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a4f>2* nicotinic receptors (a4f32* nAChRs) could provide a biomarker in neuropsychiatric disorders (e.g.,
Alzheimer's and Parkinson's diseases, depressive disorders, and nicotine addiction). However, there is a lack of
a4p2* nAChR specific PET radioligands with kinetics fast enough to enable quantification of nAChR within a rea-
sonable time frame. Following on from promising preclinical results, the aim of the present study was to evaluate
for the first time in humans the novel PET radioligand (—)-[*®F]Flubatine, formerly known as (—)-["®F]NCFHEB,
as a tool for a432* nAChR imaging and in vivo quantification.

Dynamic PET emission recordings lasting 270 min were acquired on an ECAT EXACT HR + scanner in 12
healthy male non-smoking subjects (71.0 + 5.0 years) following the intravenous injection of 353.7 +
9.4 MBq of (—)-['®F]Flubatine. Individual magnetic resonance imaging (MRI) was performed for co-
registration. PET frames were motion-corrected, before the kinetics in 29 brain regions were characterized
using 1- and 2-tissue compartment models (1TCM, 2TCM). Given the low amounts of metabolite present in
plasma, we tested arterial input functions with and without metabolite corrections. In addition, pixel-based
graphical analysis (Logan plot) was used. The model's goodness of fit, with and without metabolite
correction was assessed by Akaike's information criterion. Model parameters of interest were the total
distribution volume V; (mL/cm?), and the binding potential BPyp relative to the corpus callosum, which
served as a reference region.

The tracer proved to have high stability in vivo, with 90% of the plasma radioactivity remaining as untransformed
parent compound at 90 min, fast brain kinetics with rapid uptake and equilibration between free and receptor-
bound tracer. Adequate fits of brain TACs were obtained with the 1TTCM. V¢ could be reliably estimated within
90 min for all regions investigated, and within 30 min for low-binding regions such as the cerebral cortex.

The rank order of V by region corresponded well with the known distribution of a4p32* receptors (Vr [thalamus]
27.4 + 3.8, Vr[putamen] 12.7 £ 0.9, V¢ [frontal cortex] 10.0 4 0.8, and Vr [corpus callosum] 6.3 + 0.8). The BPyp,
which is a parameter of ®432* nAChR availability, was 3.41 £ 0.79 for the thalamus, 1.04 4= 0.25 for the putamen
and 0.61 + 0.23 for the frontal cortex, indicating high specific tracer binding. Use of the arterial input function
without metabolite correction resulted in a 10% underestimation in V, and was without important biasing effects
on BPyp.

% The asterisk applied in the receptor nomenclature notifies that the receptor complex may include additional subunits.
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Altogether, kinetics and imaging properties of (—)-['®F]Flubatine appear favorable and suggest that (—)-
['8F]Flubatine is a very suitable and clinically applicable PET tracer for in vivo imaging of a432* nAChRs in

neuropsychiatric disorders.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Neuronal nicotinic receptors (nAChRs) are ligand-gated ion chan-
nels that are physiologically activated by acetylcholine. Each receptor
is composed of five cylindrical transmembrane subunits forming
the central ion channel, and can be composed of a7 subunits or some
stoichiometric combination of o and (3 subunits («2-10, 32-4). The
various forms are widely expressed throughout the brain. In the
human brain, the most abundant form is the a432* subtype (Dani and
Bertrand, 2007). The a4f32* nAChRs play an important role in normal
brain function regulating a variety of brain processes such as mood, cog-
nition and motor control (Changeux and Edelstein, 2005). Pathological
alterations of the a4P32* nAChRs are thought to contribute to several
psychiatric and neurological disorders (Dani and Bertrand, 2007;
Mihailescu and Drucker-Colin, 2000; Perry et al., 1995; Rinne et al.,
1991).

Noninvasive imaging using positron emission tomography (PET) or
single-photon emission computer tomography (SPECT) has proved es-
sential in the quantitative assessment of in vivo pathological changes
of the a4P32* nAChR availability in neuropsychiatric disorders. High-
affinity «4p2* nAChR specific radioligands, such as 5-[12°I]IA-85380
(5-1A) for SPECT and 6-['®F]FA-85380 (6-FA) and 2-['®F]FA-85380
(2-FA) for PET, have been developed and optimized for a4f32* nAChR
imaging (Chefer et al., 1998; Ding et al., 2004; Doll et al., 1999; Horti
et al.,, 1998; Kimes et al., 2003; Mamede et al., 2004; Scheffel et al.,
2000; Schildan et al., 2007). Recently, through the use of 2-FA-PET and
5-IA-SPECT, cortical and subcortical abnormalities of the «432* nAChR
binding have been reported in a variety of neuropsychiatric disorders
such as Alzheimer's disease (AD) and mild cognitive impairment
(MCI) (Kendziorra et al., 2011; O'Brien et al.,, 2007; Okada et al., 2013;
Sabri et al., 2008), Parkinson's disease (PD) (Fujita et al., 2006; Kas
et al.,, 2009; Meyer et al., 2009), epilepsy (Picard et al., 2006), nicotine
dependence (Mukhin et al.,, 2008; Staley et al., 2006), major depressive
disease (Saricicek et al., 2012), and schizophrenia (D'Souza et al., 2012;
Brasic et al., 2012).

However, the slow kinetics of the PET radioligand 2-['8F]FA-85380
and SPECT radioligand 5-['?3I]IA-85380 require lengthy acquisition
times of up to 7 h to enable whole-brain nAChR analysis. Therefore,
the use of 2-FA or 5-IA for large-scale clinical trials and routine clinical
application may be limited (Horti and Villemagne, 2006; Horti et al.,
2010; Sabri et al., 2008). A new generation a4p2* nAChR specific
PET radioligands, such as (—)-['®F]norchloro-fluoro-homoepibatidine
((—)-['®F]NCFHEB), also known as (—)-['®F]Flubatine, ['®F]JAZAN and
['8F]nifene, demonstrating faster kinetic properties in both preclinical
and in-man investigations have been developed (Brust et al.,
2008; Hillmer et al., 2011; Hockley et al., 2013; Kuwabara et al.,
2012; Sabri et al., 2008; Wong et al., 2013). We recently developed
(—)-['®F]Flubatine as a less toxic derivative of epibatidine (Bai et al.,
1996; Brust et al., 2008; Deuther-Conrad et al., 2004, 2008; Fischer
et al., 2013; Patt et al., 2003, 2013, 2014; Sabri et al., 2008; Smits et al.,
2014). Preclinical studies demonstrated that (—)-['®F]Flubatine has
high selectivity and specificity for a432* nAChRs (Brust et al., 2008;
Deuther-Conrad et al., 2004; Smits et al., 2014).

The objectives of the present study were to determine the safety and
tolerability of (—)-['®F]Flubatine, and to evaluate kinetic model-based
approaches to quantify a4p2* nAChR binding parameters from dynam-
ic PET and blood data in healthy volunteers.

Methods
Human subjects

Twelve healthy male volunteers (age: 71.0 £ 5.0 years, range: 63 to
76 years) took part in the study. All were non-smokers, drug free for any
kind of centrally acting medication, and had no history of neurological
or psychiatric illness. They were recruited by newspaper advertisement
and from an existing database at the Max-Planck-Institute for Human
Cognitive and Brain Sciences, Leipzig. All study subjects underwent a
thorough clinical assessment, and were required to achieve results
within one standard deviation of the mean in several psychometric
tests. Other exclusion criteria were: hematological, biochemical or ECG
parameters outside the normal range; a history of smoking, alcohol or
drug abuse/addiction or major allergic reactions; any significant disease
or unstable medical condition within the preceding twelve months;
MRI contraindication; and clinically significant, abnormal physical ex-
amination or grossly pathological findings in the brain MRL All subjects
gave written informed consent. The clinical PET study was performed
according to the 1964 Declaration of Helsinki and subsequent revisions
and was approved by the local ethics committee as well as the national
radiation protection and drug authorities. The trial is registered under
EudraCT 2009-012408-26.

Radiochemistry

(—)-['®F]Flubatine was prepared by aminopolyether-assisted nucle-
ophilic substitution on a BOC-protected trimethylammonium precursor
(Smits et al., 2014). The radiosynthesis was performed under GMP
conditions using an automated synthesis module (Tracerlab FXFN, GE
Medical Systems) within a synthesis time of 40 + 2 min, with an aver-
age specific activity of 3 x 10° GBq/mmol (Patt et al., 2013).

PET and MR image acquisition and processing

Dynamic (—)-['®F]Flubatine brain PET data were obtained in 3D
scanning mode on an ECAT Exact HR 4 scanner (CTI/Siemens, 63 slices,
resolution 4.7 mm full width at half maximum [FWHM]) following the
injection (90 s continuous short infusion [10 mL solution]) of 353.7 +
9.4 MBq (—)-['8F]Flubatine. Emission measurement consisted of one
dynamic scan of 90 min and three subsequent static scans of 30 min
each (resulting in a total scanning time of 270 min). PET data were
corrected for scatter, attenuation (using a 10 min %8Ge transmission
scan acquired before the first emission scan), and radioactive
decay, and reconstructed by ordered subset expectation maximization
(OSEM) with 10 iterations and 16 subsets with a pixel size of
2.6 x 2.6 x 2.4 mm. In addition to the PET imaging, all subjects received
a 3 T brain MRI (Magnetom Trio, Siemens Healthcare) for anatomical
correlation and to exclude relevant pathologic findings. The MR imaging
protocol included a T1-weighted magnetization prepared rapid gradi-
ent echo 3-dimensional sequence (MPRAGE; TR 2130 ms, TE 3,03 ms,
TI 1200 ms, matrix 256 x 256 x 256, pixel bandwidth of 130 Hz) and
a transverse T2-weighted turbo spin echo sequence. Image pre-
processing before kinetic analysis was conducted using PMOD software
(PMOD Technologies Ltd.; CH-8006 Ziirich). The individual MRI data
sets of the subjects were spatially reoriented onto a standard brain
data set similar to the Talairach space. Volumes of interest (VOIs) within
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29 brain regions were manually drawn in PMOD on three consecutive
transversal slices (in rare cases two or four slices, if necessary) of the
reoriented individual T1-weighted-MPRAGE data sets (Fig. 1). Outcome
of PET data analysis was pooled for left and right hemispheres. In PET
studies the corpus callosum is the region in the human brain with the
lowest distribution volume, suggesting that there is only very low
a432* nAChR density (Ding et al., 2004; Mukhin et al., 2008; Sabri
et al., 2008; Wong et al., 2013). This is supported by a displacement
PET study in tobacco smokers using the a4f32* nAChR specific
radioligand 2-['®F]F-A-85380. It was also revealed that 2-['8F]F-A-
85380 within the corpus callosum is almost non-displaceable by nico-
tine (Brody et al., 2006). For these reasons, we used the corpus callosum
as the most suitable reference region to calculate the binding potential
BPyp. This region has been suggested for other at432* nAChR specific
PET radioligands, such as 6-['®F]F-A-85380 (Ding et al., 2004),
2-['8F]F-A-85380 (Mukhin et al., 2008; Sabri et al., 2008), and
['8F]AZAN (Wong et al.,, 2013).

Anterior Cingulate Cortex

Centrum Semiovale
(2 White Matter)
Parietal Cortex

The dynamic PET data were corrected for motion artifacts using
SPM2 software (SPM2-Software; Wellcome Trust Centre for Neuroim-
aging, University College London) and then co-registered with the indi-
vidual MRI data (Hesse et al., 2012). Once registered, PMOD was used to
produce the time-activity curves (TACs) necessary for kinetic analysis.

Blood sampling and plasma data analyses

For each subject 2 mL arterial blood samples were obtained. Ten to
fifteen samples were acquired in the first 3 min following injection,
with other samples taken at 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30,
40, 50, 60, 70, 80, 90, 120, 150, 180, 210, 240, and 270 min post injection
(p.i.). Additional samples of 5 mL for metabolite analysis were taken at
3, 10, 20, 30, 50, 70, 90, 120, 150, 210 and 270 min p.i. All samples
were centrifuged to separate supernatant plasma from the remnants.
The radioactivity in plasma aliquots was measured using a Cobra

Hypothalamus

Putamen
Thalamus

N DA
Y

Lateral Temporal
Cortex
Mesial Temporal
Cortex

Fig. 1. Transaxial slices of MRI with all defined volumes of interest.
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gamma counter (Packard Instrument Company, Meriden, CT, USA) and
corrected for decay of '8F.

Estimation of the non-metabolized parent fraction of the tracer was
done as follows. The samples for metabolite analysis were
deproteinized by precipitation with acetonitrile before being centri-
fuged. The resulting protein-free samples were then analyzed by radio
high performance liquid chromatography (radio-HPLC). The fraction
of non-metabolized (—)-['®F]Flubatine was estimated by dividing
the peak areas of (—)-['®F]Flubatine in the radiochromatogram by
the sum of all peaks. These ratios were fitted by a sum of 2 exponential
functions and used to compute the metabolite-corrected arterial input
function. Additionally, the free fraction of radiotracer in plasma (fp)
i.e., (—)-['®F]Flubatine not bound to plasma proteins was determined
for each subject by ultrafiltration as described previously (Sorger et al.,
2006): In short, (—)-['®F]Flubatine was added to samples of blood plas-
ma at 37 °C and separated in plasma proteins and protein-free solution
by ultrafiltration. Radioactivity was then estimated in both fractions
with the gamma counter.

In addition we assessed the velocity of equilibration of (—)-
['8F]Flubatine between whole blood and plasma. To do this we added
(—)-["®F]Flubatine to whole blood samples of several volunteers, sepa-
rated corpuscular blood components and plasma at different times by
centrifugation and measured the amount of radioactivity in both frac-
tions. The procedures and results of metabolite analysis, plasma protein
binding and velocity of equilibration between whole blood and plasma
were described in detail and published elsewhere (Patt et al., 2014).
Metabolization of (—)-['®F]Flubatine was very low, resulting in almost
90% unchanged parent compound at 90 min and 85% at 270 min p.i.

Kinetic data analysis and modeling

The generated VOI-based tissue time-activity curves (TACs) were
used for kinetic analysis with 1- and 2-tissue compartment models
(1TCM, 2TCM). To test the influence of the amount of metabolites in
plasma on the kinetic modeling output parameters, two different arteri-
al input functions were used: one with and one without individual
metabolite correction. Results presented were computed with a
metabolite-corrected input function, unless explicitly stated otherwise.

The 2TCM is described by the following differential equations:

POy 1 ks (0) + kaa(t) + Krca(0) M
dXdzﬁf) = ks3xq (t)—k4X2(t) (2)

where x;(t) is the time-dependent concentration of free and nonspecifi-
cally bound tracer, x,(t) the concentration of specifically receptor bound
tracer and c4(t) the arterial input function. K; (mL cm™3 min™!) de-
scribes the transport from blood plasma to the first tissue compartment,
k (min~1) vice versa; ks (min~—!) and k4 (min~') describes the associ-
ation and dissociation at resp. from the receptor. The unit of tissue
tracer concentrations is (kBq cm™2). The total distribution volume Vi
(mL cm™3) is given by

Kl k3 o K] fNDBavail
E<1+H>_E<l+7KD ) 3)

and the binding potential BPyp can be computed using a receptor-free
reference region according to

BPnp = VT/Vreference_l = fNDBavail/KD~ (4)

Here By, (NM) is the concentration of nAChRs available for the trac-
er and fyp the free fraction of tracer in the first (nondisplaceable) tissue
compartment. Kp (nM) is the equilibrium dissociation constant of the
radioligand/receptor system (Innis et al., 2007).

The differential equation for the 1TCM is given by

dxq ([)
dt

= K1 ca(t)—kyxy (5)

and solved by the convolution integral

t
X1 (t) = Kre ' @cq(t) :I(l/e‘k;(”">ca(r)dr, (® for convolution).
0

(6)
The total distribution volume V7 of the 1TCM is computed according

to
Vi =Ky /ky. (7

Rate constants of the 1TCM, 2TCM as well as the fractional blood vol-
ume V}, were estimated by minimizing a nonlinear least-squares cost
function of the sum of squared differences between measured PET trac-
er concentrations and model predictions (Bertoldo and Cobelli, 2014).
Standard errors of the parameters and coefficients of variation (COV)
were computed from the covariance matrix of the cost function.

In addition, parametric images of the regional (—)-['®F]Flubatine
distribution volume were calculated using the Logan plot (11 points be-
tween 13 to 90 min p.i.) with the arterial input function (Logan et al.,
1990). The starting point of 13 min in the Logan plot analysis was
used since linearity in the Logan plot was reached after approximately
10 min in the thalamus as the region with the highest a432* nAChR
density.

Statistical analyses

Kinetic modeling parameters are expressed as mean value 4+ stan-
dard deviation (SD). For model selection between the 1- and 2-tissue
compartment models we used the Akaike's information criterion
(AICc) with correction for small sample size (Burnham and Anderson,
2002; Turkheimer et al., 2003). In case of nonlinear residual sum of
squares (RSS) minimization, the AICc is given by

RSS
n

2k(k +1)

AlCc =n log( k=1 (8)
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80.000 Cls

62,500 2
&

50.000

37 500/

25.000 t_r;,%q
N
g
o
&

<

12.500 |
.2
STV S R S

AR

min;
0 T T T
00 10 20 30 40 50 60 70 80 90 100 11.0 120 13.0 140 15.0 16.0 170 18.0 180 20.0 21.0 22,0

Fig. 2. Approximately 95% of injected (—)-['®F]Flubatine stayed intact as shown by chro-
matographic analysis 20 min p.i.. Degradation of the tracer was very low; resulting in al-
most 90% unchanged parent compound at 90 min and 85% at 270 min p.i. The retention
time (min) of a peak is given adjacent to the peak identification.
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Fig. 3. 1-tissue compartment model fits of 90 min measured time-activity curves in thalamus, frontal cortex and corpus callosum of one healthy subject.

where n is the sample size (number of frames, n = 23), k the number of
estimated model parameters + 1 (k = 4, 6) and log the natural loga-
rithm. Statistical analyses were performed with MATLAB (version 7.3
(R2006Db), the MathWorks, Natick, MA, USA) and IBM SPSS statistic soft-
ware, version 20.

Results
Blood plasma and kinetic analyses

In blood plasma, almost 90% of unchanged (—)-['®F]Flubatine as
measured by radio-HPLC was found at 90 min and 85% at 270 min p.i.
(Patt et al., 2014). This demonstrates that (—)-[ '®F]Flubatine is very sta-

ble (Fig. 2). Notably, in an animal study (juvenile female pigs) we mea-
sured about 60% metabolites in plasma at 90 min after injection of (—)-

30 -

o
o
1

Activity in kBg/em®

1
0 100

Time in min

['8F]Flubatine (Brust et al., 2008). Please note that in this reference the
older name (—)-['®F]NCFHEB is used. Plasma protein binding was
15.2 + 1.0%. Equilibration of (—)-['®F]Flubatine between whole blood
and blood plasma was virtually instantaneous and did not change sig-
nificantly over time, i.e., a time dependence of the concentration of
the parent compound due to slow transport into erythrocytes did not
have to be considered. The respective value was approximately 73%
(plasma/whole blood). In the brain, the tracer showed fast kinetics;
pseudo equilibrium was reached within 90 min p.i. in the thalamus
(maximum of the TAC). Estimation of kinetic parameters for all brain re-
gions with 1TCM was possible within this time frame (30 min p.i. for all
cortical regions; Figs. 3 and 4). In cortical regions, pseudo equilibrium
was reached within 15 min p.i. (Fig. 3).

(—)-['8F]Flubatine plasma time-activity curves showed an early ini-
tial peak and a very slow decrease until 270 min (Patt et al., 2014). A

Region
-+~ Thalamus
—+= Frontal cortex

~=- Corpus callosum

'
200

Fig. 4. 1-tissue compartment model fits of 270 min measured time-activity curves in thalamus, frontal cortex and corpus callosum of one healthy subject.
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similar behavior was observed in brain tissue; where after reaching the
tracer activity peak, a slow decrease of tracer concentration was detect-
ed (time range 0-90 min [Fig. 3] or 0-270 min [Fig. 4]).

Model selection

Using an input function without metabolite correction the Akaike's
information criterion AICc favored the 1TCM in the thalamus in 6 volun-
teers, in the frontal cortex in 3 volunteers and in the corpus callosum
again in 6 of the 12 subjects, i.e., the AICc computed with the 1TCM
had lower values. The mean AICc of the 12 subjects of both models
was similar in thalamus (1TCM: —34.2 £ 12.9; 2TCM: —37.0 4 12.5)
and corpus callosum (1TCM: —44.2 4 10.3; 2TCM: —46.3 & 8.5) but
lower for the 2TCM in the frontal cortex (1TCM: —62.3 + 20.2;
2TCM: —77.3 + 10.95).

Employing the metabolite-corrected input function led to similar re-
sults in model selection for the thalamus and corpus callosum. The AICc
favored the 1TCM in the thalamus in 5 volunteers and in the corpus
callosum in 4 of the 12 subjects. The mean AlCc of the 2TCM was only
slightly lower in thalamus (1TCM: —34.1 £+ 11.4; 2TCM: —36.9 +
12.4) and corpus callosum (1TCM: —43.1 £+ 9.7; 2TCM: —46.3 +
8.6). For the frontal cortex, however, AIC always chose the 2TCM and
the mean AICc of the 2TCM was 23.7 lower (1TCM: —53.9 + 15.9;
2TCM: —77.6 + 10.96). Use of the AICc to compare the 1TCM with
and without metabolite-corrected input function in the frontal cortex
favored the non metabolite-corrected input function approach in 10 of
the 12 subjects investigated in this study.

Quantitative ( —)-[*®F]Flubatine PET imaging data

Vr obtained by the 1TCM was similar for the 0-90 min period and
the 0-270 min time range (Table 2). The variation between the corre-
sponding fit data is probably mainly due to subject head repositioning
(Figs. 3 and 4) and errors in the measurements of metabolites at late
time points.

Vrvalues were highest in the thalamus regions (27.44 4+ 3.77), inter-
mediate in regions like midbrain, striatum and cerebellum (e.g., puta-
men: 12.70 4+ 0.87), slightly lower in cortical regions (e.g., frontal
cortex: 10.02 + 0.83), and lowest in the corpus callosum (6.31 +
0.80) — as expected from known receptor densities (Brody et al.,
2006; Paterson and Nordberg, 2000) and indicated in Table 1. In vitro
measurements of regional nAChR densities in postmortem human
brain tissue using (4 )-[>H]epibatidine (Marutle et al., 1998) and V; of
(—)-['®F]Flubatine as obtained in this present study (Table 1) were

50 =

45 +
c
T 40 4
2
o 35 -
o
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~ 30 -~
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e 25 -
g
3 20 1 & frontal cortex
ﬁ & temporal cortex
= 15 A @ occipital cortex
2 <& parietal cortex
'g 10 A & caudate nucleus
2 ¢ putamen

5 4 ¢ cerebellar cortex

@ thalamus
0 5 10 15 20 25 30

Vi (mL/em?)

Fig. 5. Linear regression analysis of specific (+)-[*H]epibatidine binding as reported by
Marutle etal. (1998) vs. Vi of (—)-[ *®F]Flubatine in 8 human brain regions (thalamus, cau-
date nucleus, putamen, cerebellar cortex, parietal, frontal, occipital and temporal cortices)
(r=10.98, p < 0.001, specifically_bound = 1.66-V1-1.38).

highly correlated (Fig. 5, r = 0.98, p < 0.001) despite differences in
nAChR subtype specificity of both tracers (Deuther-Conrad et al., 2004).

Coefficients of variation of V1 were <5% in thalamus and cortical re-
gions, demonstrating robust parameter estimation (thalamus: 2.3% +
0.6%; frontal cortex: 1.5 &+ 0.6%). The BPyp, calculated with the corpus
callosum as reference region, was 3.41 + 0.79 for the thalamus,
1.04 £ 0.25 for the putamen, and 0.61 + 0.23 for the frontal cortex.

Vr was reliably estimated from 60 min and even from 30 min dy-
namic PET data (Table 2). Mean regional Vr values calculated from
90 min fit data were only slightly higher (between 5-10%) than those
calculated from 30 min fit data.

Furthermore, Vr as computed by the 2TCM was in good agreement
with the 1TCM values (Table 1). However, the relative standard devia-
tion of V1 using a 2TCM was much larger.

Results without metabolite correction

Use of an uncorrected input function yielded slightly (about 10%)
lower distribution volumes for all regions, due to the fact that the

Table 1

Quantitative (—)-['®F]Flubatine PET parameters in selected brain regions.
Brain region Ky ko' Vr BPnp Vr (2TCM)
Frontal cortex 0.37 + 0.04 0.037 + 0.003 10.02 + 0.83 0.61 £ 0.23 1043 +1.29
Lateral temporal cortex 0.33 £ 0.03 0.034 £ 0.003 9.74 £+ 0.68 0.56 + 0.20 9.98 £+ 1.02
Mesial temporal cortex 0.30 + 0.03 0.030 + 0.003 10.11 + 0.93 0.62 + 0.23 1048 + 1.27
Parietal cortex 0.37 + 0.04 0.037 + 0.004 9.96 + 0.93 0.60 + 0.22 10.29 + 1.31
Occipital cortex 0.37 £ 0.04 0.042 + 0.004 8.81 + 0.50 042 + 0.18 9.09 + 0.79
Anterior cingulate cortex 0.33 + 0.05 0.034 + 0.003 9.81 + 0.93 0.57 £ 0.19 10.10 + 1.14
Posterior cingulate cortex 0.39 4+ 0.06 0.038 + 0.004 10.25 4+ 0.80 0.64 &+ 0.16 10.55 4+ 0.92
Caudate nucleus 0.42 + 0.04 0.036 + 0.004 11.54 £ 0.98 0.85 + 0.26 11.83 + 1.16
Putamen 0.45 £ 0.05 0.036 £ 0.005 12.70 + 0.87 1.04 + 0.25 12.86 + 1.33
Thalamus 0.50 + 0.07 0.018 + 0.003 2744 4+ 3.77 3.41 £0.79 27.59 £+ 4.19
White matter 0.16 + 0.01 0.016 + 0.002 10.74 &+ 1.40 0.73 £ 0.31 11.96 + 2.39
Pons/midbrain 0.32 £+ 0.04 0.027 £ 0.004 12.18 £ 1.20 0.96 + 0.33 1243 +1.93
Cerebellar cortex 0.43 + 0.06 0.032 + 0.004 13.73 + 1.66 1.20 + 0.37 13.86 + 1.96
Corpus callosum 0.15 4+ 0.02 0.025 + 0.002 6.31 4+ 0.80 n.a. 6.78 + 0.93
Hypothalamus 0.31 £ 0.04 0.023 + 0.003 13.59 + 2.43 1.18 £ 045 13.82 + 2.46

All parameters were estimated from 90 min PET data. Parameters of the 1-tissue compartmental modeling: K;: influx constant, k,’: washout constant, Vr: distribution volume, BPyp: bind-
ing potential. Vr was additionally computed by 2-tissue compartmental modeling. In both cases, metabolite-corrected arterial input functions were used. Values are given as mean value +

standard deviation.
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Table 2
Influence of dynamic PET scan duration on regional (—)-['®F]Flubatine distribution
volumes.

Brain region Vr(30min) V¢ (60min) V4 (90 min) V¢ (270 min)

Frontal cortex 932+070 976 +0.74 10.02 4+ 0.83 10.61 & 0.98

Lateral temporal 926+ 069 9594065 9.744+0.68 10.02 4 0.73
cortex

Mesial temporal 948 + 090 991+0.85 10.11+0.93 10.52 4 0.93
cortex

Parietal cortex 938+089 9744086 9.984+0.93 10.55 4+ 1.08

Occipital cortex 816+ 042 858+ 045 8814050 9.3140.63

Anterior cingulate 9.06 4094  9.53 +0.93 9.81+£ 093 10.6140.78
cortex

Posterior cingulate  9.53 +0.86 9.98 +0.80 10.254+0.79 10.98 +0.72
cortex

Caudate nucleus 1093 £ 1.06 11.26 0.96 11.54 +£0.98 12.39 + 1.08

Putamen 11.944+0.80 1236+ 0.72 12.70 +0.87 14.12 + 1.52

Thalamus 25.53 +£3.63 26.84 £355 27.44 + 377 2936+ 3.97

White matter 894+ 121 10034124 10.744+ 140 12.63 & 1.56

Pons/midbrain 11544+ 125 1197 +1.02 1218 +£120 1243 +1.26

Cerebellar cortex 1316 +1.61 13.56 + 1.60 13.73 +£1.66 13.85+ 1.84

Corpus callosum 5564090 6.03+084 631+080 6.8640.75

Hypothalamus 12.114£238 13.054+£227 13594243 14.52 4297

Distribution volumes Vr were obtained by 1-tissue compartmental modeling using metab-
olite-corrected arterial input functions. Values are given as mean value 4 standard
deviation.

uncorrected input function at 90 min is about 10% higher (Table 3). The
relative standard deviation of V; was lower with input functions with-
out metabolite correction (frontal cortex: 21%, thalamus: 12%). BPnp
values computed with and without metabolite correction were in excel-
lent agreement (Tables 1 and 3). V¢ values computed by Logan plots
(Table 3) were lower than those obtained by 1TCM (frontal cortex:
7%, thalamus: 11%).

Parametric images of Vi (obtained by Logan graphical analysis) dem-
onstrate high image quality in one healthy subject with abundant
a4f2* nAChR binding throughout the cortex and subcortical structures

(Fig. 6).

Safety evaluation

There were no adverse effects from the tracer. At the time of injec-
tion, the administered amount of the radioligand was equivalent to a
mass dose of 0.074 4 0.077 ng. The “No Observed Adverse Effect Level
(NOEL)” of (—)-['"®F]Flubatine was estimated to 6.2 pg/kg (body
weight) in animal experiments (Wistar rats; Harlan Laboratories,
Itingen, Switzerland); therefore the injected dose was approximately
5000 times lower than the NOEL.

Discussion

This study describes the first-in-human application of a new
PET tracer (—)-['8F]Flubatine, developed as a viable alternative to the
slow tracer kinetic PET and SPECT radioligands 2-['®F]FA-85380 and
5-['231]IA-85380. (—)-['®F]Flubatine is a less toxic derivative of
epibatidine with favorable preclinical results in terms of a4{32* nAChR
specificity and selectivity (Brust et al., 2008; Deuther-Conrad et al.,
2004, 2008; Gallezot et al., 2014; Hockley et al., 2013).

Several other PET tracers for a432* nAChR have recently been devel-
oped aiming for shorter acquisition times (for review see for
example Horti et al., 2013; Mo et al., 2014). However, only ['F]AZAN
has been successfully applied for the measurement of a4p2* nAChRs
in the human brain. These measurements indicate that 90 min PET
scans are sufficient to estimate BPyp in receptor-rich brain regions
(Wong et al., 2013).

This first clinical (—)-['®F]Flubatine trial demonstrates that the fa-
vorable preclinical characteristics of the tracer translates to humans.
That is: (1) high cortical brain uptake as shown by high cortical tracer
delivery rate constants K; (>0.3 mL cm™>3 min~!), (2) fast kinetics,
and (3) the possibility to estimate V; by a simple 1TCM within 90 min
for all regions of interest used here, or even within 30 min for all cortical
regions (Becker et al., 2012; Sabri et al., 2012). When applying a 2TCM
instead, two more rate constants ks, k4, need to be estimated from the
data. However, if the 1TCM already allows for a good description of
the data then not all 4 rate constants Ki, ..., k4 are a posteriori identifi-
able (i.e., estimable with sufficient precision). As a consequence, at-
tempts to estimate all rate constants in this situation result in large
coefficients of variation for ky, k3, and k4. This reflects the fact that
these 3 parameters are not independent of each other, but related by
ky' = ka/(1 + ka/ky) (Egs. (3) and (7)). Only K; and V7 are a posteriori
identifiable from the data. It should be added here that Akaike's infor-
mation criterion does not distinctly favor the 1TCM or 2TCM for kinetic
analysis. However, the total distribution volume Vr, which we comput-
ed with the 2TCM, was also estimated with lower precision. Vr is the
crucial parameter here since it is a linear function of the receptor densi-
ty. There is a substantial increase in the standard deviation of Vy in cor-
tical regions (frontal cortex: 56%) and also to a lesser degree in the
thalamus (10%) and the corpus callosum (16%) when using the 2TCM.
Therefore, if Vr is to be the primary outcome measure of future trials,
i.e., for employing (—)-[*®F]Flubatine to detect potential reductions of
a4P32* nAChR densities in Alzheimer's or Parkinson's disease, then
1TCM is preferred over the 2TCM.

In the thalamus a 1TCM is especially appropriate. We assume that a
fast equilibration of free and receptor-bound tracer in tissue occurs at a
rate beyond the temporal resolution afforded by PET. The two parame-
ters K; and k,’ of a one-compartment system can be reliably estimated

Table 3

Comparison of (—)-['®F]Flubatine kinetic parameters as computed by 1-tissue compartmental modeling and the Logan plot.
Brain region Ky k' Vr BPnp Vr (Logan)
Frontal cortex 0.36 + 0.03 0.040 + 0.003 9.04 + 0.59 0.63 +0.23 8.43 + 0.50
Lateral temporal cortex 0.33 + 0.03 0.038 + 0.003 8.79 + 0.52 0.58 +0.20 8.21 + 0.41
Mesial temporal cortex 0.30 + 0.03 0.033 + 0.003 9.08 + 0.68 0.64 4+ 0.24 8.35 + 0.55
Parietal cortex 0.37 4+ 0.04 0.041 £ 0.004 8.99 + 0.70 0.62 + 0.22 8.32 + 0.58
Occipital cortex 0.37 £ 0.04 0.046 + 0.004 7.98 4+ 0.39 0.44 + 0.19 7.49 + 0.32
Anterior cingulate cortex 0.33 + 0.05 0.037 £ 0.004 8.83 +0.70 0.59 + 0.20 8.15 + 0.58
Posterior cingulate cortex 0.39 + 0.06 0.041 £ 0.004 9.26 + 0.63 0.66 + 0.16 8.54 + 0.51
Caudate nucleus 0.41 &+ 0.04 0.039 £ 0.004 1041 + 0.76 0.88 £ 0.27 9.74 £+ 0.80
Putamen 0.44 + 0.05 0.039 + 0.005 11.45 + 0.68 1.06 & 0.25 10.51 + 0.55
Thalamus 0.49 + 0.06 0.020 + 0.003 24.16 £+ 291 3.36 £ 0.79 21.58 +£2.53
White matter 0.16 & 0.01 0.017 £ 0.002 9.34 4+ 099 0.69 + 0.30 8.35 £+ 1.07
Pons/midbrain 0.32 £ 0.04 0.029 + 0.004 10.90 &+ 0.94 0.97 + 0.33 10.07 £+ 0.79
Cerebellar cortex 0.43 + 0.05 0.035 £ 0.004 1234 + 132 1.22 £ 0.38 1125+ 1.12
Corpus callosum 0.15 + 0.02 0.027 £ 0.003 5.63 + 0.74 n.a. 5.26 + 0.76
Hypothalamus 0.30 + 0.04 0.025 £ 0.003 12.07 £ 2.03 1.17 £ 045 11.26 + 1.84

All data were obtained from 90 min PET scans. No metabolite corrections of the arterial input functions were applied. Values are given as mean =+ standard deviation.
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Fig. 6. Parametric images of the distribution volume V; (obtained by Logan graphical analysis) of (—)-['®F]Flubatine PET in one healthy subject show high image quality and reflect the
known distribution of a432* nicotinic acetylcholine receptors (a4p32* nAChRs) in the brain. Transaxial PET images of Vr (upper row), PET/MRI (image fusion; middle row) and T1-MRI
data (lower row) are shown. Following the normal distribution of «432* nAChR availability, the values of Vr are high within the thalamus, moderate within the striatum, midbrain
and cerebellum, relatively low within the cortex and extra-callosal white matter, and very low within the corpus callosum.

and the measuring time can thus be reduced to 90 min or even less de-
pending on V7 (i.e., depending on the receptor concentration in a brain
region).

In addition, due to the low level of metabolites formed (Patt et al.,
2014), the use of an arterial input function that is not corrected for me-
tabolites seems to be an attractive and simpler approach that does not
reduce the sensitivity in a group comparison. Estimation of metabolites
is error-prone and is an unreliable factor when calculating the arterial
input function. Using an input function without metabolite correction
only reduced V¢ by approximately 10%, although further studies com-
paring this feature between diseased and healthy subjects are still re-
quired. The same holds for correction of the free fraction in plasma fp.
In a previous study, the values of fp did not differ between patients
with Alzheimer's disease and healthy controls (Patt et al., 2014).

These issues notwithstanding, the tracer showed a fast velocity of
equilibration between plasma and whole blood as well as moderate
plasma protein binding which also facilitates kinetic analysis.

In summary, (—)-['®F]Flubatine can be described with a 1TCM,
shows low metabolite formation, and V can be estimated in cortical re-
gions from PET recordings of only 30 min duration and in all other re-
gions from PET recordings of 90 min. In cortical regions, pseudo-
equilibrium of the tracer between brain tissue and plasma is reached
at about 20 min p.i. and at subsequent times the tracer concentrations
in tissue and plasma decrease in parallel very slowly. Therefore suffi-
cient information to estimate Ky, k,’ with the 1TCM is present in this
very short time frame for the case of cortex, whereas later PET frames
depict repeated measurements of the tissue to plasma ratio at steady
state. This explains the surprisingly short time needed to compute Vr.
Repeated measurements at steady-state conditions reduce the standard
error of Vr. But this can be counterbalanced with an increase of mea-
surement errors due to e.g., an increase of head movements at longer
PET scans. Group standard deviations of Vi are very similar for PET re-
cordings between 30 and 90 min (Table 1) so that optimal scan duration
can be expected in this time range. This optimal short time interval also
depends on the receptor density of a brain region and should be finally
determined from the comparison of two groups of subjects with a
known difference in nAChR density. Furthermore, the safety profile, to-
gether with recently published favorable dosimetry data (Sattler et al.,

2014) indicate that (—)-['®F]Flubatine is a safe and well tolerated radio-
pharmaceutical. We believe therefore that (—)-['®F]Flubatine is a very
capable tracer for 432" nAChR PET imaging, which is well suited for fu-
ture clinical studies of normal human brain function and neuropsychiat-
ric diseases.

Conclusion

In this study we have shown that (—)-['®F]Flubatine can produce
quantitative PET measurements of a432* nAChR availability in the
human brain. It offers several advantages. Because metabolization of
the tracer is small, it is not necessary to correct the arterial input func-
tion for metabolites. Binding to plasma proteins is also of minor impor-
tance, and because the free fraction of (—)-['®F]Flubatine in plasma is
uniformly high, a correction of Vr for fp can also be omitted. The kinetics
of (—)-['®F]Flubatine are well described by a simple 1TCM. Indeed,
given the lower precision of Vr when estimated using the 2TCM, the
1TCM is preferred for kinetic analysis. Finally, Vr computed from region-
al TACs can be robustly estimated in all cortical regions within a scan
length of only 30 min, although we recommend 90 min of PET imaging
until such time that more data become available. The option of shorter
acquisition times compared to other a4p32* nAChR radiotracers is very
important for clinical trials on challenging patients such as those with
Alzheimer's disease.
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