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Abstract 
Introduction: Conventional metabolite analyses often require manual sample 
preparation, generating variability of measurements. This study describes a 
new method to quantify radiometabolites in blood, combining ultra high 
performance liquid chromatography (UHPLC) and turbulent flow chroma-
tography, an alternative fully automated process allowing analyte’s extraction. 
Methods: A new radiotracer for dopamine transporter imaging, namely 
LBT-999, was used to demonstrate the method’s robustness. Matrix effect, 
Turboflow column loading, linearity, specificity and precision were evaluated 
with in vitro samples of LBT-999 in human plasma. Radiodetector sensitivity 
and preliminary evaluation were respectively determined by analysis of cali-
brated samples of [18F]LBT-999 and blood samples from 4 healthy subjects 
injected with [18F]LBT-999, withdrawn at 5, 15, 30 and 45 min pi. Results: 
With three sequential loadings (3 × 100 µL) of the Turboflow column, mean 
coefficients of variation were 1%, below 2%, 2% and 30.9% for matrix effect, 
specificity, repeatability and intermediate precision, respectively. Correlation 
coefficients for linearity were superior to 0.97. Limits of detection and quanti-
fication of the radiodetector were fixed at 3 and 9 c/s. Retention times for 
[18F]LBT-999 and the two radiometabolites detected by radio-UHPLC were 
6.5, 4.8 and 9.6 min. Forty-five min after the injection, parent fraction was 
still predominant with 57.8% ± 25% of the total radioactivity. Conclusions: 
An innovative approach, allying UHPLC and Turboflow column, was developed  
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and its sensitivity, linearity, specificity and repeatability validated. Prelimi-
nary results of the clinical trial are in accordance with literature data, demon-
strating its efficiency in radiometabolites quantification. 
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1. Introduction 

Positon Emission Tomography (PET) is a molecular imaging technique used in 
nuclear medicine, to visualize, characterize and measure biological processes at 
the molecular and cellular levels [1] allowing for both anatomical and functional 
imaging [2]. PET explorations, prescribed for diagnosis in stratified medicine 
approaches [3] or therapy purposes, rely on the use of radiopharmaceuticals. 
These drugs, labelled with β-emitter isotope like fluorine-18 or carbon-11, are 
highly selective of the targeted biomarker, which imparts its molecular specifici-
ty to the PET exploration. 

PET images do not only give access to qualitative images, but also to quantita-
tive values of tracer’s uptake by the brain, which generally requires the determi-
nation of the input function, the arterial blood activity, to deduce pharmacoki-
netic parameters [4] [5]. Thus, the density of a molecular target can be appre-
hended in a specific region. However, like any other drug, radiopharmaceuticals 
are metabolized in vivo, leading to different chemical structures carrying the ra-
dioisotope that PET cameras won’t be able to discriminate [6]. These various 
molecular sources of β-emission may hamper the accurate quantification of PET 
measurement. 

Metabolism is the physiological way to eliminate a substance from tissues and 
bloodstream; drugs are degraded into small fragments by physicochemical 
transformations [7] operated by enzymes, mostly in the liver, the blood or the 
brain [8]. Hydrolysis of the bond between the radionuclide and the vector is a 
common problem in in vivo transformation of radiopharmaceuticals (defluori-
nation, dealkylation ∙∙∙) because free radionuclides may jeopardize images’ inter-
pretation due to their tropism for specific tissues or organs. The high uptake of 
fluorine-18 (18F) by bones and particularly the skull, may generate an important 
partial volume effect and thus affects PET spatial resolution and images quanti-
fication [6]. Metabolism can also result in fragments still carrying radioisotopes, 
called radiometabolites, which can be challenging in two ways. Radiometaboliza-
tion may preserve affinity of the metabolite for the target, which can interfere 
with the parent molecule uptake by competition phenomena or generate noise, 
depending on lipophilicity of the metabolite and ability to cross the blood-brain 
barrier (BBB), to bind to other receptors, aggregates or enzymes. This is particu-
larly challenging in brain PET imaging, where the quantification of radiophar-
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maceuticals’ uptake directly correlates with neuronal density. It is then crucial to 
characterize brain ingress of troublesome radiometabolites, in order to apply 
correct quantification parameters. Metabolism studies are essential for the com-
plete characterization of a radiopharmaceutical drug, and are a key step in the 
development process for clinical use. 

Historically, thin layer chromatography (TLC) was the first technique used in 
order to separate radioactive compounds [9]. TLC separation is due to interac-
tions of the compounds of interest, depending on its relative distribution be-
tween two non-miscible phases; a solid stationary phase consisting of an adsor-
bent coated on a plate, foil or sheet, and a liquid mobile phase which is drawn up 
the plate by capillary action. This approach is easy to implement, rapid, cheap 
and all the radioactivity of the deposit will be detectable without any loss of in-
formation. TLC is to date a relevant method routinely used in radiopharmacy 
departments, for daily determination of the radiochemical purity of radiophar-
maceuticals. However, TLC is mostly a qualitative technique, since peak resolu-
tion, precision and repeatability are limited. Because of these limitations, TLC is 
not suitable for metabolism studies. 

To date, the reference method for radiometabolites studies is High Perfor-
mance Liquid Chromatography (HPLC), coupled to radioactivity detection. 
Analyses are highly reproducible and allow the quantification of narrow peaks or 
even rider or shoulder peaks, which is not possible with TLC. However, blood 
samples cannot be directly injected into the HPLC system; this technique re-
quires a mostly manual sample preparation step for both matrix removal and 
decrease in risk of column clogging. Therefore, the blood is centrifuged, the ob-
tained plasma is mixed with an organic solvent to precipitate plasmatic proteins, 
and then centrifuged again [10]. The resulting supernatant, containing the mo-
lecules of interest, is injected in the HPLC system. This relatively long prepara-
tion process combined with the short half-lives (110 min for fluorine-18, 20 min 
for carbon-11) of PET radiotracers may cause a loss of information, especially 
for the late time points of PET imaging protocols. Furthermore, the multistep 
blood extraction could lead to losses or modifications of information, inducing a 
bias in analysis repeatability. 

Thus, to overcome these limitations, we applied an alternative approach to 
explore radiopharmaceuticals metabolism over time, allowing a more efficient 
sample preparation with shorter analysis time, and better compounds separation. 
An online sample preparation system based on turbulent flow chromatography 
(TFC) was first used to extract the molecule of interest from the matrix, the latest 
being eliminated. The extracted sample was then injected into the analytical col-
umn of an Ultra HPLC (UHPLC) system for chromatographic separation with ra-
dio and UV detection. The tracer used in the accomplishment of this work was a 
new PET radiopharmaceutical: (8-((E)-4-fluoro-but-2-enyl)-3-beta-p-tolyl-8- 
aza-bicyclo[3.2.1]octane-2-beta-carboxylicacid methyl ester) or [18F]LBT-999 
(Figure 1), a tropane derivative with high affinity for the Dopamine Transporter  
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Figure 1. Structure of [18F]LBT-999. 

 
(DAT). It has a great clinical potential in the exploration of dopaminergic neu-
rodegenerative diseases and its metabolism has already been described in ro-
dents [11], non-human primates and ex vivo on human liver microsomes [12]. 

The aim of this study was the validation of this new approach using UHPLC 
to quantify interfering radiometabolites in plasma of human subjects, after ad-
ministration of PET radioligands. First, this manuscript describes the validation 
process of all the parameters of the new bioanalytical method in order to dem-
onstrate the performance and reliability of its results [13] [14], thus fulfilling 
ICH requirement about the use of a technique to support the registration of a 
new drug. Then, we present the preliminary results of [18F]LBT-999 metaboliza-
tion study in healthy human subjects, carried out concurrently with in vivo PET 
explorations. 

2. Materials and Methods 
2.1. Chemicals and Reagents 

Chemicals used for chromatography analysis were certified UHPLC grade. Ace-
tonitrile was purchased from VWR (Radnor, PA, USA), trifluoroacetic acid from 
Fisher Chemicals (Waltham, MA, USA), and water was obtained by Milli-Q pu-
rification (Simplicity SimPack®, MerckMillipore, MA, USA). [19F]LBT-999 was 
prepared and characterized by Villapharma (Spain) and externally qualified by 
Filab (Dijon, France). 

2.2. Radiolabelling 

Tests and validation were performed with radioactive ([18F]LBT-999) and 
non-radioactive ([19F]LBT-999) samples of LBT-999, both formulated in human 
plasma, and in concentration mimicking in vivo amount in case of patient injec-
tion. The radiolabeling process of LBT-999 with fluorine-18 using a TRACERlab 
FX-FN synthesizer was derived from previously published methods [11] [15], 
with a mean yield of 35% (decay corrected) and a mean molar activity of 143.7 
GBq/µmol. 

2.3. Online Sample Preparation System 

Plasma samples, obtained by centrifugation of the blood (HeraeusTM MegafugeTM 
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16R, Thermo Fisher Scientific, Waltham, MA, USA) at 2000 g for 10 min at 
20˚C, were treated automatically by TFC using an online Turboflow column 
(Thermo Fisher Scientific, XL C18-P, 1.0 × 50 mm column, Waltham, MA, 
USA) which eliminated the matrix before the injection of the molecule of inter-
est onto the analytical column. Ultrapure water (C) and acetonitrile (D) were 
used as mobile phase at 4 mL/min, according to the following gradient: 0 - 6 min 
C:D 100:0 v/v; 6 - 9 min C:D 80:20 v/v; 9 - 15 min C:D 100:0 v/v. During the first 
1.5 min, the Turboflow column was loaded with the sample and the matrix 
eliminated. Then, the valve was switched to transfer the pre-purified sample into 
the analytical column. During the analysis, the Turboflow column was washed 
and reconditioned in ultrapure water for the next run. 

In order to improve the sensitivity of analysis and to evaluate the extraction 
efficiency of LBT-999 from plasma by turbulent flow, increasing amounts of 
samples were injected in duplicate, using one to six sequential loading steps of 
100 µL each. A solution of 18 µg/mL was used for this study. This concentration 
is representative of the concentration range determined in vivo by UV detection 
at 220 nm. A possible carryover effect was also examined by successively inject-
ing LBT and acetonitrile samples. 

2.4. UHPLC 

Method validation tests and radiometabolites analysis were conducted using a 
biocompatible UHPLC system Ultimate 3000RS (Thermo Fisher Scientific, 
Waltham, MA, USA), consisting of one analytical micro pump HPG-3400RS, 
one loading pump LPG-3400RS, one thermal compartment TCC-3000RS with 
two switching valves, one autosampler WPS-3000TRS, and two serially con-
nected detectors: one UV/Visible detector VWD-3400RS, equipped with a 11 µL 
flow cell, and one radioactivity detector FlowStar LB513, equipped with a 
BGO-X 150 µL detection cell (Berthold Technologies GmbH & Co. KG, Thoiry, 
France). Analysis were carried out with an analytical C18 reverse phase column 
(Hypersil Gold® 2.1 × 100 mm, 1.9 µm, Thermo Fisher Scientific, Waltham, MA, 
USA), protected by a guard column (Security Guard™ ULTRA, Phenomenex®, 
Torrance, CA, USA). Trifluoroacetic acid 0.1% (A) and acetonitrile (B) were 
used as the mobile phase at 350 µL/min, according to the following gradient: 0 - 
1.5 min A:B 90:10 v/v; 1.5 - 6 min A:B 90:10 → 50:50 v/v; 6 - 8 min A:B 50:50 v/v; 
8 - 8.3 A:B 50:50 → 90:10 v/v; 8.3 - 15 min A:B 90:10 v/v. The total run time was 
15 minutes. Data acquisition and processing were performed with Chromeleon 
7.2 software (Thermo Fisher Scientific, France). 

2.5. Automatic Gamma Counter 

During the study, UHPLC effluent is collected by time at a constant interval of 
20 s and fractions were measured during one minute with an automatic gamma 
counter (2480 Wizard2, Perkin Elmer MA, USA) to confirm the radioactivity 
detector sensitivity. 
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2.6. Validation Study 
2.6.1. Extraction Capacity and Matrix Effect 
Turboflow column ability to extract [18F]LBT-999 from plasma was evaluated by 
multiple sequential loading. The matrix effect, which is the plasma absorption 
profile at 220 nm, was also assessed; five filtrated pooled plasma samples were 
injected in triplicate (100 µL) and the mean coefficient of variation of peaks 
areas was calculated to confirm analysis repeatability. The mean UV absorption 
of plasma was then subtracted, point by point, from analysis of plasma samples 
with LBT-999. 

2.6.2. Linearity and Specificity 
Linearity was determined by triplicate analysis of six solutions of LBT-999 in 
plasma, between 9 and 45 µg/mL, representative of the concentration range de-
termined in vivo with UV detection at 220 nm. The calibration curve was con-
structed to compare injected amount to peak areas. 

Specificity was evaluated through the retention time (RT) of LBT-999 at 220 
nm. 

2.6.3. Precision 
The precision of the method was assessed by intra-day precision or repeatability, 
and intermediate precision. The repeatability is defined as the closeness of 
agreement of peak area between 3 series of analysis in the same operating condi-
tions over a short interval of time. The intermediate precision defines the same 
variation for two experiments carried out on two different days. Both are expressed 

as coefficients of variation (CV (%) = 
Standard deviation

Mean
). 

2.6.4. Sensitivity 
Sensitivity of the online radioactivity detector was determined by analyzing 
samples of calibrated activities. The gamma-counter was used to precisely cali-
brate samples’ activity. The value of the signal recorded by the online radiode-
tector (in cps) was then correlated to the activity of the analyzed sample. Two 
limits were set according to International Conference on Harmonization (ICH) 
guidelines [16]: the limit of detection (LOD) and the Lower limit of quantifica-
tion (LLOQ), respectively defined as 3 and 10 times the background noise (or 
signal to noise ratio S/N = 3 and S/N = 10). 

2.6.5. Statistics 
Descriptive statistical analysis was performed using Prism software (GraphPad, 
CA USA). Data from linearity were evaluated by calculating the correlation coef-
ficient (r2) of the calibration curve by linear regression. A p-value < 0.05 was in-
dicative of a statistically significant correlation. The CV of the identification pa-
rameters for LBT-999, RT, was considered acceptable if around 1%. In the context 
of the first validation steps of a bioanalytical method, higher values of CV were 
considered acceptable for quantitative parameters like amount precision [16]. 
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2.7. Clinical Study 
2.7.1. Human Subjects 
Four healthy volunteers (2 men, 2 women; age, 47 - 79 y; weight, 83.5 ± 12 kg) 
free of any neuropsychiatric or other medical condition, provided written in-
formed consent to participate to a monocentric study approved by the French 
National Agency for Medicines Safety (ref. number 141363A-12) and the local 
Ethics Committee (ref. number 2014-R29). All were subjected to a physical ex-
amination and structural brain MRI. 

2.7.2. Radiometabolite Analysis 
Concomitantly to PET acquisition, 5 mL samples of venous blood were manually 
drawn through a venous cannula in the opposite arm of injection, at 5, 15, 30 
and 45 min for radiometabolites evaluation. With the method described earlier, 
300 µL of plasma from each time-point were injected in the system for analysis. 
UHPLC effluent is collected by time at a constant interval of 20 s for parallel 
gamma-counter measurements. Proportion of unchanged [18F]LBT-999 and new 
formed radiometabolites were calculated as fraction of total areas of all detected 
peaks, based on the UHPLC radiochromatograms and gamma-counter results. 

3. Results 
3.1. Validation 
3.1.1. Turboflow Column Extraction Capacity and Matrix Effect 
Testing of the Turboflow column showed no carryover between the successive 
analysis of LBT-999 and acetonitrile. Losses of LBT-999, extrapolated from peak 
area, after multiple sequential loading on the Turboflow column were resumed 
in Table 1. Average amount of LBT-999 extracted by the Turboflow column was 
80% ± 9%. 

During the evaluation of the matrix effect, CV of peak areas of UHPLC-UV 
analysis of plasma samples were below 1%, Figure 2 presents the matrix cor-
rected UHPLC-UV profile of LBT-999 in plasma. 

3.1.2. Linearity and Specificity 
Several experiments with three sequential loading of 100 µL were performed to 
evaluate UV and radio-detection linearity; respectively three experiments with 
[19F]LBT-999 between 9 and 45 µg/mL, and one experiment with [18F]LBT-999  

 
Table 1. Effect of multiple sequential loading on the Turboflow column. 

Number of loads Extracted LBT-999 (%) 

1 100 

2 97 

3 88 

4 75 

6 41 
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between 2.4 and 8.6 kBq/mL. Linearity of LBT-999 and [18F]LBT-999 mean peak 
area are represented respectively on Figure 3 and Figure 4. Coefficients of cor-
relation r2 were respectively 0.997 and 0.972, with a p-value < 0.01. 

3.1.3. Precision 
CV expressing the repeatability of LBT-999 peak areas in UV detection were in-
ferior to 4%. The intermediate precision, evaluated by three similar experiments 
on three different days, led to a mean CV of 30.9% for each standard. 

 

 
Figure 2. UHPLC-UV (220 nm) of LBT-999 with plasma matrix correction. 
 

 

Figure 3. Linear regression of peak areas for [19F]LBT-999 by UV detection. 
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Figure 4. Linear regressionof peak areas for [18F]LBT-999 by radio-detection. 

3.1.4. Sensitivity 
The radiodetector sensitivity was established on the average noise level of 3 cps, 
setting LOD and LLOQ at 9 cps and 30 cps. Plasma samples were calibrated with 
the gamma-counter and analyzed in radio-UHPLC to determine the radiodetec-
tor limits. Mean background noise was graphically evaluated at 3 cps, and LOD 
and LLOQ were thus set at 0.3 kBq and 1 kBq, respectively. 

3.2. Clinical Study 

[18F]LBT-999 Radiometabolites analysis 
Radio-UHPLC analysis of plasma from the 4 subjects injected with [18F]LBT-999 

showed two minor radiometabolite peaks along with [18F]LBT-999 (mean RT 6.5 
± 0.1 min). The main radiometabolite was more hydrophilic than [18F]LBT-999, 
with a mean RT of 4.8 min, and the other one was more lipophilic (mean RT 9.6 
min) (Figure 5). The plasmatic fraction of intact parent molecule decreases reg-
ularly but slowly over time, from 100% at 5 min post-injection (pi) to 57.8% ± 
25% at 45 min pi; so it does remained predominant for most of the exam dura-
tion. In addition to the two above-mentioned radiometabolites revealed by ra-
dio-UHPLC, the formation of another polar radiometabolite was suspected. It 
was eluted at 2.2 min, appeared 30 min after the injection of [18F]LBT-999 and 
represented 5 to 11% of the global radioactivity. Although peaks were hardly 
emerging from the noise baseline, RT were repeatable and gamma-counter 
measurement of the fractionated eluate after radio-UHPLC separation was used 
as a gold standard to confirm the radioactivity detector results. 

4. Discussion 

This work was designed firstly for validation of a new bioanalytical method eva-
luating drug metabolism in human blood using UHPLC with prior sample preparation  
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Figure 5. Radio-UHPLC of a sample of blood withdrawn 15 minutes after the injection of [18F]LBT-999; we observed the major 
peak of [18F]LBT-999 at 6.5 min, and 2 minor peaks of radiometabolites at 4.7 and 9.1 min. 
 

limited to online deproteinization by turbulent flow clean-up, and secondly for 
the preliminary study of [18F]LBT-999 metabolism in human subjects. Lipophilic 
radiometabolites, after crossing the BBB, may interfere with the specific brain 
PET signal or increase the non-specific uptake, then altering both quantification 
and signal to noise ratio (S/N). Hence, challenging PET images interpretation 
and diagnosis accuracy. Thus, the development and implementation of a robust 
analytical method to evaluate metabolism and accurately quantify PET signal is a 
crucial step in the in vivo evaluation of a new brain PET radioligand. This 
process entails the determination and validation of several parameters condi-
tioning its liability and robustness. 

Compared to conventional HPLC, UHPLC analysis presents several advan-
tages. Indeed, UHPLC columns have smaller particles (<2 µm vs. >5 µm), which 
compels to work with higher pressure, but induces sharper peaks. Thus, analysis 
resolution is enhanced, resulting potentially in a more accurate metabolites se-
paration. Solvent consumption is also reduced thanks to lower diameter and 
length of the column (0.350 mL/min vs. 1 mL/min) and shorter run time. To op-
timize compounds separation, a gradient of mobile phase was implemented. 
Column and mobile phase were carefully chosen to avoid retention or dispersion 
in the dead volume of substances, e.g. free fluorine originating from defluorina-
tion, and allow exhaustive analysis. 

The evaluation and minimization of matrix effects, mostly due to endogenous 
phospholipids [17], is another crucial challenge in quantitative analysis. 

For each experiment, matrix absorption at 220 nm (UHPLC-UV) was deter-
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mined and subtracted from every sample analysis. An online preparation system 
ensures a better repeatability, reduces the loss of information in samples analy-
sis, and offers better radiation protection by limiting manual intervention. 
Usually, biological sample treatment procedures are protein precipitation (PPT), 
liquid-liquid extraction (LLE) and solid phase extraction (SPE). Of these three 
approaches, SPE is the one presenting the better selectivity due to its versatility. 
Automated online SPE is often used for high throughput analysis, but sorbents 
are not usually well adapted to deal with biological samples. Therefore in the 
mid 1990’s, TFC Turboflow columns, filled with large particles of stationary 
phase, were developed. They allow the use of high flow rate, lowering the mole-
cular weight exclusion cut-off during the preparation without high back pres-
sure. A turbulent flow is generated, which induces a fast transfer of small mole-
cules of interest into the pores of the stationary phase where they are retained 
depending on their affinity for the bonded phase. Due to their low molecular 
diffusion coefficient, larger molecules like phospholipids or proteins don’t dif-
fuse in these pores and are rapidly eliminated by the turbulent flow [17]. De-
pending on the loading flow rate and pH, more than 94% and 99% of proteins 
with a molecular weight greater than 1 and 15 kDa respectively, are not retained 
by the Turboflow column [18]. Thus, only the molecules of interest are trans-
ferred in the UHPLC and analyzed. As it has been demonstrated several times 
[19] [20], turbulent flow shows a better efficiency compared to LLE or SPE for 
the effective removal of plasmatic proteins in samples, is reproducible and allows 
fast sample extraction process, which deals better with the complexity of biolog-
ical samples. It also confers several other advantages. Firstly, fast analysis process 
are of crucial consideration when working with short half-time isotopes. Se-
condly, the significantly reduced amount of plasmatic protein injected into the 
system preserves it to a large extend from built-up pressure or clogging due to 
proteins deposits. Moreover, only the unconjugated drug is extracted and then 
analyzed using the turbulent flow technology. This free drug fraction is also the 
portion that crosses the BBB, which is the source of brain PET signal. Thus, it 
was of interest to conduct our experimentations with a radiopharmaceutical for 
neuroimaging applications. 

Along with the Turboflow column, another technique of sample preparation 
by PPT with zinc sulfate (ZnSO4) and methanol has still been considered to op-
timize proteins removal [21], drug extraction efficiency from plasma, detection 
sensitivity [22] and assay robustness [23]. With this non-selective pretreatment, 
recovered plasma was colorless and translucent; red blood cells were lysed and 
plasmatic proteins fully precipitated [24] [25]. Nevertheless, this additional ma-
nual step lengthens the preparation process and may lower the sample through-
put. In-house in vitro assays showed a mean recovery of 82% of [18F]FDG from 
plasma (data not shown). As an alternative to the turbulent flow system, micro-
SPE can also be used to analyze metabolites in blood samples. But, even with this 
method, a sample pretreatment including plasmatic protein precipitation is re-
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quired [26]. For radiometabolites analysis, other authors [27] used fast-LC 
which shortened greatly the run time but still required a step of sample deprote-
inization that can increase preparation variability. Direct plasma injection com-
bined with micellar cleanup in fast-LC [28] also showed promises, but was 
sparsely described in literature and more studies may be required to validate this 
approach. 

A good detection sensitivity is essential for an accurate evaluation of radi-
ometabolites; indeed, measured signals may be weak for several reasons. Firstly, 
the fast radioactive decay of the isotope, which calls for quick sampling, sample 
preparation and analysis. Secondly, experiments may be one or two hours long 
and require the analysis of several biological samples from later time points 
where even minor metabolites should be detected. And thirdly, the sample vo-
lume activity (VA), directly influenced by the blood volume of the studied spe-
cies. Thus, in preclinical metabolism studies, high VA are observed, and chal-
lenges arise only with small animals when the total amount of blood drawn is 
very low. But in humans, expected VA values are much lower. Therefore, sensi-
tivity of detection becomes a key parameter in radiometabolites evaluation and 
the analytical process development. Sensitivity could be enhanced either by us-
ing a larger detection cell or by concentrating sample. The first approach leads to 
widening peaks on chromatograms, thus decreasing resolution and detectability. 
Sample concentration, by multiple sequential loads onto the Turboflow column 
prior to transfer on the analytical column, was then privileged. The number of 
consecutive loading steps was limited to three; beyond three, more than 15% of 
LBT-999 was not retained on the Turboflow column. Moreover, with each load-
ing analysis duration lengthens and risk of system clogging or sample break-
through increases. 

We demonstrated that the radioactivity detector’ threshold in these work con-
ditions was 1 kBq for quantification, which presents adequate sensitivity to analyze 
samples with the smallest activity measured during experiments (3 kBq/300 µL). 
However, additional experiments are required to improve sensitivity for low VA 
samples, for example in case of minor metabolites or later time points. 

The method linearity was confirmed; the coefficient of correlation (r2) ob-
tained by linear regression was high with a p-value < 0.05. Because of low plasma 
availability, solutions had to be redone for each experimentation, possibly in-
creasing the variation of their concentrations. The method specificity was veri-
fied; variation of LBT-999 RT were not significant nor in UV (CVUV = 1.2%) nor 
in radio (CVRadio = 0.5%). Although tests showed a high repeatability, inter-day 
precision presented a high CV of 30.9%. An analytical technique with good pre-
cision provides comparable results for the analysis of similar samples. Poor in-
termediate precision of a test may wrongly generate significant variation be-
tween two experimentations, entailing inaccurate conclusions. However, fast ra-
dioactive decay of fluorine-18 and low plasma supplies usually prevented us 
from duplicating tests on a single time point sampling. With the high repeatabil-
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ity of the method, it is possible to conduct experiments within a day, for example 
the study of preclinical metabolism. The lack of inter-day precision has a 
stronger impact on the evaluation of in-human metabolism, for which only 
samples from one single patient are injected within a day. The number of expe-
riments in this study was limited; additional analysis should be performed to 
reduce the CV between peak areas, improve the method precision and validate 
the method accuracy. As part of the first validation of an innovative bioanalytical 
method to quantify radiometabolites in human slightly superior CV are acceptable. 

After the qualification process, this bioanalytical method was tested for the 
evaluation of [18F]LBT-999 in-human metabolism. Thanks to radio-UHPLC 
analysis and gamma counter measures, three radiometabolites were detected, two 
of which were more polar than [18F]LBT-999. The parent fraction represented 60% 
of the total radioactivity at 30 minutes pi. Overall, the metabolism appears fa-
vorable to clinical imaging. These findings, although preliminary, are congruent 
with studies on in vitro and preclinical metabolism of [18F]LBT-999 [12] [29]. They 
are also consistent with in-human metabolism of radiopharmaceuticals belonging to 
the same chemical class, [11C]PE2I and [18F]FE-PE2I, targeting DAT [30]. 

Indeed, in vitro [18F]LBT-999 study with liver microsomes and its preclinical 
characterization in rodents and baboons showed 5 polar metabolites including 4 
and 3 radiometabolites, respectively. Two major transformations were identified: 
hydroxylation of both tolyl group and tropane ring by isoform CYP2D6 and 
N-dealkylation of the tropane ring by CYP3A4 [29] [31]. They occurred in pe-
ripheral blood and then metabolites crossed the BBB. Thirty minutes after the 
injection, around 50% of parent [18F]LBT-999 was already transformed [12]; 
metabolism level was considered significant, and started shortly after the injec-
tion of the drug. 

Injections of [11C]PE2I in animals and humans led to the formation of five 
polar metabolites, out of which four are radiolabeled and only two were found in 
the striatum [32]. The first radiometabolite was created by the hydroxylation of 
[11C]PE2I by liver CyP450, forming a 4-hydroxymethyl analog presenting an in-
termediate lipophilicity (LogD = 2.7) and so being able to cross the BBB. The 
prominent accumulation of this radiometabolite in the striatum indicates its 
high affinity for DAT. The second radiometabolite was a 4-carboxy-PE2I analog 
resulting from the action of alcohol and aldehyde dehydrogenases in the brain on the 
first radiometabolite. The 4-carboxy analog was responsible for non-specific uptake 
in the cerebellum. The three other metabolites, resulting from N-dealkylation and 
esterification, were only found in plasma and urine. The in vivo metabolism rate 
of [11C]PE2I appears faster than [18F]LBT-999, since 65% of the parent molecule 
are already transformed 10 minutes after injection [33] [34]. 

[18F]FE-PE2I, synthesized after chemical modulation of the tropane ring, pre-
sented a metabolism in humans similar to [11C]PE2I’s. The same enzymes, liver 
CyP450 and cerebral dehydrogenases, respectively produced 4-hydroxymethyl 
and 4-carboxy analogs of [18F]FE-PE2I, the two radiometabolites identified in 
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the brain [5] [35]. Thirty minutes after the injection, parent [18F]FE-PE2I 
represented only 14% of the radioactivity [5]. In vitro and preclinical tests allowed 
to detect the formation of at least three other minor radiometabolites, originating 
mainly from N-dealkylation and benzyl hydroxylation [36] [37]. 

This brief review of literature corroborate our results and hereby ascertain the 
robustness of our method. As expected, metabolism of [18F]LBT-999 is more ex-
tensive in preclinical and in vitro evaluation than in human organism [38]. But 
[18F]LBT-999 also appears more stable with a slower transformation rate, which 
can allow the reduction of the injected dose and a better image resolution. The 
next step is now to identify all metabolites, usually by mass spectrometry, to 
confirm involved enzymes. 

5. Conclusion 

We developed a new method to quantify radiometabolites over time using 
UHPLC and turbulent flow technology for online sample preparation, instead of 
conventional HPLC and manual sample preparation. High extraction efficiency 
of the drug from the plasma and multiple loading in the Turboflow column al-
lowed the analysis of sample of low concentrations thanks to a concentration 
process. Analytical conditions were highly repeatable, with invariable retention 
time and a linear calibration proving the method specificity and proportionality 
to peak areas, respectively. Additional tests are necessary to validate interme-
diate precision and maybe enhance detection sensitivity. This innovative tech-
nique of sample preparation and analysis opens new perspectives for radiome-
tabolites quantification. Finally, although results of the first clinical trial are pre-
liminary and need to be confirmed, metabolism of [18F]LBT-999 is in line with 
expectations and might even exceed them; [18F]LBT-999 kinetics appears favora-
ble to neuroimaging and its metabolism slow and less extensive than previous 
radiotracers. 
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