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Abstract  

Dysfunction of the cardiac sympathetic nervous system contributes to the development of 

cardiovascular diseases including ischemia, heart failure, and arrhythmias. Molecular imaging 

probes such as meta-[123I]iodobenzylguanidine have demonstrated the utility of assessing neuronal 

integrity by targeting norepinephrine transporter (NET, uptake-1). However, current radiotracers 

can report only on innervation due to suboptimal kinetics and lack of sensitivity to NET in rodents, 

precluding mechanistic studies in these species. The objective of this work was to characterize 

myocardial sympathetic neuronal uptake mechanisms and kinetics of the positron emission 

tomography (PET) radiotracer meta-[18F]fluorobenzylguanidine ([18F]mFBG) in rats. Automated 

synthesis using spirocyclic iodonium(III) ylide radiofluorination produces [18F]mFBG in 24% ± 

1% isolated radiochemical yield and 30–95 GBq/µmol molar activity. PET imaging in healthy rats 

delineated the left ventricle, with mono-exponential washout kinetics (kmono = 0.027 ± 0.0026 

min-1, Amono = 3.08 ± 0.33 SUV). Ex vivo biodistribution studies revealed tracer retention in the 

myocardium, while pharmacological treatment with selective NET inhibitor desipramine, non-

selective neuronal and extraneuronal uptake-2 inhibitor phenoxybenzamine, and neuronal ablation 

with neurotoxin 6-hydroxydopamine reduced myocardial retention by 33%, 76%, and 36%, 

respectively. Clearance of [18F]mFBG from the myocardium was unaffected by treatment with 

uptake-1 and uptake-2 inhibitors following peak myocardial activity. These results suggest that 

myocardial distribution of [18F]mFBG in rats is dependent on both NET and extraneuronal 

transporters and that limited reuptake to the myocardium occurs. [18F]mFBG may therefore prove 

useful for imaging intraneuronal dysfunction in small animals. 

Keywords: norepinephrine transporter; sympathetic nervous system; cardiac imaging; meta-

[18F]fluorobenzylguanidine; positron emission tomography; fluorine-18 
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Introduction 

The autonomic nervous system (ANS) has a crucial role in governing cardiac homeostasis, 

and in regulating functions including heart rate, blood pressure, and contractility.1 The sympathetic 

branch of the ANS supplies excitatory stimuli to increase such functions above basal levels through 

the release of norepinephrine (NE) as the major postganglionic neurotransmitter, whereas the 

parasympathetic branch produces opposing effects using acetylcholine (ACh).1,2 Loss of 

autonomic regulation in favour of increased sympathetic activity and vagal withdrawal has been 

described in chronic heart failure, cardiac arrythmias, sudden cardiac death, and diabetes 

mellitus.3–6 As such, sympathetic dysfunction is considered central to many pathologies, and 

molecular imaging is used clinically for both mechanistic investigations and risk stratification in 

cardiovascular disease.2,7–11 

Currently available radiotracers used for nuclear imaging of cardiac sympathetic 

dysfunction predominantly target the norepinephrine transporter (NET) to detect defects in global 

and regional myocardial presynaptic nerve density.12 Radiolabeled neurotransmitters such as 

[11C]epinephrine, [11C]norepinephrine, [11C]phenylephrine, and fluorinated dopamine derivatives 

can be imaged by positron emission tomography (PET) and exhibit high selectivity and rapid 

uptake by NET, but are complicated by both peripheral and intraneuronal metabolism giving rise 

to multiple substrates with distinct kinetics and target affinities.13 These challenges were overcome 

with the development of structural analogs lacking catechol functionality such as the substituted 

amphetamine derivative meta-[11C]hydroxyephedrine ([11C]HED), and benzylguanidines meta-

[123I]iodobenzylguanidine ([123I]mIBG, used for lower resolution single-photon emission 

computed tomography or planar scintigraphy) and [18F]flubrobenguane ([18F]FBBG, formerly 

[18F]LMI1195, Figure 1).14 While NET-mediated neuronal retention provides excellent cardiac 
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imaging contrast for these analogues, rapid uptake kinetics hinder the accurate quantification of 

sympathetic nerve abnormalities and cannot report on neural tone, thus necessitating the continued 

development of sympathetic nervous system (SNS) radiotracers which are easily accessible and 

possess favourable myocardial kinetics.15–18 To this end, another benzylguanidine, meta-(3-

[18F]fluoropropyl)benzylguanidine ([18F]mFPBG), has been developed for more facile alkyl 

radiofluorination and has shown utility for neuroblastoma imaging and preclinical cardiac 

imaging.19 

More recently, radiotracer candidates bearing a phenethylguanidine core (Figure 1) have 

exhibited slower neuronal uptake rates in human imaging while maintaining irreversible kinetics 

due to vesicular trapping mediated by vesicular monoamine transporter 2 (VMAT2).20
  Initial 

challenges associated with nucleophilic 18F-fluorination of the electron-rich aromatic rings in 4-

[18F]fluoro-meta-hydroxyphenethylguanidine ([18F]4F-MHPG) have since been overcome using 

spirocyclic iodonium ylide radiofluorination.16,21,22 Nevertheless, [18F]4F-MHPG and its isomer 

[18F]3F-PHPG inspired the development of [18F]AF78, which retains the phenethylguanidine core 

with an appended 3-fluoropropyl ether moiety for more facile radiolabeling.23 Preliminary studies 

with [18F]AF78 have demonstrated cardiac retention in rats likely due to extraneuronal uptake 

mechanisms. However, further in vivo evaluation of this tracer is required to assess NET-

dependent uptake in rats and higher species. 
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Figure 1. Chemical structures of norepinephrine radiotracer mimics used for SNS imaging. 

meta-[18F]Fluorobenzylguanidine ([18F]mFBG) is the closest structural analogue of 

[123I]mIBG that can be used for imaging with fluorine-18 (t1/2 = 109.7 min), the most convenient 

PET nuclide for labeling, transport, and dynamic imaging of small molecules. [18F]mFBG was 

first reported in the 1990s but has not since been evaluated for cardiac SNS imaging.24 While 

analogous to [123I]mIBG, and to some extent [18F]FBBG, available evidence suggests that 

[18F]mFBG possesses lower affinity for NET, as well as reduced lipophilicity and serum protein 

binding.25 Given these attributes, [18F]mFBG may exhibit slower uptake into tissue, with 

distribution less dependent on tissue perfusion. This hypothesis is consistent with observable 

myocardial washout in [18F]mFBG human imaging,26 in contrast to the very slow washout kinetics 

that [123I]mIBG displays,27,28 and irreversible cardiac uptake of [11C]HED and [18F]FBBG.29 We 

were further attracted to [18F]mFBG by its potential for faster myocardial clearance and slower 

reuptake as it may provide critical information on sympathetic tone and improvements in 

quantification of neuronal dysfunction.29 
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However, due to synthetic challenges associated with radiofluorination of deactivated 

arenes, the development of this compound has been gradual, with few recent reports demonstrating 

the utility of [18F]mFBG for imaging neuroendocrine tumors.26,30 New syntheses have been 

reported using either copper-mediated radiofluorination or diaryliodonium salt precursors, both of 

which are accompanied by technical challenges related to automation and access to 

precursors.26,31–34 In addition, [18F]mFBG is often obtained using biocompatible HPLC eluent, 

resulting in dilute activity concentrations that present an obstacle for routine production and small 

animal imaging studies. Using our previously reported methodology, we sought to develop an 

improved practical synthesis of [18F]mFBG by spirocyclic iodonium ylide (SCIDY) 

radiofluorination.35 The SCIDY precursor is prepared in three steps from commercially available 

reagents, radiolabeled, and subsequently reformulated using a carboxymethyl (CM) ion exchange 

resin to obtain the tracer in activity concentrations >370 MBq/mL, suitable for transport and 

imaging. The enhanced accessibility of this radiotracer prompted us to evaluate its 

pharmacokinetic properties and utility for cardiac SNS imaging in Sprague Dawley (SD) rats. Our 

in vivo and ex vivo evaluation includes PET imaging to assess tissue contrast and myocardial 

kinetics, metabolite analysis to gauge tracer stability, biodistribution to determine tracer 

localization, pharmacological blocking studies using desipramine (DMI) and phenoxybenzamine 

(PBZ), and chemical sympathectomy with 6-hydroxydopamine (6-OHDA) to study tracer uptake 

mechanisms. 

Results and Discussion 

Automated radiosynthesis of [18F]mFBG in high activity yields. The synthetic route to obtain 

the precursor was first described by Rotstein et al.35 Briefly, synthesis of the radiolabeling 

precursor began by guanylation of meta-iodobenzylamine to form the partially protected meta-
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iodobenzylguanidine 1 in 56% yield (Scheme 1). Following complete protection to afford 

compound 2 (92%), the intermediate was oxidized using Selectfluor and trimethylsilyl acetate,36 

followed by the addition of spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd, 3) to obtain the SCIDY 

precursor 4 in 54% yield (Scheme 1). Precursor stability studies conducted by NMR spectroscopy 

only revealed decomposition of the ylide after >6 months when stored at ambient temperature, but 

no apparent degradation upon long term storage at lower temperatures (<6 °C, Table S1).  

Scheme 1. Synthetic route to prepare the SCIDY precursor. 

  

Further optimization of the previously reported radiolabeling conditions was carried out 

manually with low levels of starting radioactivity.35 Radiochemical yields were determined by 

radioTLC integration of product peaks and unreacted [18F]fluoride. This two-step radiosynthesis 

first incorporates [18F]fluoride by nucleophilic substitution, followed by acidic deprotection 

(Scheme 2). Radiofluorination of 4 in the presence of tetraethylammonium bicarbonate (TEAB) 

in DMF afforded the desired intermediate [18F]5 in 42 ± 11% yield after 5 minutes (Figure 2A). In 

line with previous studies on SCIDY radiofluorination, prolonged reaction times or elevated base 

concentrations above the optimal range of 4–6 equiv. had deleterious effects on precursor stability 
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and radiochemical yield (RCY, Figure 2B).22,35,37 Higher overall yields were observed in DMSO 

after 10 minutes (55 ± 9%) compared to DMF (Figure 2A), while replacing TEAB with potassium 

carbonate and Kryptofix® (K2CO3/K2.2.2) led to markedly lower yields in either solvent (<7%, 

Table S2). Nearly quantitative disappearance of protected intermediate [18F]5 in the presence of 

12 M HCl was observed after 5 minutes to form the desired product [18F]6 ([18F]mFBG). 

Previously described radiofluorination reactions with iodonium ylides using Meldrum’s acid as an 

auxiliary have suggested the formation of radiolabeled regioisomers as byproducts.38 We prepared 

authentic standards of both ortho- and para-fluorobenzylguanidine and did not detect these 

radiochemical impurities from SCIDY radiofluorination (Figures S2-S3). In summary, [18F]mFBG 

was formed with high selectivity, and synthesized in 53% RCY within 15 minutes. 
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Figure 2. Optimization of [18F]5 radiofluorination and [18F]mFBG reformulation conditions. Dependence on (A) 

solvent (n = 1–4), and (B) base concentration (n = 2–4). Conditions: 20 mM precursor, 200 µL DMSO, 10 min, 120 

°C. Radiochemical yield of [18F]5 determined by radioTLC integration of product peaks and unreacted [18F]fluoride. 

Product identity was confirmed by radioHPLC and co-injection of nonradioactive standard. (C) Dependence of 

[18F]mFBG reformulation efficiency (RE) on influent pH (n = 6). RE is defined as the product of the trapping and 

elution efficiencies. (D) Volume of saline required for [18F]mFBG elution (n = 6). 

Using the optimized conditions, an automated two-step production of [18F]mFBG was 

performed using the GE TRACERlab FX2N radiosynthesis module with in-line semi-preparative 

HPLC purification (Scheme 2, Figures S5-6). Following purification, we screened commercially 

available resins to concentrate the radiotracer. We observed no retention of [18F]mFBG on 

commonly used C18 and HLB solid phase extraction cartridges. However, the weak ion-exchange 
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CM resin showed greater promise for trap and release reformulation during initial screening, 

enabling the isolation of [18F]mFBG in high activity concentrations. Unsurprisingly, we noted a 

dependency of activity retained by the CM resin on the pH of the influent solution collected from 

semi-preparative HPLC purification (Figure 2C). At pH >7, we noted poor REs (<25%), while a 

mildly acidic pH resulted in a steep increase to 48 ± 4%. Nearly quantitative retention (98 ± 1%) 

was achieved at pH ≤5, followed by complete elution of [18F]mFBG in a maximum of 4 mL of 

physiological saline in activity concentrations >370 MBq/mL (Figure 2D). Satisfied with the 

quality of our reformulation, the entire production was then automated to reliably obtain the 

radiotracer in 55–65 minutes from the beginning of synthesis, in an isolated decay corrected yield 

of 24% ± 1% and in high molar activity (30–95 GBq/µmol), suitable for our preclinical evaluation 

(Scheme 2). 

Scheme 2. Automated radiosynthesis of [18F]mFBG. 

   

 

[18F]mFBG exhibits cardiac uptake in SD rats. Dynamic PET scans were performed over 60 

minutes to assess the cardiac imaging quality and myocardial kinetics of [18F]mFBG in male SD 
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rats following intravenous injection of the tracer in the lateral tail vein (Figure 3). The images 

show uniform uptake in the left ventricle (LV) that peaks at >3.0 SUV from 2.5–5 minutes. 

Minimal bone uptake was observed and did not interfere with quantification of LV activity 

(Figures S8-S9). While liver uptake remained constant after 30 minutes (2.69 ± 0.04 SUV), cardiac 

activity decreased monoexponentially after peak uptake (r2 = 0.93, 5–55 min), with an observed 

kmono = 0.027 ± 0.0026 min-1 and Amono = 3.08 ± 0.33 SUV. Increased LV clearance of [18F]mFBG 

is likely due to its reduced NET affinity (as measured in vitro) and lipophilicity in comparison to 

other benzylguanidine radiotracers,25 since [123I]mIBG and [18F]FBBG display slow washout or 

irreversible uptake in rat myocardium.39 Structure-activity relationships of benzylguanidines with 

respect to NET are complex, though it has been appreciated that meta-bromo or -iodo substitution 

and para-hydroxy or -alkoxy substituents are associated with NET-mediated uptake.40 In this 

context, the observed faster clearance of [18F]mFBG compared to [123I]mIBG and other reported 

analogues is in line with expectations and in vitro measurements. Considerable radiotracer washout 

from the myocardium over the course of a dynamic PET scan enables the use of readily available 

kinetic analyses such as kmono and Logan plots for quantitative interpretation. Encouraged by the 

in vivo cardiac time-activity profiles, we next sought to better understand the mechanisms of 

[18F]mFBG distribution. 
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Figure 3. In vivo baseline PET imaging of the myocardium in SD rats. (A) Representative myocardial PET images 

and (B) corresponding time-activity curves (n = 5). 

Ex vivo biodistribution studies were performed in male rats under baseline conditions at 30 

minutes following intravenous radiotracer administration via the lateral tail vein, after blood pool 

activity stabilized (Table 2). As expected, high uptake in the myocardium was detected (3.12 ± 

0.61 %ID/g) along with considerable distribution to other innervated organs such as the lung (1.12 

± 0.28 %ID/g), spleen (0.96 ± 0.22 %ID/g), adrenal gland (1.56 ± 0.36 %ID/g), and thyroid (1.25 

± 0.24 %ID/g). Renal retention (0.85 ± 0.03 %ID/g) predominated over hepatic retention (0.56 ± 

0.27 %ID/g), and moderate bone uptake (0.85 ± 0.21 %ID/g) was observed in the femur, likely 

due to in vivo defluorination and consistent with previously reported findings on [18F]mFBG and 

related benzylguanidines.32,39 The heart to blood (H:B) ratio was found to be 13.12, similar to 

[123I]mIBG and [18F]FBBG, despite lower NET affinity discussed above.39 We conducted the same 

experiment on female rats (Table 1), and observed comparable retention in all organs except for 

the kidney (0.63 ± 0.09 %ID/g, p = 0.035). 
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Table 1. Ex vivo biodistribution in SD rats at 30 minutes. 

 %ID/g 

Organ 

Baseline 
uptake 

Uptake-1 
blockade 

Uptake 1 + uptake 2 
blockade 

Male Female Vehicle DMI PBZ 

Heart 3.12 ± 0.61 3.08 ± 0.59  3.45 ± 0.69 2.40 ± 0.23 * 0.85 ± 0.12 * 

Liver 0.56 ± 0.27 0.90 ± 0.46  0.54 ± 0.28 0.88 ± 0.33  0.64 ± 0.16  
Kidney 0.85 ± 0.03 0.63 ± 0.09 * 0.87 ± 0.05 0.72 ± 0.18  5.05 ± 0.49 * 

Lung 1.12 ± 0.28 1.26 ± 0.14  1.07 ± 0.35 0.75 ± 0.16  1.18 ± 0.15  

Blood 0.24 ± 0.02 0.24 ± 0.08  0.26 ± 0.03 0.18 ± 0.07 * 0.27 ± 0.03  
Spleen 0.96 ± 0.22 1.03 ± 0.21  0.99 ± 0.25 0.44 ± 0.11 * 0.74 ± 0.10  

Adrenal 1.56 ± 0.36 1.50 ± 0.16  1.59 ± 0.43 0.58 ± 0.37 * 0.12 ± 0.02 * 
Thyroid 1.25 ± 0.24 1.77 ± 0.68  1.29 ± 0.27 1.31 ± 0.36  1.37 ± 0.16  

Bone 0.85 ± 0.21 0.77 ± 0.07  0.89 ± 0.24 0.59 ± 0.36  0.79 ± 0.16  

H:B 13.12 ± 0.61 13.50 ± 3.48 13.27 ± 2.43 14.24 ± 1.50 3.40 ± 0.24 * 

Animal 
weight (g) 

111 ± 6 107 ± 3 125 ± 8  111 ± 10 100 ± 1 

* Statistical significance (p < 0.05) reached by unpaired t-test comparing sexes (male and female, n = 4), and vehicle 

(n = 5) to uptake-1 blockade (DMI 1 mg/kg, n = 5), and uptake-1 + uptake-2 blockade (PBZ 27 ± 3 mg/kg, n = 3).  

[18F]mFBG is intact in SD rat myocardium. Next, we assessed the in vivo stability of [18F]mFBG 

at the 30-minute time-point in myocardium and plasma samples (Figure 4A). Activity from the 

myocardium was extracted by homogenization, and metabolites were separated using reversed-

phase HPLC. Fractions were collected every minute and radioactivity was quantified using a 

gamma counter. The parent compound accounted for 98 ± 1% and 97 ± 1% of myocardial uptake, 

with extraction efficiencies of 76 ± 3%, and 78 ± 2%, for males and females, respectively. These 

findings are consistent with previous reports on related NET radioligands and demonstrate 

selective uptake and limited myocardial metabolism of the radiotracer.18,41,42 Concurrently, 

[18F]mFBG-associated activity was assessed in plasma following separation and protein 

precipitation of whole blood samples obtained via cardiac puncture. The parent fraction 

represented 22 ± 4 % and 20 ± 2% of total radioactivity with extraction efficiencies of 82 ± 2% 

and 81 ± 3% in males and females, respectively (Figure 4A). This is in marked contrast to the 90% 

parent fraction in plasma reported during human imaging experiments conducted by Pandit-Taskar 

et al.,26 and likely arises from more aggressive peripheral metabolism in rodents. Lastly, we 
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investigated the stability of [18F]mFBG in human serum (Figure 4B), incubated at 37 °C and 

aliquoted samples for HPLC analysis at 0, 15, 60, and 120 minutes. Up to a 2-hour incubation, the 

tracer was found to remain 99% intact. 

  

Figure 4. Percent intact [18F]mFBG in (A) myocardium (n = 2), and plasma (n = 4) at 30 minutes in vivo, and (B) 

human serum in vitro (n = 1). 

[18F]mFBG uptake is dependent on uptake-1 and uptake-2 transporters. To determine the 

uptake mechanisms of this tracer, animals were pre-treated with vehicle, desipramine (DMI, 1 

mg/kg, iv), or phenoxybenzamine (PBZ, 27 ± 3 mg/kg, iv) 10 minutes prior to [18F]mFBG 

administration and sacrificed at the 30-minute time-point (Table 1). DMI has been extensively 
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evaluated in rodents and humans as a potent and selective NET inhibitor, while PBZ inhibits both 

neuronal and extraneuronal uptake non-selectively.12,43–45 Ex vivo tissue counting experiments 

revealed 31% and 76% reductions in myocardial uptake with DMI (2.40 ± 0.23 %ID/g, p = 0.01), 

and PBZ (0.82 ± 0.12 %ID/g, p <0.0001), respectively, in comparison to vehicle (3.45 ± 0.69 

%ID/g). In vivo PET imaging recapitulated these findings (Figure 5A), and time-activity curves 

revealed an increase in kmono (accelerated washout) following DMI pre-treatment (0.058 min-1 vs 

0.020 min-1, p = 0.044). Uptake-1 and uptake-2 blockade also significantly reduced tracer retention 

in the blood pool and other innervated organs (Table 1). 
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Figure 5. Representative in vivo myocardial PET imaging in SD rats following (A) pre-treatment (n = 1-3) and (B) 

chemical sympathectomy (n = 1-3). 

To provide additional evidence for tracer uptake in cardiac sympathetic neurons, chemical 

sympathetic denervation using 6-OHDA was performed on rats following an established treatment 

cycle.46–48 [18F]mFBG was administered one week after the last 6-OHDA treatment, and organ 

uptake was measured ex vivo (Table 2). Myocardial tracer retention was reduced by 36% (1.32 ± 

0.27 %ID/g, p = 0.02) relative to vehicle controls (2.04 ± 0.07 %ID/g). Notably, 6-OHDA 

treatment also reduced uptake in the spleen (0.30 ± 0.04, p <0.0001), and lowered the H:B ratio to 

11.11 ± 2.21 compared to 17.20 ± 2.22 in vehicle treated rats (p = 0.01). The magnitude of the 
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observed reduction of myocardial uptake with 6-OHDA treatment is consistent with the results 

obtained from DMI blocking experiments, indicating that [18F]mFBG localizes within myocardial 

sympathetic neurons, mediated by NET. Representative PET images and time-activity curves for 

this treatment group further illustrate reduced LV myocardial uptake, with kmono values remaining 

unaffected (Figure 5B). 

We also performed autoradiography on mid-ventricular myocardial sections prepared from 

the same cohort of vehicle, PBZ, and 6-OHDA-treated rats (Figure 6). Comparable results were 

obtained by ex vivo autoradiography experiments, displaying high uptake of [18F]mFBG 

throughout the LV (14.3 ±1.9 %ID×kg/m2), in comparison to those pre-treated with PBZ (3.49 ± 

0.99 %ID×kg/m2, p = 0.02). Similarly, reduced uptake was observed in animals treated with 6-

OHDA (8.07 ± 0.54 %ID×kg/m2, p = 0.04) in comparison to vehicle controls (15.47 ± 2.10 

%ID×kg/m2). The uptake in the LV was observed to be homogenous in all samples. A reduction 

in myocardial uptake (Table 2) was also noted in rats treated with vehicle in comparison to our 

previously established baseline (Table 1) when measured in units of %ID/g. Myocardial 

sympathetic innervation is known to decrease in Wistar rats over one year in age,49 and it is 

possible that a similar phenomenon could occur in young Sprague-Dawley animals. However, the 

apparent difference was resolved when expressing the dataset as standard uptake values (SUV, 

Table S3), suggesting that variations in animal bodyweight associated with the prolonged 

treatment cycle were responsible for this change.  
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Table 2. Ex vivo biodistribution in 6-OHDA treated SD rats at 30 minutes. 

%ID/g 

Organ Vehicle 6-OHDA 

Heart 2.04 ± 0.07 1.32 ± 0.27  * 

Liver 1.50 ± 0.23 1.49 ± 0.13  

Kidney 0.63 ± 0.13 0.73 ± 0.12  

Lung 1.30 ± 0.15 1.25 ± 0.29  

Blood 0.12 ± 0.02 0.12 ± 0.00  

Spleen 1.08 ± 0.10 0.30 ± 0.04  * 

Adrenal 1.62 ± 0.29 1.41 ± 0.44  

Thyroid 1.56 ± 0.36 1.38 ± 0.35  

Bone 0.77 ± 0.25 1.01 ± 0.22  

H:B 17.20 ± 2.22 11.11 ± 2.21 * 

Animal 

weight (g) 
240 ± 12 235 ± 28 

* Statistical significance (p < 0.05) reached by unpaired t-test (n = 4).  

NET blockade with DMI in rats has previously been shown to reduce radiotracer uptake in 

the myocardium using [11C]HED and [18F]mFPBG, but not [123I]mIBG and [18F]FBBG, due to a 

dominant contribution of extraneuronal uptake-2 dependent catecholamine handling of these latter 

molecules.50–52 Consequently, NET-selective uptake with previously studied benzylguanidines is 

typically observed only in rabbits and higher species, where myocardial tracer retention is reduced 

by >60%.53 Based on our findings, neuronal and extraneuronal uptake in the rat myocardium 

account for 31–36%, and 40–45% of [18F]mFBG signal, respectively. 
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Figure 6. Ex vivo autoradiography of mid-ventricular short axis slices from SD rats at 30 minutes. (n = 2 animals per 

group). * Statistical significance reached by unpaired two-tailed t-test (p <0.05). 

Clearance of myocardial [18F]mFBG is independent of uptake-1 and uptake-2. Next, we were 

keen to determine the clearance mechanism of [18F]mFBG in the myocardium and performed 

DMI- and PBZ-chase experiments with PET imaging (Figure 7). Each pharmacological treatment 

was administered after peak LV accumulation (10 minutes after tracer injection), and differences 

in tracer washout were quantified by kmono. Animals treated with DMI chase (0.023 ± 0.004 min-1), 

and PBZ chase (0.035 ± 0.008 min-1) were not found to have significantly increased washout 

compared to animals administered vehicle chase treatment (0.027 ± 0.002 min-1). DMI chase 

insensitivity suggests minimal activity reuptake by NET, consistent with the lower affinity of 

[18F]mFBG for NET. Other benzylguanidine radiotracers have similarly shown insensitivity to 

DMI-chase treatment in higher species, which is attributed to irreversible intraneuronal vesicular 
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trapping.53 PBZ chase insensitivity supports the notion of insignificant [18F]mFBG reuptake 

through extraneuronal transporters. Based on our tracer stability results, the observed washout of 

radioactivity is unlikely to be the result of an excreted metabolite. Similarly, the high degree of 

myocardial washout over 60 minutes and good quality of monoexponential fits for these data 

suggest that selective clearance from myocytes along with neuronal retention is improbable. 

Importantly, human imaging studies, where uptake-2 contributes less to benzylguanidine uptake, 

have also revealed rapid washout uniquely for [18F]mFBG.26 Therefore, the absence of increased 

tracer washout from the myocardium upon inhibition of uptake-1 and uptake-2 mechanisms 

following peak activity accumulation suggests that [18F]mFBG clearance to plasma predominates 

over reuptake by these transporters. 

 

Figure 7. In vivo PET imaging of the myocardium in SD rats following chase dosing with vehicle, DMI, and PBZ at 

10 minutes (n = 3 per group). 

Conclusions 

A reliable and efficient automated synthesis of [18F]mFBG in high molar activity has been 

developed, enabling preclinical evaluation for cardiac sympathetic nerve imaging. Our in vivo 
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investigation of [18F]mFBG in Sprague Dawley rats showed clear delineation of the left ventricle 

with tracer washout following a monoexponential fit after 5 minutes. [18F]mFBG stability studies 

revealed >97% of the parent tracer in the myocardium with moderate parent fraction in plasma at 

an equivalent time-point. No significant differences between sexes were identified for baseline 

myocardial uptake and parent fraction in tissue or plasma. [18F]mFBG, in comparison to its 

benzylguanidine analogues [123I]mIBG and [18F]FBBG, possesses unique NET dependent 

neuronal uptake in rats evidenced by pre-treatment blockade with DMI and 6-OHDA 

sympathectomy. Extraneuronal uptake-2 dependent mechanisms also contribute significantly to 

radiotracer accumulation. These results were further supported by PET imaging and ex vivo 

autoradiography. Chase-dosing experiments with DMI and PBZ demonstrated insignificant 

radiotracer recycling in the myocardium through uptake-1 and uptake-2 transporters, which is 

distinct from the neurotransmitter analogue [11C]HED. In summary, [18F]mFBG is a promising 

radiotracer candidate that displays favourable imaging properties and unique myocardial clearance 

with the potential for accurate quantification of SNS dysfunction using PET imaging in rats and 

higher species. 

Methods 

Chemistry. The synthetic procedure for the preparation of the [18F]mFBG precursor (4), including 

the synthesis of SPIAd (3) was performed as previously described.35 

N′,N″-di(tert‐butoxy)carbonyl-meta-iodobenzylguanidine (1). A solution of 1,3-bis(tert-

butoxycarbonyl)-2-methyl-2-thiopseudourea (1.2 mmol) in DMF (0.5 mL) was added to a flask 

containing meta-iodobenzylamine hydrochloride (1 mmol) and triethylamine (3 mmol) dissolved 

in DMF (0.5 mL). The reaction was stirred at room temperature overnight, diluted with ethyl 

acetate, and washed with water (3×), then brine (3×). The organic layers were pooled and dried 
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with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by flash column chromatography (0–25% hexane/ethyl acetate) to yield the final product 

as a white solid (437 mg, 92%). 1H NMR (600 MHz, CDCl3): δ 11.53 (s, 1H), 8.58 (s, 1H), 7.67 

(s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 7.08 (t, J =7.8 Hz, 1H), 4.57 (d, J = 5.4 

Hz, 2H), 1.51 (s, 9H), 1.49 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3): δ 163.5, 156.1, 153.2, 

139.8, 136.9, 136.7, 130.4, 127.1, 94.5, 83.3, 79.5, 44.1, 28.3, 28.0, ppm. 

N,N′,N′,N″-tetra(tert‐butoxy)carbonyl-meta-iodobenzylguanidine (2). To a solution of 1 

(0.92 mmol) in THF (6.12 mL) was added N,N-dimethylaminopyridine (4.6 mmol). The reaction 

was cooled to 0 °C and di-tert-butyl dicarbonate (3.45 mmol) was added over ten minutes. The 

reaction was then stirred at room temperature for two hours and concentrated under reduced 

pressure. The residue was resuspended in ethyl acetate, and the organic layer was washed with 

water (3×). The organic fractions were collected, dried with magnesium sulfate, filtered, 

concentrated under reduced pressure, and purified by flash chromatography (0–25% hexane/ethyl 

acetate) to yield the final product as a colorless oil (571 mg, 92%). 1H NMR (400 MHz, CDCl3): 

δ 7.71 (s, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 4.93 (s, 

2H), 1.46 (s, 9H), 1.42 (s, 18H), 1.38 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3): δ 157.2, 151.1, 

147.2, 144.4, 139.8, 136.8, 136.3, 130.0, 127.2, 94.0, 84.0, 83.7, 82.0, 49.3, 28.0, 27.9, 27.8 ppm.  

spiroadamantyl-1,3-dioxane-4,6-dione (3). Malonic acid (4.8 mmol), acetic anhydride (5.1 

mmol, 0.5 mL), and H2SO4 (1 drop) were stirred at 60 °C for 15 minutes, then cooled to room 

temperature. 2-Adamantanone (4.8 mmol) was added dropwise over 0.5–1 hr, and the mixture was 

stirred at room temperature for an additional 1 hr. The reaction was concentrated under reduced 

pressure, reconstituted in   dichloromethane (DCM) then washed with water (3×), dried with 

magnesium sulfate, and filtered. The crude was concentrated under reduced pressure and 
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recrystallized using hexane and ethyl acetate to yield the final product as white crystals (680 mg, 

60%).1H NMR (600 MHz, CDCl3) δ 3.60 (s, 2H), 2.18–2.10 (m, 6H), 1.89 (s, 2H), 1.79–1.73 (m, 

6H). 13C NMR (151 MHz, CDCl3) δ 163.1, 109.6, 37.6, 36.7, 36.5, 33.5, 26.1 ppm.  

N,N′,N′,N″-tetra(tert‐butoxy)carbonyl-meta-(spiroadamantyl-1,3-dioxane-4,6-dione-5-

ylidene)iodobenzylguanidine (4). Compound 2 (1.1 mmol) was dissolved in anhydrous acetonitrile 

(ACN, 6.8 mL) and TMSOAc (2.86 mmol) was added. Then, a slurry of Selectfluor (1.43 mmol) 

in ACN (6.8 mL) was added to the reaction and left to stir overnight. The crude mixture was then 

concentrated under pressure and resuspended in DCM (10 mL). The solution was filtered by 

gravity filtration, and the filtrate was collected, concentrated, and resuspended in EtOH (4.4 mL). 

A solution of 3 (1.1 mmol) dissolved in a 10% aqueous bicarbonate solution (3.7 mL) was then 

added dropwise to the reaction. After 6 hours, the contents of the flask were concentrated under 

reduced pressure and purified by column chromatography (0–100% hexane/ethyl acetate) to yield 

the final product as an off-white powder (415 mg, 41%). 1H NMR (600 MHz, CDCl3): δ 7.86 (s, 

1H), 7.73 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.34 (t, J = 7.9 Hz, 1H), 5.00 (s, 2H), 2.41 

(s, 2H), 2.16 (s, 2H), 2.14 (s, 2H), 1.84 (s, 2H), 1.69 (s, 4H), 1.67 (s, 2H), 1.48 (s, 9H), 1.45 (s, 

18H), 1.40 (s, 9H) ppm. 13C NMR (151 MHz, CDCl3): δ 163.4, 157.2, 150.9, 147.3, 144.5, 142.0, 

132.4, 131.9, 131.7, 114.0, 107.5, 84.7, 84.1, 84.0, 82.4, 55.5, 49.5, 37.2, 35.6, 33.7, 33.5, 28.8, 

28.0, 26.5 ppm. 

meta-fluorobenzylguanidine hydrochloride (6). The non-radioactive standard (mFBG, 6) 

was synthesized following the guanylation procedure outlined for the synthesis of compound 1 

using meta-fluorobenzylamine (0.12 mmol). The partially Boc-protected intermediate (0.18 mmol, 

5a) was concentrated, and resuspended in dioxane, followed by the addition of excess 4.0 M HCl 

in dioxane. The reaction was left to stir for 15 min, and the residue was concentrated under reduced 
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pressure. The product was precipitated (5×) using methanol and tert-butyl methyl ether to yield 

the final product as a white powder (27 mg, 88%). 1H NMR (600 MHz, DMSO): δ = 8.25 (br, 1H), 

7.90-6.90 (br, 3H), 7.46-7.40 (m, 1H), 7.18-7.12 (m, 3H), 4.42 (d, J = 6.0 Hz, 2H). 13C NMR (151 

MHz, DMSO): δ = 163.5 (d, J = 244.0 Hz), 157.6, 140.9 (d, J = 7.0 Hz), 131.1 (d, J = 8.3 Hz), 

123.7 (d, J = 2.8 Hz), 114.8 (d, J = 21.0.8 Hz), 114.5 (d, J = 22.1 Hz), 43.8.19F NMR (377 MHz, 

DMSO): δ = -113.1 (s, 1F). The product was characterized in accordance with the literature.31 

Radiochemistry. Aqueous [18F]fluoride (no-carrier-added) was produced by a Siemens CTI 

Eclipse HP/RD Hybrid Cyclotron (11 MeV) via an 18O(p,n)18F nuclear reaction and delivered to a 

hot cell. A solution of TEAB (4 mg in 1 mL of MeCN) was added to an aliquot of target water (≤ 

1 mL) containing a suitable amount of [18F]fluoride in a sealed conical vial equipped with a vent 

needle. The vial was placed in a heating block and dried under nitrogen flow (passed over a P2O5-

Drieriete™ column) at 100 °C. Acetonitrile (1 mL) was added to the dried residue, and heating 

was resumed until the liquid was completely evaporated. This process was repeated three times. 

Subsequently, the contents of the vial were resolubilized in the desired solvent (0.3 mL) containing 

precursor 4 (6 mg) and then heated at the desired temperature for 5, 10, 15, or 20 min. An aliquot 

of the crude reaction was spotted onto a silica plate developed in a chamber containing ethyl 

acetate, and crude yields were determined by radioTLC. Aqueous HCl (0.2 mL, 6 or 12 M) was 

then added to the vial and heated at the desired temperature (100 °C or 120 °C) for 5, 10, 15, or 20 

min. Following completion, the reaction was partially neutralized with NaOH (0.2 mL, 8 M) and 

the mixture was sampled for radioTLC analysis. An additional sample was prepared to verify the 

yield by radioHPLC using a Waters 2695 Alliance HPLC equipped with a Phenomenex Luna 10 

µm C18(2) (100 Å, 250 mm × 4.6 mm) column, a 996 Photodiode Array Detector (Waters), and a 

Carroll & Ramsey Associates 105-S high-sensitivity radiation detector. Gradient: 1/99 10 mM 
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PBS/ACN for 1 min, linear gradient to 80/20 over 8 min, isocratic for 7 minutes, then linear 

gradient back to 1/99 over 3 minutes. Retention time: ~15 min, flow rate = 1 mL/min. 

Automated radiosynthesis. A fully automated sequence was developed on a GE 

TRACERlab™ FX2N module to prepare [18F]mFBG. The reagents were loaded as follows: TEAB 

(4 mg in 0.8 mL H2O) in vial 1; HCl (0.6 mL, 12 M) in vial 2; precursor 4 (12 mg in 0.6 mL 

DMSO) in vial 3; ACN (1 mL) in vial 4; H2O (0.6 mL) in vial 5; ACN/H2O (30/70, 1.3 mL) in 

vial 6. A Sep-pak Carboxy Methyl (CM) ion exchange cartridge (preconditioned with 10 mL of 

EtOH and 10 mL of H2O) was also installed. [18F]Fluoride (~11 GBq) was captured from the 

[18O]H2O target solution using a Sep-pak Accel Plus QMA Plus Light cartridge (preconditioned 

using 10 mL of EtOH, 10 mL of H2O, 10 mL of 0.1 M NaHCO3, and 10 mL H2O), and eluted into 

the reactor by unloading vial 1. After unloading vial 4, the reactor was heated to 80 °C for 5 

minutes, and 120 °C for 3 minutes under a nitrogen stream to yield dried [18F]TEAF. The reactor 

was then cooled to 40 °C using compressed air, before initiating the reaction by unloading vial 3. 

The radiofluorination reaction was performed at 120 °C for 10 minutes and subsequently cooled 

to 50 °C. Acidic deprotection was initiated by unloading vial 2 and heating the reactor to 120 °C 

for 5 minutes. Following cooling with compressed air, the reaction was quenched with the contents 

of vial 5 and transferred to an adjacent vial. The reactor was further rinsed with the contents of 

vial 6 and collected in the same vial. The crude mixture was purified by reversed phase HPLC 

(Phenomenex Luna 10 µm C18(2), 250 x 10 mm, isocratic 30/70 ACN/H2O + 0.1% TFA, flow 

rate of 5 mL/min). The product was collected from 13–15 min into a bulk vessel containing 20 mL 

of sterile water. The contents of this vessel were passed through the CM cartridge at a flow rate of 

2.5 mL/min and rinsed with H2O (10 mL). [18F]mFBG was eluted with physiological saline (4 mL) 

and passed through a sterile filter into a crimped vial fitted with a vent needle. Radiochemical yield 
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(RCY) was determined by decay correcting the amount of initial activity to the end of synthesis 

(EoS). Molar activity was determined by measurement of the UV absorbance of a known amount 

of radioactivity under identical HPLC conditions used to generate a calibration curve for the 

corresponding non-radioactive standard. The ratio of radioactivity (GBq) to moles (µmol) 

provided the molar activity (GBq/µmol), which was decay corrected to the end of synthesis (EoS). 

Animal care. Male and female Sprague-Dawley rats (80–110 g) were purchased from Charles 

River Laboratories (Senneville, Quebec) and housed in environmentally enriched cages with free 

access to food and water. All housing, handling, and experimental procedures were in strict 

accordance with the guidelines of Canadian Council on Animal Care and with approval of the 

University of Ottawa Animal Care Committee. Animals used in this study were 4 weeks old unless 

specified otherwise. 

PET imaging. Male and female Sprague-Dawley rats (4–8 weeks old, 80–270 g) were 

anesthetized with 2% isoflurane and placed in the PET scanner. Following a 10-minute 

transmission scan, the animals were injected with [18F]mFBG as a bolus over 30 seconds via the 

lateral tail vein and maintained under isoflurane during the imaging protocol. Whole body PET 

imaging was performed for 60 minutes (4 × 15 sec frames; 4 × 1 min frames; 10 × 5 min frames) 

using a Siemens DPET scanner. The collected emission data was corrected for attenuation and 

scatter and reconstructed using the 3D-OSEM/MAP algorithm. Volumes of interest (VOI) were 

drawn for the left ventricle and cardiac blood pool using FlowQuant™. Blood pool time-activity 

curves were created from mean values of three samples located in the left ventricle cavity, the left 

ventricle base, and the left atrium. Polar maps were also generated by FlowQuant™. Uptake values 

were obtained in nCi/cc and converted to SUV using the total injected dose and animal 

bodyweight, as shown in the time-activity curves. 
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Ex vivo pharmacological blocking studies. Male and female Sprague Dawley rats were 

anesthetized using 2% isoflurane and received lateral tail-vein injections of 4–13 MBq of 

[18F]mFBG in 0.15–0.3 mL of sterile saline (0.9% sodium chloride). For animals requiring 

pharmacological treatment, DMI (1 mg/kg), PBZ (27 ± 3 mg/kg), or saline was administered via 

the lateral tail vein 10 minutes prior to radiotracer injection. Baseline studies were conducted 

without pretreatment. Subsequently, anesthesia was stopped, and the animals were allowed to 

recover. After thirty minutes, the animals were sacrificed by CO2 asphyxiation followed by 

cervical dislocation. All organs were harvested (blood collected by cardiac puncture), weighed, 

and counted for radioactivity in a gamma counter (Hidex Automatic Gamma Counter, Energy 

window: 480–558 keV). Counts per minute (CPM) were converted to activity using a set of 

calibration standards with known activities. Percentage injected dose (%ID) was calculated from 

dividing the organ activity by the injected dose (decay-corrected) and further normalized by 

sample mass to obtain the percentage injected dose per gram tissue (%ID/g). 

Note: Due to the poor solubility of PBZ in physiological saline, a 20 mg/mL suspension 

of PBZ was prepared and filtered through a 0.45 µm filter. A known volume of the effluent was 

sampled on a Waters Xevo TQD with an Acquity UPLC H-Class Plus system, and the 

concentration of the solution was determined using a calibration curve (Figure S11). 

6-OHDA treatment. Male Sprague Dawley rats (80–110 g) were acclimatized for one week upon 

arrival, then given the previously reported treatment cycle (Figure S7).46 Briefly, animals were 

treated with either vehicle (saline + 0.1% ascorbate) or 6-OHDA via the lateral tail vein as a bolus 

injection. Animals were dosed twice on day 1 (morning and afternoon, 50 mg/kg), and twice on 

day 7 (morning and afternoon, 100 mg/kg). On day 14,  the animals were administered [18F]mFBG, 
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and organs were harvested, counted for radioactivity, and weighed. Alternatively, vehicle and 6-

OHDA treated rats were subject to PET imaging, as previously described. 

Parent Fraction in Plasma and Myocardium. Male and female Sprague Dawley rats (80–110 g) 

were injected with [18F]mFBG. Blood samples (500–1200 µL) were obtained via cardiac puncture 

at the 30-minute time-point and placed in a heparinized tube. Samples were centrifuged at 4 °C for 

7 minutes at 4000 rpm, and the plasma fraction was isolated. Protein free plasma (PFP) was 

obtained by the addition of an equal volume of ice-cold ACN, followed by centrifugation at 4 °C 

for 5 minutes at 4000 rpm. The myocardium was perfused with 15 mL of 1× PBS, cut into small 

pieces, and placed into separate tubes containing a 50/50 mixture of ACN/H2O. The tubes were 

placed in an ice bath and homogenized using a Fisher Scientific PowerGen 125 (125 W, 115 V, 

50/60 Hz) adapted with a sawtooth, 7 × 95 mm generator. Samples were then centrifuged at 4 °C 

for 5 minutes at 4000 rpm. For both plasma and myocardium preparations, additional extractions 

were performed until extraction efficiency was ≥70%, as measured on a gamma counter. The 

supernatants were then filtered through a 0.22 µm filter, spiked with non-radioactive standard (10 

µL, 1 mg/mL), and injected onto the analytical radioHPLC. Fractions were collected every minute, 

for 20 minutes, and placed on the gamma counter to determine the total activity in each fraction. 

Autoradiography. Sprague Dawley rats were administered vehicle or pharmacological treatment 

prior to receiving [18F]mFBG, as described above. After 30 minutes, hearts were perfused with 15 

mL of 1× PBS and harvested. Samples were embedded with OCT, flash frozen, sliced into 10 µm 

sections using a Thermofisher Science Microm HM 550 cryostat. Tissue sections from the apex to 

the base were obtained by slicing along the short axis of the heart. The sections were immediately 

exposed to a super-resolution Storage Phosphor Screen (BAS-IP SR 2025 E) in an Electrophoresis 

Systems Autoradiography Cassette (FBXC 810) overnight. The images were obtained using a 
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Cyclone Plus Storage Phosphor System and images were analyzed using OptiQuant. ROIs were 

drawn for the whole myocardium and digital light units (DLU) were converted to activity using a 

using a set of calibration standards with known activities on the same screen. Percentage injected 

dose (%ID) was calculated by dividing the ROI activity by the injected dose (decay-corrected) and 

further normalized by area (m2) and animal weight (kg) to obtain weight-normalized activity 

density (%ID×kg/m2). 

Statistical Analysis. Statistical analysis was performed using GraphPad Prism. Significance was 

set at the 0.05 level. The data are presented as mean ± standard deviation. Differences between 

two groups were tested using a 2-tailed unpaired Student’s t-test.  

Associated Content 

Supporting Information. General experimental information; synthetic procedures and 
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