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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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