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Abstract

Introduction—The aims of the present study were to develop an optimized microfluidic method 

for the production of the selective nicotinic acetylcholine α4β2 receptor radiotracer [18F]-(−)-

NCFHEB ([18F]-Flubatine) and to investigate its receptor binding profile and pharmacokinetic 

properties in rhesus monkeys in vivo.

Methods—[18F]-(−)-NCFHEB was prepared in two steps, a nucleophilic fluorination followed 

by N-Boc deprotection. PET measurements were performed in rhesus monkeys including baseline 

and preblocking experiments with nicotine (0.24 mg/kg). Radiometabolites in plasma were 

measured using HPLC.

Results—[18F]-(−)-NCFHEB was prepared in a total synthesis time of 140 min. The 

radiochemical purity in its final formulation was >98% and the mean specific radioactivity was 

97.3 ± 16.1Bq/μmol (n = 6) at end of synthesis (EOS). In the monkey brain, radioactivity 

concentration was high in the thalamus, moderate in the putamen, hippocampus, frontal cortex, 

and lower in the cerebellum. Nicotine blocked 98–100% of [18F]-(−)-NCFHEB specific binding, 

and the non-displaceable distribution volume (VND) was estimated at 5.9 ± 1.0 mL/cm3 (n = 2), or 

6.6 ± 1.1 mL/cm3 after normalization by the plasma free fraction fP. Imaging data are amenable to 

kinetic modeling analysis using the multilinear analysis (MA1) method, and model-derived 

binding parameters display good test-retest reproducibility. In rhesus monkeys, [18F]-(−)-

NCFHEB can yield robust regional binding potential (BPND) values (thalamus = 4.1 ± 1.5, frontal 

cortex = 1.2 ± 0.2, putamen = 0.96 ± 0.45, cerebellum = 0.10 ± 0.29).
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Conclusion—An efficient microfluidic synthetic method was developed for preparation of 

[18F]-(−)-NCFHEB. PET examination in rhesus monkeys showed that [18F]-(−)-NCFHEB entered 

the brain readily and its regional radioactivity uptake pattern was in accordance with the known 

distribution of α4β2 receptors. Estimated non-displaceable binding potential (BPND) values in 

brain regions were better than those of [18F]-2FA and comparable to [18F]-AZAN. These results 

confirm previous findings and support further examination of [18F]-(−)-NCFHEB in humans.
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1. Introduction

Cholinergic neurotransmission in the brain depends on the integrity of nicotinic 

acetylcholine receptors (nAChRs), which consist of five subunits, each with four 

transmembrane domains for which nicotine and acetylcholine have high affinity. 

Dysfunction of this neuronal substrate has been implicated in Alzheimer’s disease [1–3], 

Parkinson’s disease [4, 5] and schizophrenia [6–8]. Non-invasive imaging of nAChRs using 

positron emission tomography (PET) or Single-Photon Emission Computed Tomography 

(SPECT) allows the investigation of the nAChR in vivo and can lead to further 

understanding of neuropsychiatric disorders related to cholinergic dysfunction and assist 

with the diagnosis of these diseases and evaluation of therapeutic agents. Over the years, 

various PET/SPECT radioligands such as [18F]-2-F-A85380 ([18F]2-FA) and [123I]-5-I-

A85380 ([123I]5-IA) have been explored for the imaging of α4β2*-containing nAChRs 

(α4β2*-nAChRs) (Figure 1). Even though [18F]2-FA and [123I]5-IA have been advanced to 

human use [9–13], these two radiotracers suffer from some major limitations in their 

imaging characteristics, especially slow tissue uptake kinetics requiring long scan times (> 4 

h) in order to achieve stable measurements of binding parameters. These limitations have led 

to the exploration of new tracers with improved imaging properties [14–18].

Recent efforts to develop a nAChR radioligand with faster brain kinetics and improved 

binding potential (BP) have yielded two new potential candidates. First, [18F]AZAN (Figure 

1) is an epibatidine-based nAChR antagonist that exhibits better imaging properties than 

those of [18F]2-FA, including a higher brain uptake and binding potential values, faster 

kinetics and lower acute toxicity. A scan time of 90 min, as compared to 6 h for [18F]2-FA, 

is sufficient for the reliable estimation of outcome measures. Another recent addition is 

[18F]-(−)-norchlorofluorohomo-epibatidine ([18F]-(−)-NCFHEB or [18F]Flubatine), an 

antagonist derived from the high affinity homoepibatidine scaffold with the potential to 

image and quantify the α4β2-nAChRs in a shorter scan time due to its rapid uptake kinetics 

in vivo [19–21]. Herein, we report the radiosynthesis of [18F]-(−)-NCFHEB using a 

microfluidic reactor, and evaluation of its imaging properties in rhesus monkeys.

2. Materials and Methods

2.1. Materials

[18F]Fluoride was produced via the 18O(p, n)18F nuclear reaction in a GE PETtrace 

cyclotron (16.5-MeV protons; GE Medical Systems, Uppsala, Sweden). H2
18O was obtained 
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from Huayi Isotopes (Toronto, Canada). Anion exchange Chromafix cartridges (PS-HCO3) 

for [18F]fluoride trapping were purchased from Macherey-Nagel (Dueringen, Germany). 

Precursor and reference standard for [18F]-(−)-NCFHEB were obtained from ABX 

Biochemicals (Radeberg, Germany). Nicotine and other reagents were purchased from Fluka 

or Sigma-Aldrich and used without further purification. Solid-phase extraction (SPE) 

cartridges (SepPak C18) were purchased from Waters Associates (Milford, MA, USA). 

Microfluidic reactions were carried out using an Advion NanoTek unit (Ithaca, NY, USA) 

with dedicated control software (Advion, version 1.4.1).

Purification of [18F]-(−)-NCFHEB was performed by reverse phase semi-preparative HPLC 

using a Phenomenex Develosil C30 column (10 μm, 250 × 10 mm), eluting at a flow rate of 

5 mL/min with a mobile phase composed of 10:90 (v/v) acetonitrile/0.1 N ammonium 

formate solution adjusted to pH = 3.5 with 12 N HCl. Quality control analyses were carried 

out using a Shimadzu LC-20AT Prominence HPLC system equipped with an SPD-20A 

UV/Vis detector (254 nm) operating in series with a Bioscan Flow-Count gamma detector 

(HPLC column: Phenomenex Gemini NX, 5 μm, 4.6 × 250 mm; mobile phase: 18:82 (v/v) 

acetonitrile/20 mM ammonium bicarbonate; flow rate: 1 mL/min].

PET scans were performed on the Focus 220 PET scanner (Siemens/CTI, Knoxville, TN, 

USA) with an intrinsic resolution of 1.4 mm at the center of the field of view. The 

radiotracer and the blocking drug nicotine were administered using an automatic syringe 

pump (Harvard PHD 22/2000, Harvard Apparatus, Holliston, Massachusetts, United States). 

Plasma separation was performed by centrifugation on an Allegra X-22R Centrifuge 

(Beckman Coulter, Fullerton, CA, USA). Whole blood and plasma samples were counted in 

a cross-calibrated well counter (Wizard 1480, Perkin Elmer, Waltham, MA, USA). Free 

fraction measurement was performed with ultrafiltration tubes (Centrifree UF device 

number 4104, Millipore, Billerica, MA, USA) by centrifugation at 1,228 g for 20 min in an 

IEC Medilite centrifuge (Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Methods

2.2.1 Chemistry—[18F]-(−)-NCFHEB was synthesized as described in Scheme 1. No-

carrier-added [18F]fluoride was sent to an Advion NanoTek unit (Scheme 2) where it was 

trapped onto a PS-HCO3 anion-exchange cartridge and eluted with 0.6 mL of a Kryptofix 

2.2.2 (10 mg, 53.2 μmol)/potassium carbonate (1 mg, 7.2 μmol) solution in acetonitrile/

water (70:30, v/v). Azeotropic drying was performed at 110 °C by addition of 0.5 mL of 

acetonitrile from the pump of the CE unit. Dried [18F]fluoride/Kryptofix 2.2.2 mixture was 

redissolved in anhydrous acetonitrile (450 μL). The ammonium salt precursor (0.5–1 mg) 

was dissolved in acetonitrile (600 μL). The two solutions were loaded and stored in their 

respective loops until transfer to the reactor through the transfer lines. Defined amounts of 

each solution were simultaneously pushed through the reactor heated at 150 °C. Upon 

reaction, the crude product solution was swept out of the reactor with 300 μL of acetonitrile 

into a v-vial. Evaporation of the acetonitrile was achieved under a stream of nitrogen at 50 

°C. Subsequent addition of 250 μL of trifluoroacetic acid and reaction at 50 °C for 10 min 

followed by a final evaporation under a stream of nitrogen yielded the crude mixture which 

was diluted with 1.5 mL of mobile phase and loaded onto the semi-preparative HPLC for 
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purification. The product fraction eluting between 12 and 16 min was collected, diluted with 

DI water (50 mL) and loaded onto two Waters Classic C18 Sep-Pak cartridges in series. The 

Sep-Pak cartridges were washed with DI water (10 mL), then eluted with 1 mL of ethanol 

(USP), followed by 7 mL of USP sterile saline into a 10 mL syringe. The product solution 

was passed through a sterile 0.22 μm membrane filter (33 mm, MILLEX-GV, Millipore) 

into a vented sterile 10 mL dose vial. Analytical HPLC analysis of the final product 

confirmed chemical and radiochemical purities of >98% and 99%, respectively. Identity of 

the tracer was confirmed by co-injection with the reference standard (−)-NCFHEB. Specific 

activity was determined by counting an aliquot of the product in a dose calibrator for 

radioactivity amount, performing HPLC analysis of the aliquot and determining the mass of 

(−)-NCFHEB associated with the injection by comparing the corresponding UV area with a 

standard curve relating UV area with mass.

2.2.2. PET imaging

Scan Procedures: PET imaging experiments in 2 rhesus monkeys (3 scans each, test, retest 

and nicotine block) were carried out in accordance with a protocol approved by the Yale 

University Institutional Animal Care and Use Committee (IACUC). Animals were initially 

anesthetized with ketamine hydrochloride (10 mg/kg, IM), and the peripheral antimuscarinic 

agent glycopyrrolate (4 μg/kg, IM) was given to reduce secretions. The animals were then 

transported to the PET facility, intubated, and maintained on oxygen and 1.5–3% isoflurane 

throughout the study. A 2-h interval was allowed between ketamine administration and 

injection of the radiotracer. Vital signs including respiration rate, blood pressure, heart rate, 

and temperature were monitored continuously and recorded every 15 min, and temperature 

was kept constant at 37 ºC with heated water blankets. Arterial blood sampling was 

performed using a line inserted in a radial or femoral artery. For nicotine blocking studies (n 

= 2), 0.24 mg/kg of nicotine was administered using a bolus-plus-infusion protocol started 5 

min before tracer injection (5 min fast bolus phase of 0.06 mg/kg followed by a 2-h constant 

infusion at a dose of 0.18 mg/kg)[22]. [18F]-(−)-NCFHEB (36.7 ± 0.9 MBq) was injected as 

a 3-min slow bolus and list-mode data were acquired for 120 min. The injected mass was 12 

± 7 ng/kg (n = 6).

Arterial Input Function Measurement and Metabolite Analysis: Sequential discrete 

arterial blood samples were taken at 0.75, 1.5, 2.25, 3, 3.75, 4.5, 5.25, 6, 8, 10, 15, 20, 25, 

30, 40, 50, 60, 75, 90, 105 and 120 min postinjection. Sample volumes ranged from 0.5 to 3 

mL. Plasma was separated from blood cells by centrifugation at 2,930 g for 5 min at 4 ºC. 

Whole blood and plasma samples were counted in a cross-calibrated well counter (Wizard 

1480, Perkin-Elmer, Waltham, MA, USA).

In order to measure the ligand metabolism in plasma, seven selected plasma samples (0.5 to 

2 mL) collected at 3, 8, 15, 30, 60, 90 and 120 min postinjection were mixed with urea (with 

a final concentration of 8 M), and filtered through a 0.45 μm Millipore Millex-HA syringe 

filter (Billerica, MA, USA). The filtrate was then analyzed by reverse-phase HPLC using a 

modified column-switching system [23]. Up to 3 mL of filtrate was loaded on the automatic 

HPLC system (Shimadzu, Kyoto, Japan), and a mobile phase of 1% acetonitrile water was 

eluted at a flow rate 2 mL/min through the capture column self-packed with C18 sorbent 
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(Strata-X, Phenomenex, Torrance, CA, USA). At 4 min after sample injection the content of 

the capture column was back-flushed onto a Phenomenex Gemini-NX C18 analytical 

column (5 μm, 4.6 × 250 mm) (Torrance, CA, USA), eluting with a mobile phase consisting 

of 81% 20 mM ammonium bicarbonate and 19% acetonitrile (v/v) at a flow rate of 1.75 mL/

min. The output of the HPLC column was connected to a fraction collector (CF-1 Fraction 

Collector, Spectrum Chromatography, Houston, TX, USA). Fractions were collected every 

two min and counted in a cross-calibrated well counter.

To correct for recovery, the ratio of the radioactivity in filtrate and plasma was obtained and 

fitted to an exponential rise to plateau curve (fF(t) = A1 − A2e−αt). The unchanged fraction in 

the filtrate was fitted to an integrated gamma function:

The unchanged fraction in plasma was then computed as the product of the functions fF and 

fH, and finally the arterial input function was computed as the product of the plasma 

radioactivity concentration and the unchanged fraction.

Plasma free fraction estimation was performed by addition of about 740 kBq of [18F]-(−)-

NCFHEB to a blood sample drawn before radiotracer injection to produce a blood standard. 

After mixing and centrifugation, plasma water was separated from plasma proteins using 

Centrifree ultrafiltration tubes (1,228 g for 20 min). Plasma and water samples were counted 

in triplicate and free fraction (fP) was estimated as the ratio of the mean concentration in 

water and plasma.

Magnetic Resonance Imaging: MR images were previously acquired for each rhesus 

monkey on a Siemens 3.0 T Trio scanner, using an extremity coil. T1-weighted images were 

acquired in the coronal plane with a spin echo sequence (TE = 3.34, TR = 2530, flip angle = 

7°, section thickness = 0.50 mm, field-of-view = 140 mm, image matrix = 256 × 256 × 176 

pixels, matrix size = 0.547 × 0.547 × 0.500 mm). Non-brain tissue was removed and the 

image cropped to 176 × 176 × 176 pixels using MEDx software (Medical Numerics Inc., 

Germantown, MD, USA) before co-registration with PET images.

Regional Time-Activity Curve (TAC) Computation: Dynamic scan data were binned into 

a sequence of 33 frames (6 × 30 sec; 3 × 1 min; 2 × 2 min; 22 × 5 min), and each frame was 

reconstructed with the appropriate corrections (attenuation, normalization, scatter, randoms, 

and deadtime), using a FORE/FBP algorithm and a Shepp filter with a cut-off frequency of 

0.15 times the sampling frequency (reconstructed image resolution approximately 3.2 mm). 

The intrinsic resolution is the resolution measured during phantom studies, using line 

sources. Resolution with more complex objects, e.g. monkey head, in the scanner can be 

lower. Moreover, the Shepp filter used to reduce the noise will also lower the resolution, and 

the 3.2 mm is an estimation of the effective scanner resolution with that filter.

Regional TACs were computed using a template of regions, defined on a template brain (a 

representative MR image of a brain, from an animal not included in the study) for the 
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cerebellum (5.9 cm3), caudate (0.43 cm3), putamen (0.38 cm3), brainstem (1.9 cm3), 

hippocampus (0.32 cm3), occipital (5.2 cm3), frontal (2.5 cm3) and temporal (3.2 cm3) 

cortices, and the thalamus (0.25 cm3). To apply these regions of interest (ROIs) to the PET 

images, two coregistration transforms were estimated. First, a non-linear transformation was 

used (Bioimagesuite program; version 2.5; http://www.bioimagesuite.org/) between the 

template MRI and the MR image of each animal. This nonlinear coregistration algorithm is 

based on the method proposed by Rueckert et al [24] with modifications [25]. Then, the MR 

and PET images of each monkey were coregistered using a rigid body registration using an 

automatically-selected PET summed image [26].

Kinetic Modeling: The primary outcome measure for this study was the total volume of 

distribution (VT or VT/fP) (mL · cm−3) [27]. Three modeling methods were used for the 

kinetic analysis of regional TACs: 1-Tissue (1T) and 2-Tissue (2T) compartment models 

[28] and multi-linear analysis (MA1) (t* = 30 min) [29], using the arterial input function. 

Data were weighted in the fits using an approximation of noise-equivalent counts for each 

frame [30]. The models were evaluated in terms of quality of fit to the data and percent 

standard error (%SE), where %SE=SE/VT × 100, and SE is the estimated parameter standard 

error calculated from the inverse of the Fisher information matrix [31]. Fit quality was 

compared between 1T and 2T models using the F test.

The test-retest variability of the volumes of distribution, VT or VT/fP, was computed as the 

average across animal of  or .

Percent change in VT (%ΔVT) from baseline to post-Nicotine was computed as

[18F]-(−)-NCFHEB non-displaceable distribution volume (VND) [27] was estimated using 

the occupancy plot [32] and [18F]-(−)-NCFHEB binding potential BPND [27] was computed 

as VT/VND−1.

3. Results

Chemistry

[18F]-(−)-NCFHEB was synthesized using the NanoTek microfluidic system followed by 

acidic cleavage of the protecting group (Scheme 1). The final product was purified by semi-

preparative HPLC, and formulated as a sterile and pyrogen-free isotonic solution for 

injection. [18F]-(−)-NCFHEB was prepared in >98% radiochemical purity and specific 

activity of 97.3 ± 16.1 GBq/μmol at the end of synthesis (EOS) (range of 65.8 – 120.2 GBq/

μmol, n = 6). The total synthesis time including HPLC separation, SepPak purification and 

formulation was ~ 140 min.
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Plasma analysis

In rhesus monkey, the radiotracer was metabolized fairly quickly, with ~43% of parent 

fraction remaining at 30 min following tracer injection, which decreased further to ~14% at 

120 min (Fig. 2). Administration of nicotine did not have a substantial effect on radiotracer 

metabolism. Plasma free fraction was high at 88.0 ±1.6 % (n = 6).

Brain imaging

After a bolus injection of [18F]-(−)-NCFHEB in rhesus monkey, substantial uptake of 

radioactivity was observed in the brain regions enriched with α4β2 nAChRs as previously 

described [21] (Fig. 3–4). Tissue kinetics was rapid, with peak uptake time of ~10 min in 

most brain regions and ~45 min in the thalamus (Fig. 3–4). The distribution of radioactivity 

in the brain was heterogeneous. The highest level was observed in the thalamus, 

intermediate level in the cortex, and the lowest level in the cerebellum (Fig. 4), in a pattern 

consistent with the distribution of nAChR in rhesus monkey brain. When the animals were 

treated with nicotine at a dose of 0.24 mg/kg, radioactivity uptake in the thalamus and cortex 

decreased to a level similar to that in the cerebellum (Fig. 3–4).

Regional TACs were first analyzed using 1T or 2T kinetic models. Visually better fits were 

obtained with the 2T model in all regions. According to the F-test, the 2T-model was 

significantly better in all cases (the minimum F2,29 statistic across all regions and studies 

was 21.1, which correspond to a p-value of < 10−5). However the 2T model did not provide 

reliable VT estimates in many cases (for 21 out of 54 fits, the relative standard error was 

>100%). Therefore, the multilinear analysis MA1 [33], which is based on the Logan 

graphical analysis, was used to achieve a better trade-off between accuracy of fits and 

stability of parameter estimates. With MA1 (t* = 30 min), the maximal relative standard 

error of VT estimates was < 4%. For the subset of data with reliable VT estimates from the 

2T model (i.e., with rSE < 20%), the 2T and MA1 VT estimates were well correlated (slope 

of regression line = 0.953, intercept = −1.007, r2 = 0.974). Regional VT estimated with MA1 

from the baseline and blocking scans are listed in Table 1. [18F]-(−)-NCFHEB VT values are 

6.4 ± 1.0, 12 ± 1.0, 13 ± 1.7, and 29 ± 4.9 mL/cm3, respectively, in the cerebellum, 

hippocampus, frontal cortex, and thalamus (n = 4). After normalization by the plasma free 

fraction fP, VT/fP values were 7.4 ± 1.1, 13 ± 1.1, 15 ± 1.9 and 33 ± 5.5 mL/cm3, 

respectively, in the cerebellum, hippocampus, frontal cortex, and thalamus (n = 4) (table 1).

Test-retest variability results for the volumes of distribution VT and VT/fP are presented in 

Table 2. The average test-retest variability across all ROIs was 14% for VT and slightly 

lower for VT/fP (13%).

The effect of nicotine on [18F]-(−)-NCFHEB binding was analyzed by the occupancy plot 

[32], using either volume of distribution VT (data not shown) or the normalized volume of 

distribution VT/fP (Fig. 5). With both volumes of distribution, the occupancy plot was almost 

perfectly linear (r2 > 0.98), indicating that the data were compatible with the hypotheses of 

the occupancy plot (common drug occupancy and non-displaceable volume of distribution in 

all ROIs). The occupancy of the target receptors by nicotine was 99.5 ± 1.4% (n = 2), 

indicating that at a dose of 0.24 mg/kg, nicotine completely blocked the specific binding of 
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[18F]-(−)-NCFHEB in the monkey brain. From the occupancy plots the non-displaceable 

volume of distribution (VND) was estimated at 5.9 ± 1.0 mL/cm3, and 6.6 ± 1.1 mL/cm3 for 

VND/fP. These VND and VND/fP estimates were 8 ± 25% and 10 ± 23% lower, respectively, 

than the volumes of distribution VT and VT/fP in the cerebellum, suggesting that cerebellum 

has some specific binding and this region may not be a perfect reference region for [18F]-

(−)-NCFHEB in rhesus monkey.

Based on the derived VND values, [18F]-(−)-NCFHEB binding potential (BPND), 

characterizing the specific receptor binding, would be ~4.1 in the thalamus, ~1 in the basal 

ganglia and 0.68–1.2 in the cortex (Table 1).

4. Discussion

Microfluidic technology has recently emerged as an efficient, automated process for the 

production of PET drugs with short-lived isotopes (such F-18, t1/2 = 109.7 min) [34–36]. 

Compared to other automated methodologies, PET microfluidic technology provides the 

unique capability to conduct multiple F-18 radiolabeling trials from a single batch of 

radioisotope, which can lead to a dramatically shortened time for process development. 

Once optimized, the strictly defined production parameters inherently yield a high degree of 

reproducibility, essential for the routine production of F-18 PET drugs as well as improved 

target radiochemical and chemical purities thanks to the small amount of precursors, 

reagents and solvents used. We capitalized on this recent technology to develop a partially 

automated synthesis of [18F]-(−)-NCFHEB. This process parallels the recent published 

procedures [37, 38], with an automated radiolabeling of an ammonium salt followed by a 

manual deprotection of the Boc protective group, but offers the key advantage to produce 

multiple doses hours apart from a single bombardment. Regular automated modules use the 

entire amount of F-18 radioactivity to produce a single dose of a particular PET drug and 

require cleaning between productions, therefore reducing the possible number of daily runs 

for this particular PET drug. Microfluidic systems can produce multiple F-18 doses by using 

partial amounts of the initial target output. The specific activity obviously decreases with 

subsequent doses, but current cyclotrons yield specific activities high enough to allow 

injection hours apart.

[18F]-(−)-NCFHEB has recently emerged as a potential candidate to image the α4β2-

nAChRs thanks to its binding selectivity in vitro and rapid uptake kinetics in vivo [19–21, 

37, 39]. We decided to further characterize this radiotracer’s pharmacokinetic and receptor 

binding profiles in rhesus monkeys before its translation to human studies.

The main goals of this study were to develop an efficient, reliable method of radiosynthesis 

for [18F]-(−)-NCFHEB, to evaluate [18F]-(−)-NCFHEB brain kinetic properties in baseline 

and nicotine blocking studies in rhesus monkey brains, and to test various models for 

quantification of [18F]-(−)-NCFHEB binding parameters. Our findings confirm the results 

previously obtained in pigs [19] and rhesus monkeys [21], and indicate that [18F]-(−)-

NCFHEB is suitable for imaging and quantification of α4β2-nAChR binding in rhesus 

monkeys in vivo and present certain advantages over [18F]2-FA. This conclusion is drawn 

from the following observations: The values of BPND observed in different brain regions 
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followed the known distribution of α4β2-like nAChRs in monkey brain [40] and were 

highest in the thalamus, moderate in the cortex and striatum, and lowest in the cerebellum. 

Estimated VT values were characterized by reasonable reproducibility with a 14% average 

variability for all regions in test-retest scans and 13% after normalization for free fraction. 

We observed no visible pharmacological effects of [18F]-(−)-NCFHEB (i.e., no changes in 

heart rate, EKG and O2 saturation) at doses up to 1.2 nmol/kg in rhesus monkeys.

Comparison between [18F]-(−)-NCFHEB and [18F]-2-FA kinetic properties in rhesus 

monkey [41, 42] and [18F]-AZAN in baboon [18] brains demonstrated comparable or 

preferable in vivo binding properties of the new radioligand. Setting aside potential species 

differences, in the non-human primate brain, [18F]-(−)-NCFHEB displayed faster kinetics 

than [18F]-2-FA, but apparently slower than [18F]-AZAN (Figure 4), with peak uptake of 

~45 min in the thalamus (vs. ~70 min for [18F]-2-FA, and 15–20 min for [18F]-AZAN). The 

uptake of [18F]-(−)-NCFHEB in the thalamus of rhesus monkeys was higher than any other 

region and then slowly cleared compared with other brain regions, which is in accordance 

with previous rhesus monkey results [21]. All the other brain regions peaked at ~10–15 min 

and decreased steadily thereafter. The clinical use of [18F]2-FA is hindered by its slow 

kinetics. The graphical analysis to quantify [18F]-2FA specific binding is region dependent 

and scan times of no less than 95, 175 and 275 min, respectively are required for the 

cerebellum, cortex and thalamus in rhesus monkeys [42] and >150 min in humans for all 

regions [43]. The time needed to reach equilibrium in a bolus plus infusion protocol with 

[18F]-2FA was even longer, as is usually the case (~360 min in humans) [11]. [18F]-AZAN 

was shown to provide reasonable estimates of VT in all brain regions within 90 min post-

injection. Our initial human studies (unpublished data) indicate that an acquisition time of 

~150 min is sufficient to obtain stable outcome measures with [18F]-(−)-NCFHEB.

Model assessment selected MA1 as the method of choice for analysis of regional TACs and 

calculation of regional VT. Nicotine at a dose of 0.24 mg/kg substantially reduced VT in all 

brain regions (with the exception of cerebellum), and resulted in minimal differences in 

uptake among brain regions. The non-displaceable volume of distribution (VND) of [18F]-

(−)-NCFHEB was estimated to be 5.9 ± 1.0 mL/cm3, and 6.6±1.1 mL/cm3 after normalizing 

by fP. To obtain a measure of specific binding signals, regional BPND values were calculated 

using this estimated VND and regional VT values from baseline scans. These findings 

confirm that [18F]-(−)-NCFHEB yields BPND values comparable to those of [18F]-AZAN 

and better than those of [18F]-2-FA in the non-human primate brain.

Conclusion

We successfully synthesized the novel nAChR radiotracer [18F]-(−)-NCFHEB using the 

NanoTek microfluidic reactor. Evaluation in rhesus monkey confirmed that [18F]-(−)-

NCFHEB satisfies the major requirements for a radioligand to be used for in vivo receptor 

imaging, such as feasibility to radiolabel with high specific activity, low level of binding 

with plasma proteins, ability to cross the blood-brain barrier and accumulate in brain regions 

enriched with the α4β2-nAChRs, reversible binding characteristics, and high ratio of specific 

to non-specific binding. Imaging data are amenable to kinetic modeling analysis using the 

MA1 method, and model-derived binding parameters display good test-retest 
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reproducibility. Taken together, these results suggest that [18F]-(−)-NCFHEB may have 

advantages over existing radiotracers for imaging the α4β2 nAChR, and its evaluation in 

humans is underway.
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Figure 1. 
Representative radioligands for nAChR.
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Figure 2. 
Unmetablized fraction of [18F]-(−)-NCFHEB in plasma after i.v bolus injection in rhesus 

monkey.
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Figure 3. 
SUV images, from 60–90 min post-injection, at baseline and after nicotine blockade.
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Figure 4. 
[18F]-(−)-NCFHEB regional time-activity curves from a baseline scan (left) and after 

nicotine (0.24 mg/kg) (right), in cerebellum (squares), putamen (diamonds), hippocampus 

(triangles), frontal cortex (cross), and thalamus (circle).
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Figure 5. 
[18F]-(−)-NCFHEB occupancy plots after nicotine blockade in two different animals: 

scatterplot of changes in VT/fP between [18F]-(−)-NCFHEB baseline scans (average of test 

and retest scans) and nicotine block scans vs. baseline VT/fP in nine regions. The slope of the 

regression is the estimated occupancy of nicotinic receptors by nicotine, and the x-intercept 

is the estimated non-specific volume of distribution VND/fP.
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Scheme 1. 
Radiosynthesis of [18F]-(−)-NCFHEB
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Scheme 2. 
Schematic drawing of the Advion NanoTek unit used for the radiolabeling of [18F]-(−)-

NCFHEB
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