compound gsk356278 in healthy volunteers. The mechanism of action of 
gsk356278 is thought to underlie upregulation of the camp cascade through long-
term pharmacological inhibition of the pde4 enzyme. Upregulation of camp is a 
promising therapeutic intervention for a range of psychiatric and neurological 
conditions. For example, studies with pde4 inhibitors (ht-0712, roflumilast and 
bpN14770) have shown preliminary evidence of memory improvements in healthy 
elderly with age-associated memory impairments30. In line with these results, 
gsk356278 demonstrated anxiolytic and cognition-enhancing effects in pre-clinical 
species performance in an object retrieval test1and displayed a therapeutic pro-
file that supported further evaluation of gsk356278 in a clinical setting. The aim of 
chapter 6 was to evaluate the relationship between the concentration of gsk356278 
in plasma and the occupancy of the brain pde4 enzyme. By performing multiple pet 
scans at different time points it was possible to measure the kinetics of gsk356278 
at its target site in relation to the plasma pk. This is important because an increased 
target residence time (measured with pet) would suggest indirect drug kinetics, 
which could lead to different estimations of ic50 following single or (clinically more 
relevant) repeat dosing31. 

This study presents the first human data of pde4 occupancy measured direct-
ly in the human brain with pet. Oral administration of 14mg gsk356278 led to a 
mean occupancy of 49 ± 8% at 3h post-dose and 19 ± 5% at 8h post-dose. The in vivo 
affinity (ec50) of gsk356278 was estimated at 46 ± 3.6 ng/ml. Despite the possible 
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curves showed that [11C]hach242 and [18F]pk-209 entered the brain with kinetics 
that are appropriate for cns radiotracers. hplc analysis identified the fraction of 
unmetabolised parent tracer in arterial plasma and radioactivity in blood. Contrary 
to expectations based on prior rodent imaging studies with both ligands, no con-
sistent blocking effect was observed following intravenous administration of the 
nmda modulators ketamine and radiprodil. Glutamate receptors regulate widely 
different molecular events from a single chemical signal, which separates them 
from some other well-validated imaging targets in the brain. The challenges in 
radiotracer development are akin to drug development in that there is consider-
able attrition of candidates during preclinical to clinical translational studies due 
to the narrow range of suitable tracer attributes and discrepancy between animal 
and human biology. Chapter 4 and 5 present suggestions for further experiments 
in humans that may be required to progress the development of radiotracers for in 
vivo imaging of the ionotropic nmda receptor. 

Chapter 6 reports on a Phase 1 study of the novel compound gsk356278, wherein 
multiple [11C]R-rolipram pet scans in the same subject were performed to mea-
sure gsk356278 exposure and binding over time at the pde4 target site in the brain. 
The relationship between the concentration of gsk356278 in plasma and the occu-
pancy of the brain pde4 enzyme showed an occupancy in healthy volunteers of 
approximately 50% at the tested dose of 14mg. These results can guide dose selec-
tion for subsequent clinical trials which aim to demonstrate therapeutic efficacy in 
patients.

More hospitals are building pet centres, and breakthroughs in radio-chemistry 
help to drive down imaging costs. The implementation of pet imaging early on in 
drug development can provide dose ranges for first-in-human safety and tolerabil-
ity studies, and increase confidence of cns candidate drugs in clinical development 
by disregarding unsuitable molecules early on. However, the application of pet 
imaging in cns drug development depends on the availability of suitable imag-
ing probes for the right targets. We have shown that four novel pet radiotracers 
reach the brain tissue and exhibit appropriate kinetics. Two of these demonstrate 
potential for quantification of drug binding at the nmda receptor and pde4 enzyme, 
illuminating a more effective way to make drug development decisions.

Conclusions

Dysfunctional brain nmda receptors and aberrant pde4 enzyme activity are impli-
cated in various neurological and psychiatric disorders including Alzheimer’s 
disease and major depressive disorder. The visualisation of these biomarkers in 
the living human brain could identify biological mechanisms of disease pathogen-
esis and the pharmacological modification of disease progression. The strength 
of imaging with pet lies in its excellent quantitative accuracy and high sensitivity 
that allows for measurement of interactions between the radiotracer, its target, 
and modulation of these binding processes by an administered drug. However, 
the development of radiotracers with the right physiochemical characteristics is 
a major challenge. In addition, in order to successfully bridge preclinical and early 
clinical drug development, the timing of novel radiotracer availability for Phase 1 
implementation is paramount if pet is to be used optimally to de-risk drug develop-
ment of novel cns compounds. 

This thesis aims to extend our understanding of the ligand-target interactions 
of four radiotracers with the use of pet imaging of the healthy living brain. Chapter 
2 presents a review of radiation dosimetry methods and estimates from 42 scien-
tific reports. The radiation risk arising from carbon-11 labelled pet tracers showed 
a relatively small range of effective dose estimates in humans, owing to the short 
half-life of carbon-11 and the absence of tracer accumulation in a single radiation 
sensitive organ. Furthermore, carbon-11 radiotracer dosimetry in animals prior to 
human imaging may not offer significant value. Therefore, the benefit of animal 
dosimetry should be critically reviewed before experiments are committed to. The 
findings of chapter 2 support the conclusion that carbon-11 dosimetry studies in 
groups of healthy volunteers only should be performed if the radiotracer is fore-
seen to be repeatedly administered in large groups of subjects. Chapter 3 presents 
dosimetry of the brain nmda receptor radiotracer [11C]gmom. The effective dose 
was at the lower end of the range seen for other carbon-11 radiotracers, allowing 
serial pet scanning in the same subject.

The interest in glutamatergic compounds such as ketamine for the treatment 
of mood disorders has greatly expanded in the past years. Glutamate is the most 
abundant neurotransmitter in the vertebrate nervous system and crucial for syn-
aptic transmission. Chapters 4 and 5 detail pet experiments of [11C]hach242 and 
[18F]pk-209; two radiotracers for different binding sites of the nmda glutamate 
receptor, GluN2B and the intrachannel (pcp) site, respectively. pet time-activity 
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bij knaagdieren en/of primaten, en vervolgens bij mensen. De farmacokinetiek van 
onderzoeksmiddelen voor het centraal zenuwstelsel is normaalgesproken sterk 
gecorreleerd in primaten en mensen, mits verschillen tussen de twee soorten in 
biologische beschikbaarheid en plasmaconcentratie in acht worden genomen. 
Bovendien is beeldvorming in primaten wetenschappelijke te rechtvaardigen 
wanneer onderzoeksmiddelen (nog) niet zijn goedgekeurd voor menselijke toedie-
ning, zoals momenteel het geval is voor liganden met GluN2B-negatieve allostere 
modulatie. In hoofdstuk 4 wordt de evaluatie van de radiotracer [11C]hach242 in 
drie primaten gepresenteerd. Een hybride pet-mri-scanner werd gebruikt in 
combinatie met arteriële bloedafnames in een poging om [11C]hach242 bin-
ding te kwantificeren vóór en 10 minuten na toediening van een intraveneuze 
dosis radiprodil. Verwacht werd dat deze negatieve allosterische modulator van 
de GluN2B-receptor door middel van bindingscompetitie het signaal van [11C]
hach242 in het brein zou verminderen. Dit zou een indicatie kunnen geven voor de 
mate van specifieke binding van beide stoffen aan de GluN2B nmda-receptoren. De 
resultaten toonden aan dat [11C]hach242 in de hersenen werd opgenomen en de 
tijd-activiteitscurven (tacs) vertoonden reversibele farmacokinetiek binnen de 90 
minuten durende pet-scan. In tegenstelling tot de verwachtingen op basis van eer-
dere preklinische studies werd er geen consistent blokkeringseffect waargenomen 
na toediening van radiprodil. In hoofdstuk 4 worden een aantal verklaringen voor 
de resultaten aangedragen, die in toekomstig onderzoek hiaten in kennis over de 
GluN2B radiotracers kunnen opvullen. Bijvoorbeeld (i) de bijdrage van radiprodil en 
anesthesie op veranderingen in hersendoorbloeding, (ii) het effect van radiprodil op 
de afgifte van [11C]hach242 van bloed naar weefsel, en andere bronnen van varia-
biliteit in de arteriële invoerfunctie, (iii) lichaamseigen liganden die de binding van 
[11C]hach242 aan nmda-receptoren beïnvloeden, (iv) affiniteit van de radiotracer 
voor bindingsplaatsen benevens GluN2B, zoals sigma-1. In toekomstig pet-onder-
zoek kunnen de eerste twee verstorende factoren worden geminimaliseerd door 
pet in mensen uit te voeren, zodat algehele anesthesie niet noodzakelijk is en er een 
groter volume arterieel bloed kan worden afgenomen. Nieuwe GluN2B-specifieke 
liganden die momenteel in ontwikkeling zijn zullen de klinische evaluatie van 
[11C]hach242 in de nabije toekomst mogelijk maken. Verdere beoordeling van de 
test-hertest-variabiliteit en specifieke GluN2B binding is daarom gerechtvaardigd.

De radiotracer [18F]pk-209 toonde in eerder primaatonderzoek kwantificeer-
bare specifieke binding aan nmda-receptoren. De volgende stap in de validatie van 
de radiotracer is beschreven in hoofdstuk 5, namelijk de eerste toediening van [18F]-
pk-209 in de mens. Een betrouwbare radiotracer moet een stabiel signaal geven bij 

Het primaire doel van het onderzoek in dit proefschrift is de in vivo evaluatie van 
nieuwe positron emissie tomografie (pet) moleculen die kwantitatieve moleculaire 
beeldvorming mogelijk maakt van de glutamaatreceptor in de humane hersenen. 
De belangstelling voor glutamaterge geneesmiddelen zoals ketamine voor de 
behandeling van stemmingsstoornissen is de afgelopen jaren enorm toegenomen. 
Glutamaat is een belangrijke lichaamseigen stof; de meest voorkomende neuro-
transmitter in het vertebrale zenuwstelsel en cruciaal voor synaptische transmissie. 
Het bindt aan nmda-receptoren, waarvan is aangetoond dat de functie verstoord 
is in verschillende neurologische en psychiatrische ziektebeelden, waaronder de 
ziekte van Alzheimer en depressieve stoornissen. De visualisatie en kwantificatie 
van nmda-receptoren in het levende menselijke brein zou de identificatie van bio-
logische mechanismen van ziektepathogenese mogelijk maken. Daarnaast kan met 
pet de farmacologische modificatie van biomarkers worden gemeten, zoals bij-
voorbeeld doelbezetting van receptoren na toediening van een bepaalde dosis van 
een geneesmiddel. De kracht van medische beeldvorming met pet ligt in de uitste-
kende kwantitatieve nauwkeurigheid en hoge gevoeligheid van de techniek, zodat 
dynamische interacties tussen de pet-ligand (ook wel radiotracer genoemd) en het 
doelwit kunnen worden gemeten tijdens de scan.

De mogelijkheid om met behulp van pet de receptoren, transporters en enzymen 
in het brein te meten is echter niet vanzelfsprekend. De ontwikkeling van pet-ra-
diotracers met de juiste fysicochemische eigenschappen is namelijk een grote 
uitdaging. Een radiotracer wordt zorgvuldig geselecteerd voor klinische implemen-
tatie na een reeks succesvolle preklinische experimenten waarin de optimalisatie 
van talrijke parameters centraal staat, zoals affiniteit, selectiviteit, lipofiliciteit, 
stabiliteit, radiochemisch potentieel, penetratie van de bloed-hersenbarrière, 
distributie in het weefsel en farmacokinetiek. De uitdagingen in het ontwikkelings-
proces van radiotracers zijn vergelijkbaar met de ontwikkeling van geneesmiddelen; 
er is in beide gevallen sprake van een aanzienlijke afname van kandidaatmolecu-
len tijdens radiochemische, preklinische, en translationele experimenten. Er zijn 
tot op heden nog geen gevalideerde pet-radiotracers beschikbaar die betrouw-
baar de binding aan nmda-receptoren in het menselijke brein kunnen meten. 
Onderzoeksprogramma’s van het vu Universitair Medisch Centrum te Amsterdam 
hebben significante vooruitgang laten zien in de identificatie en synthese van radio - 
tracers voor twee verschillende bindingsplaatsen van de nmda-receptor, namelijk 
[11C]hach242 voor GluN2B en [18F]pk-209 voor het ionkanaal.

Bij de ontwikkeling van nieuwe geneesmiddelen en radiotracers worden onder-
zoeken naar de farmacokinetiek en farmacodynamiek meestal eerst uitgevoerd 
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Glutamaatreceptoren reguleren veelzijdige moleculaire processen via talrijke bin - 
dingsplaatsen op het neuron. Er zijn meer dan 20 verschillende glutamaatrecepto-
ren, zoals de ionotrope nmda-receptor, die alleen onder bepaalde omstandigheden 
doorlaatbaar is voor calciumionen. Toekomstig werk is nodig om de werking van 
de receptor in het levende brein beter te begrijpen en voor verdere toetsing van 
hypothesen is een groter cohort van proefpersonen vereist. De in dit proefschrift 
beschreven studies in primaten en gezonde vrijwilligers zijn niet alleen belangrijk 
voor de ontwikkeling van een volgende generatie nmda-radiotracers, maar geven 
ook suggesties voor verder onderzoek met nmda-radiotracers die (met beperkt suc-
ces) reeds klinisch zijn toegepast, zoals [11C]gmom en [18F]ge179. 

Voorafgaand aan de klinische implementatie van nieuwe pet-radiotracers, 
vereisen zowel lokale als nationale ethische toetsingscommissies vanwege veilig-
heidsredenen een schatting van de stralingsbelasting van het radiofarmacon en het 
bijbehorende risico voor de proefpersoon dat voortvloeit uit de intraveneuze toe-
diening ervan. Het secundaire doel van dit proefschrift, beschreven in hoofdstuk 2 
en 3, is de kwantificatie en evaluatie van de stralingsdosis van radiotracers die met 
koolstof-11 gemarkeerd zijn. Omdat de tracer radioactief is, zendt die gammastra-
ling uit die door de pet-scanner kan worden gedetecteerd. In hoofdstuk 2 worden de 
methoden voor het schatten van de stralingsdosis bij dieren en mensen besproken, 
evenals de biologische effecten van de gebruikelijke dosis in pet-onderzoek met 
koolstof-11 tracers. 

De belangrijkste bevinding van het literatuuronderzoek was het smalle 95% 
betrouwbaarheidsinterval van de gemiddelde effectieve dosis van 5,2 tot 6,6 µSv 
per geïnjecteerde mbq. De twee belangrijkste verklaringen zijn de relatief korte 
halfwaardetijd van koolstof-11 en de spreiding van radioactieve moleculen in het 
lichaam, waardoor ophoping in een enkel stralingsgevoelig orgaan wordt voor-
komen. Resultaten van tien dierstudies toonden bovendien aan dat preklinische 
dosimetrie niet voldoende betrouwbaar is als voorspeller voor humane dosimetrie. 
Dit is grotendeels het gevolg van de anatomische verschillen tussen dieren en men-
sen die niet correct kunnen worden gemodelleerd. De voordelen van dosimetrie in 
dieren moet daarom kritisch worden beoordeeld voordat de experimenten worden 
uitgevoerd.

De stralingsdosissen die in pet-onderzoeken worden toegediend zijn zo laag 
dat eventuele schadelijke effecten stochastisch van aard zijn. Met andere woor-
den, naarmate de dosis toeneemt, neemt de kans op schade toe, in plaats van de 
ernst van de symptomen. In hoofdstuk 3 worden pet-experimenten gepresenteerd 

herhaalde metingen, ervan uitgaande dat de concentratie van het doelwit constant 
blijft. Verschillende farmacokinetische modellen werden in hoofdstuk 5 toegepast 
om de pet-data te analyseren, met als primaire doel om de test-hertest variabiliteit 
in gezonde proefpersonen te meten. Het secundaire doel omvatte de kwantifica-
tie van de specifieke bindingscomponent. Hiertoe werd een vergelijking gemaakt 
tussen de farmacokinetiek van [18F]pk-209 vóór en na intraveneuze toediening van 
S-ketamine. In elk hersengebied bevinden zich neuronen met nmda-receptoren, 
derhalve was een referentiegebied zonder nmda-receptoren voor pet-modellering 
niet beschikbaar. Arterieel bloed werd daarom afgenomen tijdens elke scan, zodat 
een metaboliet-gecorrigeerde invoerfunctie kon worden gegenereerd. 

De resultaten van deze studie laten zien dat [18F]pk-209 net als in niet-humane 
primaten goed opgenomen werd in de hersenen. De tijd-activiteitscurven tijdens 
de 120 minuten durende scan werden voor de meeste scans het beste beschreven 
met een irreversibel twee-compartimentenmodel met een extra correctie voor 
bloedvolume. De schatting van de irreversibele parameter k3 was echter onnauw-
keurig vanwege de kleine inhibitieconstante. De discussie van hoofdstuk 5 omvat 
een grondig onderzoek van de pet- en bloedresultaten om factoren te evalueren 
die mogelijk hebben bijgedragen aan de hoge test-hertest variabiliteit, alsmede de 
afwezigheid van een betrouwbare verlaging van het [18F]pk-209 signaal ondanks 
hoge plasma ketamine concentraties. Deze factoren omvatten:
•	 Verschillen in kenmerken van proefpersonen, zoals leeftijd.
•	 Verschillen in [18F]pk-209-injectaat, zoals radioactiviteit en molaire activiteit.
•	 Variatie in de tijd waarop de pet-scan werd uitgevoerd, alsmede seizoen 

effecten.
•	 Het interval tussen test- en hertestscans.
•	 De relatie tussen niet-verplaatsbare distributievolumes (Vnd = K1/k2) en K1 en k3.
•	 Farmacokinetiek van de radiotracer in bloed, plasma en hersenen.
•	 Grootte van de hersengebieden en het effect hiervan op de kinetische 

modellering.
•	 Expressie van nmda-receptoren in hersengebieden in relatie tot [18F]pk-209 

binding.
•	 Variatie in radiometabolieten en concentratie binnen en tussen proefpersonen.
•	 Herstelfracties van radioactiviteit uit plasma.
•	 Ketamine plasmaconcentraties en affiniteit voor de nmda-receptor.
•	 Potentiële effecten van ketamine op hersendoorbloeding.
•	 In vivo nmda-receptorbiologie en farmacologie.
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waarde van dosimetriestudies in gezonde vrijwilligers goed overwogen worden. 
Alleen als wordt voorzien dat de radiotracer herhaaldelijk zal worden toegediend in 
grote groepen proefpersonen is het van belang uit te sluiten dat de radiotracer een 
uitzonderlijk hoge stralingsbelasting geeft. pet-ct-scans voor dosimetrie belasten 
namelijk niet alleen de proefpersoon, maar ook de bezetting van klinische scanners, 
goed opgeleid personeel en laboratoriumapparatuur. In dit opzicht is het essentieel 
om overeenstemming te bereiken tussen pet-onderzoekers dat een nieuwe radio - 
tracer inderdaad onderzoek potentieel heeft dat extra bestraling van proefperso-
nen in dosimetrie-onderzoek rechtvaardigt.

De succesvolle integratie van verschillende onderzoek disciplines in pet, zo-
als chemie, fysica, biologie, en farmacologie, kan uiteindelijk leiden tot nieuwe 
toe passingen die een positief effect kunnen hebben op het leven van talrijke pati-
enten. Een betrouwbare radiotracer voor een relevante biomarker kan het ontwik-
kelingsproces van nieuwe geneesmiddelen bespoedigen door belangrijke klinisch 
farmacologische vragen te beantwoorden. Zoals, komt het onderzoeksmiddel op 
de plaats waar het zijn optimale biologische activiteit kan inzetten? Bindt het aan 
de juiste receptor, en veroorzaakt het middel een farmacologisch effect in gezonde 
vrijwilligers? pet-studies kunnen in een vroeg stadium van geneesmiddelontwik-
keling een antwoord verschaffen op deze vragen, waardoor middelen die geen acti-
viteit hebben direct kunnen worden gediscontinueerd. Dit vermindert de kans dat 
een primair onderzoeksdoel zoals effectiviteit niet wordt gehaald in fase 2 klinisch 
onderzoek.

Vooral de mogelijkheid om binding van een onderzoeksmiddel in de hersenen 
vroeg in het ontwikkelingsproces te meten, is een waardevolle toepassing van pet. 
De relatie tussen doelbezetting en de plasmaconcentratie van het geneesmiddel 
over de tijd kan onderzoeksteams informeren over de juiste dosis voor verdere kli-
nische ontwikkeling. In hoofdstuk 6 wordt het derde farmacologische experiment 
van dit proefschrift beschreven: Een fase 1-studie van het nieuwe onderzoeks-
middel gsk356278, een antidepressivum met procognitieve eigenschappen. In dit 
onderzoek zijn drie [11C]R-rolipram pet-scans in dezelfde gezonde proefpersoon 
uitgevoerd zodat binding van gsk356278 aan het pde4-enzyme in de hersenen 
gemeten kon worden op twee tijdstippen na inname in relatie tot de farmacokine-
tiek in het plasma. Wanneer de relatie tussen plasmaconcentratie en binding aan 
pde4 (gemeten met pet) verandert over de tijd suggereert dit indirecte kinetiek 
tussen plasma en doelweefsel. Dit zou kunnen leiden tot afwijkende schattingen 
van ic50 na eenmalige en herhaalde dosering. De relatie tussen de concentratie 

waarin het stralingsrisico in mensen wordt gekwantificeerd voor de nieuwe 
nmda-receptor radiotracer [11C]gmom. In deze eerste humane pet-scans met [11C]
gmom bleek de stof zoals verwacht de bloed-hersenbarrière te passeren in alle vijf 
proefpersonen. pet-scans van het hoofd tot en met het bovenbeen met een totale 
duur van 80 minuten maakten de visualisatie mogelijk van absorptie, distributie 
en eliminatie van de intraveneus geïnjecteerde [11C]gmom. Zeven bronorganen 
werden handmatig gedefinieerd op de ct-scans van de drie vrouwelijke en twee 
mannelijke proefpersonen. Het concentratie-tijdsverloop van koolstof-11 werd in 
deze organen gemeten en vervolgens geschaald naar een geslacht specifiek refe-
rentiemodel. De effectieve dosis (± standaarddeviatie, sd) was 4,5 ± 0,5 µSv per 
mbq. Zoals aangetoond in hoofdstuk 2 is de effectieve dosis van [11C]gmom relatief 
laag in vergelijking met andere koolstof-11 gemarkeerde liganden. Dit onderzoek 
kreeg de Alavi-Mandell Award toebedeeld door The Society of Nuclear Medicine and 
Molecular Imaging (snmmi).

Een belangrijk onderdeel van pet in biomedisch onderzoek zijn de twee basis-
principes van stralingsbescherming: rechtvaardiging van bestraling en toediening 
van een dosis die zo laag als redelijkerwijs haalbaar is, zonder dat het doel van 
het onderzoek gecompromitteerd wordt. Desalniettemin is er in pet-studies van 
de hersenen een verband tussen de hoeveelheid geïnjecteerde radioactiviteit 
en de nauwkeurigheid van metingen. Voor kwantificatie van het pet-signaal in 
regio’s met een klein volume of een lage binding van de radiotracer, is injectie van 
voldoende radioactiviteit vereist om een goede signaal-ruisverhouding te verkrij-
gen. De resultaten uit hoofdstuk 2 ondersteunen de stelling dat wanneer een met 
koolstof-11 gemerkte radiotracer niet meer dan tweemaal in dezelfde persoon zal 
worden toegediend, het zeer onwaarschijnlijk is dat het limiet van 10 mSv of een 
orgaandosis van 150 mSv per onderzoek wordt overschreden. Voor 31 van de 32 radi-
otracers die in hoofdstuk 2 worden besproken, wordt het limiet van 10 mSv zelfs niet 
overschreden als drie 400 mbq pet-ct-hersenscans in dezelfde proefpersoon wor-
den gedaan. De gerapporteerde effectieve doses zijn echter groepsgemiddelden 
die alleen representatief zijn voor een populatie. Ze kunnen niet worden gebruikt 
om het risico voor een individu te berekenen omdat de biologische halfwaardetijd 
en opname tussen individuen significant kan verschillen. Niettemin worden in de 
berekening van de effectieve dosis de individuele verschillen in de orgaandosis 
afgezwakt door vermenigvuldiging van de geabsorbeerde dosis met een weefsel-
factor, die de gevoeligheid van organen voor straling in acht neemt. Aangezien de 
stralingsbelasting van koolstof-11 tracers relatief laag is, moet de toegevoegde 
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van gsk356278 in plasma en de bezetting van het pde4-enzym in de hersenen toon-
de een directe relatie over de tijd, met een pde4 bezetting van ongeveer 50% rond 
de piek plasmaconcentratie (~3u na inname) bij de geteste dosis van 14 mg. Deze 
resultaten dienden als leidraad voor de beslissing over de dosis gsk356278 in ver-
volgonderzoek dat was gericht op therapeutische werkzaamheid in patiënten. 

Vier decennia van multidisciplinair pet-onderzoek heeft een weelde aan data 
opgeleverd die tot substantiële vooruitgang heeft geleid in kennis over klinische 
farmacologie en geneesmiddelontwikkeling (geïntroduceerd in hoofdstuk 1). Dit 
proefschrift bouwt voort op dat werk met een literatuuroverzicht van dosimetrie 
van koolstof-11 gemarkeerde radiotracers (hoofdstuk 2) evenals vier originele pet 
onderzoeken waarin nieuwe radiotracers worden geëvalueerd (hoofdstuk 3 t/m 
6). Tenslotte vat hoofdstuk 7 de belangrijkste resultaten van dit proefschrift samen 
en plaatst deze in de context van recente ontwikkelingen op het gebied van 
pet-beeldvorming. pet is uniek omdat het de mogelijkheid biedt om niet-invasief 
de concentratie van een geneesmiddel, de interactie met het doelweefsel, en de far-
macodynamische effecten te kwantificeren in het levende menselijk brein. Hoewel 
de juiste toepassing van pet een gespecialiseerd multidisciplinair team vereist, en 
daarom relatief duur is, openen meer en meer ziekenhuizen pet-centra vanwe-
ge de toegevoegde waarde voor de gezondheidszorg en (pre)klinisch onderzoek. 
Naast het schaalvoordeel helpt ook vooruitgang in radiochemische technieken om 
de kosten van een pet-scan te drukken. En bovendien, de informatie die pet biedt 
kan de omvang en de duur van klinische onderzoek in geneesmiddelontwikkeling 
aanzienlijk verminderen door ongeschikte moleculen vroeg uit bedrijf te nemen, 
waardoor de kosten van het pet-onderzoek gemakkelijk kunnen worden gere-
cupereerd. De waarde van pet bij de ontwikkeling van geneesmiddelen voor het 
centrale zenuwstelsel hangt echter af van de beschikbaarheid van geschikte radio- 
tracers. We hebben aangetoond dat vier nieuwe radiotracers het hersenweefsel 
bereiken en adequate farmacokinetiek vertonen. Twee tracers hebben potenti-
eel voor kwantificering van geneesmiddelbinding aan de nmda-receptor en het 
pde4-enzym. Moleculaire beeldvorming is een waardevol onderdeel geworden van 
farmacologisch onderzoek, en pet in het bijzonder kan het proces van geneesmid-
delontwikkeling verlichten.
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