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Abstract

Purpose Information about developed positron emission tomography (PET) tracers and obtained clinical PET images is
publicly available in a database. However, findings regarding the kinetic parameters of PET tracers are yet to be summa-
rized. Therefore, in this study, we created an open-access database of central nervous system (CNS) kinetic parameters in
the healthy human brain for existing PET tracers (DOCK-PET).

Methods Our database includes information on the kinetic parameters and compounds of existing CNS—PET tracers. The
kinetic parameter dataset comprises the analysis methods, Vy, BPyp, K parameters, relevant literature, and study details.
The list of PET tracers and kinetic parameter information was compiled through keyword-based searches of PubMed and
the Molecular Imaging and Contrast Agent Database (MICAD). The kinetic parameters obtained, including Vr, BPyp and
K parameters, were reorganized based on the defined brain anatomical regions. All data were rigorously double-checked
before being summarized in Microsoft Excel and JavaScript Object Notation (JSON) formats.

Results Of the 247 PET tracers identified through searches using the PubMed and MICAD websites, the kinetic parameters
of 120 PET tracers were available. Among the 120 PET tracers, compound structures with chemical and physical properties
were obtained from the PubChem website or the ChemDraw software. Furthermore, the affinity information of the 104 PET
tracers was gathered from PubChem or extensive literature surveys of the 120 PET tracers.

Conclusions We developed a comprehensive open-access database, DOCK-PET, that includes both kinetic parameters of
healthy humans and compound information for existing CNS-PET tracers.

Keywords CNS-PET - Database - Kinetic parameters - Healthy human brain

Introduction diagnosis and basic research. A PET tracer is a radiopharma-
ceutical labeled with the radioisotope of a positron emitter,
PET tracer and its pharmacokinetics are crucial for functional imaging.
Half a century has passed since the first clinical PET study
Positron emission tomography (PET) enables visualiza-  was reported in the 1970s [1, 2]. Numerous PET tracers have

tion of biological functions in vivo and is used for clinical ~ been developed, and most have been registered in the open
chemistry database PubChem (https://pubchem.ncbi.nlm.
nih.gov), which is the most extensive collection of freely
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quest to discover and develop novel drugs, researchers not
only rely on databases of existing drugs but also turn to other
types of databases. One example is the Research Collabo-
ratory for Structural Bioinformatics (RCSB) Protein Data
Bank, which aids in predicting the properties of candidate
drugs. These predictions cover factors, such as the likelihood
of adverse events based on AC50 (the concentration that
produces 50% activation) [3], ligand affinity determined by
protein structure and ligand properties [4], and metabolite
identification based on molecular structure [5]. Moreover,
collaborative networks, such as the Japanese Drug Alli-
ance Network, have been established through partnerships
between PET academia and pharmaceutical companies, rep-
resenting a form of collective intelligence [6]. The ongoing
digital transformation (DX) process harnesses the power of
extensive databases and collective intelligence to drive the
discovery and development of therapeutic drugs.

Database of PET imaging and tracers

As PET is primarily an imaging modality, several imaging
databases are available, such as the amyloid PET database
provided by the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI, https://adni.loni.usc.edu), CNS—PET data
accessible through Open Neuro (https://openneuro.org/
search/modality/pet), and other proposed image repository
systems [7].

The Brain Imaging Data Structure (BIDS) is a data for-
mat designed for the structured organization of neuroim-
aging and behavioral data [8]. More recently, PET-BIDS
was introduced as an extension of the original BIDS format,
encompassing PET images and associated text datasets, such
as blood sampling results [9]. PET-BIDS focuses on the dis-
tribution of raw dynamic data with PET study information,
not the kinetic analysis's outcome.

Regarding PET tracer databases, PubChem is a valuable
resource containing compound structures, names, identifiers
(including computed descriptors and synonyms), and chemi-
cal and physical properties such as molecular weight and
biological assay data. Professor Iwata at Tohoku University
compiled the Reference Book 2004 for PET Radiopharma-
ceuticals, which provides information on chemical structures
and their references (https://www.cyric.tohoku.ac.jp/kakuy
aku/public/preface2004.html). Furthermore, because PET
tracers involve a radiosynthesis process distinct from that
of treatment drugs, helpful databases on methods of radio-
synthesis are available (https://www.nirs.qst.go.jp/research/
division/mic/db2/index.html). McCluskey et al. summarized
the state-of-the-art of PET radiopharmaceuticals for new
imaging targets [10]. Although PET imaging data and infor-
mation on existing PET tracers are available as open data
sources, a comprehensive summary of kinetic parameters
has not yet been compiled.
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Database of pharmacokinetics of CNS—PET tracers

For diagnostic purposes, CNS—PET tracers are expected
to exhibit favorable pharmacokinetics in the brain. Good
pharmacokinetics can be defined by criteria such as (i)
high blood-brain barrier permeability, (ii) strong affinity
for the target molecule, (iii) minimal nonspecific bind-
ing or accumulation, and (iv) absence of radioactive
metabolite entry into the brain, among other factors [11].
Kinetic parameters are critical indicators for evaluating
the pharmacokinetics of PET tracers. In this study, we
established a novel open-access database of CNS kinetic
parameters in the healthy human brain for existing PET
tracers named as DOCK-PET. These kinetic parameters
were mathematically estimated using the observed PET
time-activity curves in the brains of healthy subjects and
pharmacokinetic models.

Materials and methods
Existing CNS-PET tracers

The imaging targets encompass a wide range of biologi-
cal entities, including acetylcholinesterase, adenosine
receptor, a2-adrenoceptor, amyloid-f deposits, aromatic
l-amino acid decarboxylase, beta-secretase 1, benzodiaz-
epine receptor, cannabinoid receptor 1 (CB1), dopamine
system, fatty acid amide hydrolase, glucose metabolism,
glycine transporter type-1, histamine receptor, histone
deacetylases, metabotropic glutamine receptor, mito-
chondrial complex 1, monoamine oxidase, muscarinic
acetylcholine receptor, nicotinic acetylcholine receptor,
neurokinin 1 receptor, O-linked-f-N-acetyl-glucosamine
hydrolase, opioid receptor, phosphodiesterase, serotonin
system, synaptic vesicle protein 2A, translocator protein,
and o1 receptor.

Existing CNS—-PET tracers that had undergone clini-
cal studies were identified through searches of PubMed
databases as of January 19, 2023, and on the Molecular
Imaging and Contrast Agent Database (MICAD) as of
May 10, 2023. In addition, a separate search for amyloid
PET tracers was conducted using the PubMed database
on August 10, 2023. For each imaging target, PET tracers
were identified using a combination of relevant keywords
(e.g., target name, human, CNS, and PET). The PubMed
search strategy in Supplemental Table 1 yielded 138 PET
tracers. Among these, regional kinetic parameters from
healthy subjects have been documented for 87 PET trac-
ers. The MICAD search identified 109 PET tracers, 26
of which overlapped with those found in PubMed, and
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Table 1 The number of PET tracers for each imaging target

The number of PET
tracers

Imaging target

The number
of PET trac-
ers

Imaging target

Acetylcholinesterase

Adenosine A, receptor

Adenosine A,, receptor
a,-Adrenoceptor

Amyloid-f deposits

Aromatic 1 —amino acid decarboxylase
Beta-secretase 1

Benzodiazepine receptor

Cannabinoid receptor 1 (CB1)
Dopamine transporter

Dopamine D, receptor

Dopamine D,/D; receptor

Fatty acid amide hydrolase

Glucose metabolism

Glycine transporter type-1

Histamine receptor

Histone deacetylases

Hypoxia

Metabotropic glutamine receptor type 1
Metabotropic glutamine receptor type 5
Mitochondrial complex 1
Monoacylglycerol lipase

Monoamine Oxidase A

Monoamine Oxidase B

N N = = = = N = = R = = = O = N WA = = 0 = N NN

Muscarinic acetylcholine receptor

Muscarinic acetylcholine receptor subtype M1
Nicotinic acetylcholine receptor
o, nicotinic acetylcholine receptor
Neurokinin 1 receptor
O-linked-p-N-acetyl-glucosamine hydrolase
Opioid receptor

p-opioid receptor

k-opioid receptor

d-opioid receptor

Opioid receptor like-1 receptor
Phosphodiesterase-2A
Phosphodiesterase-4
Phosphodiesterase-7
Phosphodiesterase-10A

P2X7 purinergic receptor
Serotonin synthesis

Serotonin 1A receptor

Serotonin 1B receptor

Serotonin 2A receptor

Serotonin 4 receptor

Serotonin 6 receptor

Serotonin transporter

O o N S S G G N SO G GG G GGG NSO N S N T S Sy

Synaptic vesicle protein 2A

—
w

Translocator protein

—

o1l receptor

regional kinetic parameters from healthy subjects have
been reported in publications for 25 PET tracers. Eight
additional PET tracers were identified and provided by
the National Institute for Quantum Science and Technol-
ogy, Japan.

The registered names of the PET tracers were adopted
from the nomenclature used in the publications in which
their kinetic parameters were reported. For cases in which
the publications provided abbreviated names for the PET
tracers, these shorter names were used for their registration.

Overview of the designed database

Our comprehensive database includes the regional kinetic
parameters of healthy subjects, such as K parameters, V7,
and BPyp [9], as well as detailed information on the com-
pounds used in each existing CNS—PET tracer. As described
above, the kinetic parameters of 120 PET tracers were metic-
ulously extracted and subjected to thorough validation.

We categorized 15 distinct brain regions, including the
temporal lobe, hippocampus, amygdala, cerebellum, brain

stem (midbrain, pons), insula, cingulate gyrus, frontal
lobe, occipital lobe, parietal lobe, caudate nucleus, puta-
men, thalamus, and pallidum, for the analysis. The classi-
fication strategy was based on PNEURO, which is a part of
the PMOD software (PMOD Technologies LLC, Switzer-
land) originally derived from the Hammersmith atlas [12].
When kinetic parameters of sub-regions were reported
in the published studies, averaged kinetic parameters of
sub-regions were assigned as those of the corresponding
region. Furthermore, if kinetic parameters of the global
cortex and outside 15 brain regions (e.g., white matter)
were reported, we included the data as those of “others”.

Of the 120 PET tracers, information for 111 compounds
was sourced from PubChem, where data for 9 compounds
were calculated using ChemDraw version 22.2.0 (Perki-
nElmer, Inc., Massachusetts, USA). All collected data,
encompassing the kinetic parameters and compound infor-
mation, were stored in two different data formats: Micro-
soft Excel and JavaScript Object Notation (JSON).
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Kinetic parameters of healthy subjects

For the 120 PET tracers, study information, including the
number of subjects, sex, average age, and details regard-
ing the kinetic analysis methods, were extracted from the
respective publications. Kinetic analysis methods included
compartmental or graphical analysis with arterial blood
sampling, spectral analysis, and reference tissue analysis. In
addition, the average values and their corresponding stand-
ard deviation for the kinetic parameters were obtained from
these publications.

For most CNS—PET tracers, a compartmental analysis
with arterial blood sampling was performed. Within this
framework, the optimal model [e.g., one tissue compartment
model (ITCM) or two tissue compartment model (2TCM)]
determined for each publication was selected for inclusion
in our database [13]. The kinetic parameters estimated for
2TCM included K, [mL/min/mL], k, [min~"], ky [min~'],
and k, [min~!], while for 1TCM, the parameters included
K, [mL/min/mL] and k, [min~'] [14]. In addition, macro
parameters such as distribution volume (V), distribution
volume ratio (DVR, against reference V) [15, 16], and
BP\p (calculated as ky/k, for 2TCM) were derived from the
K parameters of both 1'TCM and 2TCM. V; values were
calculated as follows:

Kl Kl
Vi(ATCM) = =, VyQTCM) = = (1+ 2 )
2 2

Graphical analysis methods have been reported in the lit-
erature for specific CNS—PET tracers. For specific tracers,
such as "*F-MNI-444 [17], ''C-DPA713 [18], "*F-FCWAY,
and '"®)F-MeFWAY[19], Logan graphical analysis [20]
was employed for V; estimation. Other tracers, such as
BE_ASEM [21], "'C-TASP457 [22], ''C-GR103545 [23],
BE_PF-05270430 [24] and ''C-AFM [25], employ Ichise’s
MA1 [26] for Vy estimation. For 'C-CUMI-101, V; was
estimated using likelihood estimation in graphical analysis
(LEGA) [27]. For several other CNS—PET tracers, includ-
ing '*F-PR0O4MZ [28], ''C-MK8278 [29], 'C-LY2795050
[30], '®F-MH.MZ [31] and ''C-SB207145 [32], BPyp, Was
estimated using a simplified reference tissue model (SRTM)
[33]. For '8F-FEF [34], Vi estimation was performed using
spectral analysis [35].

The data format of the database

The structure of related text data in PET-BIDS [9] is based
on the JSON format, which is known for its compact size,
text-based nature, and compatibility with a wide range of
programming languages beyond JavaScript. Consequently,
the JSON format was selected for this study. However, JSON
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format is difficult for users to understand visually. Therefore,
we have also created the database in Excel format.

In JSON format, data for each PET tracer were saved
in a file bearing the name of the respective PET tracer,
‘labeled RI’_’compound name’ with the extension ‘.json,’
and organized into folders based on their targets (Fig. 1). For
the Excel format, data for each PET tracer were saved in a
file bearing the name of the respective PET tracer, ‘labeled
RI’_’compound name’ with the extension ‘. xIsx’.

Results

A total of 120 PET tracers were registered and distributed
across various imaging targets shown in Table 1 and Sup-
plemental Table 1.

Table 2 shows the kinetic parameters of ["'C]Martinostat,
estimated using 2TCM [36]. Wey et al. reported detailed
kinetic values for 27 regions in the supplementary data. To
align these data with our 15 regions of interest, the kinetic
parameters of the anterior, middle, and posterior cingulate
were averaged to represent those of the cingulate gyrus.
Similarly, kinetic parameters of the precentral gyrus, supple-
mentary motor area, superior frontal cortex, medial frontal
cortex, and inferior frontal cortex were averaged to represent
those of the frontal lobe. In addition, the kinetic parameters
of the calcarine, cuneus, lingual, and occipital cortices were
averaged to represent those in the occipital lobe. The kinetic
parameters of the angular cortex, postcentral gyrus, supra-
marginal gyrus, and precuneus were averaged to represent
those of the parietal lobe. Regions where kinetic parameters
from multiple regions were averaged are indicated by aster-
isks (*) in Table 2. Averaging kinetic parameters among
detailed anatomical regions or surrounding regions was
conducted for a total of 52 PET tracers; this information is
provided in Supplemental Table 2. In addition, all kinetic
parameters are accessible on GitHub (https://github.com/
Database-of-CNS-PET-Kinetic-parameters/DOCK-PET).

Discussion
Overview of this study

Pharmacokinetics of PET tracers play a pivotal role in
diagnostic PET imaging, and numerous PET tracers have
been developed over the years. Therefore, this study aimed
to construct an open-access, comprehensive database of
kinetic parameters in healthy human brains. Our database
encompasses regional kinetic parameters (K parameters,
Vi, and BPyp) and detailed information on the compounds,
including their structures, chemical and physical proper-
ties, and affinities for each existing CNS—PET tracer. All
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Fig. 1 Data expression of kinetic parameter information in JSON format

the data have been stored in Microsoft Excel and JSON.
Furthermore, to enhance accessibility, all kinetic param-
eters are available on GitHub at https://github.com/Datab
ase-of-CNS-PET-Kinetic-parameters/DOCK-PET.

In this DOCK-PET, we selected the healthy subject
group only. For most PET tracers, quantitative meth-
ods have been validated and established using the data
obtained from young healthy volunteers, who were
expected homogeneous subjects. Then, the values and
deviations of the kinetic parameters can serve as the fun-
damental information of the PET tracer. Therefore, this
study limited data obtained from healthy subjects.

{ "Study data": [ "Parameters": [
"Drug data": [ { {

{ "no.subjects": 17, "method": "2TCM",
"radionuclide”: "11C", "Gender": { "reference region" : "None"
"ligand": "11C-MePPEP", "male": "null", 1,

"target": "cannabinoid receptor 1" "female": "null" {
} et {
B "Age": { "Temporal™: {
]_ "average": 38, "Temporal lobe": null,
“SDMg 12 "Hippocampus": 1.44
"Journal data": [ R ol ? ’
{ Amygdala": null
} ¥

"author": "Garth E.|T t al.”

"au ?r “2083: erry et At 15 "Posterior Fossa": {
ear":

HX 1n. oy ’ . . "Cerebellum": 14.4,
ournal": euroImage

"J I . g : N "Brainstem": {

DOI": "10.1016/j.n¢uroimage.2009.06.059 _— s
} Midbrain": null,
*Pons™y 7:2
1, /]
}
/ )
o CNS-PET tracer JSAN database {Chemlcal and Physical Properties" : [
> Adennosine "Molecular weight": 453.5 ,
“XlegP3" 2. 5.3 ,
> BACE1
"Hydrogen Bond Donar Count": 1 ,
> BZR "Hydrogen Bond Acceptor Count": 6 ,
___________——————"" "Rotatable Bond Count": 6 ,
b CBT receptors ES "Exact Mass": 453.20 ,
[ 11C-MePPEP.json "Monoisotopic Mass": 453.20 ,
. "Topological Polar Surface Area": 41.6 ,
D 11C-SD5024 json "Heavy Atom Count ": 33 ,
O 18F-MK-9470 json "Formal Charge": 0@

Prospect of the DOCK-PET

There are two prospects for the DOCK-PET. One is using
the database for machine learning to predict kinetic param-
eters. There has been growing interest in machine learning
methods for tracer kinetic modeling [37]. Prediction meth-
ods of arterial input functions, kinetic modeling parameters,
and model selection has been investigated in both clinical
and preclinical studies. DOCK—PET may contribute to train-
ing the model to predict kinetic parameters of PET tracers
not for specific single imaging target but for cross-imaging
targets. The other is the catalog of pharmacokinetics. This

@ Springer
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Table 2 Example of registered kinetic parameters of ['!C]Martinostat
estimated by 2TCM

Kl k2 k3 k4
Temporal lobe 0.24+0.05 0.24+0.07 0.27+0.07 0.021+0.007
Hippocampus 0.23+0.04 0.32+0.06 0.23+0.06 0.016+0.006
Amygdala 026+0.04 0.49+0.17 0.26+0.08 0.014+0.005
Cerebellum  0.34+0.06 0.34+0.17 0.24+0.09 0.018+0.008
Brain stem
Midbrain N/A N/A N/A N/A
Pons N/A N/A N/A N/A
Insula 025+0.04 021+0.10 0.24+0.09 0.023+0.009
Cingulate 0.26" 0.30" 0.26" 0.019"
gyrus
Frontal lobe  0.24" 0.19% 0.23" 0.024"
Occipital lobe  0.31" 0.33" 0.28" 0.022"
Parietal lobe  0.25" 0.24" 0.25" 0.022"
Caudate 0.18+0.04 0.15+0.03 0.20+0.05 0.023+0.008
nucleus
Putamen 0.27+0.05 0.20+0.07 0.25+0.09 0.024+0.007
Thalamus 0.28+0.06 0.28+0.08 0.25+0.06 0.0210.007
Pallidum 0.26+0.04 0.23+0.12 0.25+0.11 0.022+0.005

“The average value of kinetic parameters over detailed anatomical
regions. N/A indicates not available

database serves as a valuable catalog of PET tracers used
in clinical studies. As an illustrative case, the database ena-
bles the comparison of PET tracers for specific imaging tar-
gets, facilitating valuable insights and research in the field.
We have not found any similar publications or databases.
Therefore, we believe in the novelty and usefulness of the
DOCK-PET compared to the surveys for published reports
[10].

Limitations of this study

A significant limitation of our study is the need for the har-
monization of PET protocols in terms of variations in scan-
ners, scanning times, injection doses, image reconstruction
methods, and other aspects. In addition, detailed parameters
for kinetic analysis methods, such as cost functions, itera-
tion times, weighting factors for residuals, and definitions
of Regions of Interest (ROIs), must be standardized. In this
study, the reported kinetic parameters were recorded without
harmonization. However, future harmonization efforts are
crucial to standardize kinetic parameter databases.

One of the limitations of this study was the relatively
small number of CNS—PET tracers included in the database.
Conventional databases, such as OpenNeuro, typically com-
prise a more extensive dataset, often exceeding hundreds or
thousands. This limitation can be addressed by continuously
adding registrations for future PET tracers and expanding
the database.
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A specific consideration in our research regarding PET
kinetic parameters pertained to regional assignment. This
regional assignment approach required sub-region averaging
to compile the kinetic parameters for all regions, as shown
in Table 2 and Supplemental Table 2. Sub-region averag-
ing in the regional assignment approach did not consider
the volume inequality of the sub-regions. This is also the
limitation of our study.

Another significant limitation pertains to the target
organs. In this study, because of the sufficient number of
publications on the pharmacokinetics of PET tracers, the tar-
get organ was limited to the brain. The collection of datasets
for the pharmacokinetics of PET tracers can be challenging
in areas outside neurology, such as cardiology and oncology.

Conclusion

A novel database DOCK-PET containing kinetic parameters
of existing CNS—PET tracers in healthy human brains was
constructed. The data summarizing the results of this study
are openly available on GitHub at https://github.com/Datab
ase-of-CNS-PET-Kinetic-parameters/DOCK-PET.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12149-024-01947-z.
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