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Abstract
The most used positron emission tomography (PET) tracer, 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), is a glucose analogue that is used to measure tissue glucose consumption. Traditionally, the Sokoloff model is the basis for [18F]FDG modeling. According to this model, [18F]FDG is expected to be trapped in a cell in the form of [18F]FDG-6-phosphate ([18F]FDG-6-P). However, several studies have shown that in tissues, [18F]FDG metabolism goes beyond [18F]FDG-6-P.Our aim was to develop radioHPLC and radioTLC methods for analysis of [18F]FDG metabolites from tissue samples. The radioHPLC method uses a sensitive on-line scintillation detector to detect radioactivity, and the radioTLC method employs digital autoradiography to detect the radioactivity distribution on a TLC plate. The HPLC and TLC methods were developed using enzymatically in vitro–produced metabolites of [18F]FDG as reference standards. For this purpose, three [18F]FDG metabolites were synthesized: [18F]FDG-6-P, [18F]FD-PGL, and [18F]FDG-1,6-P2. The two methods were evaluated by analyzing the [18F]FDG metabolic profile from rodent ex vivo tissue homogenates. The HPLC method with an on-line scintillation detector had a wide linearity in a range of 5 Bq – 5 kBq (LOD 46 Bq, LOQ 139 Bq) and a good resolution (Rs ≥1.9),  and separated [18F]FDG and its metabolites clearly. The TLC method combined with digital autoradiography had a high sensitivity in a wide range of radioactivity (0.1 Bq – 2 kBq, LOD 0.24 Bq, LOQ 0.31 Bq), and multiple samples could be analyzed simultaneously. As our test and the method validation with ex vivo samples showed, both methods are useful, and at best they complement each other in analysis of [18F]FDG and its radioactive metabolites from biological samples.
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1. Introduction
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) is the most used positron emission tomography (PET) tracer. In this glucose analogue, the positron-emitting radioactive isotope fluorine-18 (T½ = 109.8 min) substitutes the hydroxyl group at the second position in the glucose molecule, and the tracer is used in PET studies to measure tissue glucose consumption. In the clinic, [18F]FDG is used to monitor several cancers as well as cardiovascular and central nervous system diseases.
PET is a noninvasive imaging method in which the distribution of radioactivity in the body can be quantitatively measured. Traditionally, the Sokoloff model is used for [18F]FDG quantification. This model originally was developed for quantification of [18F]FDG in the human brain [1] but later has been widely used for other tissues as well. According to this model, [18F]FDG enters the tissue of interest via irreversible transport by glucose transporters and is metabolized to [18F]FDG-6-phosphate ([18F]FDG-6-P). The metabolism of [18F]FDG is not expected to continue past this point, and the compound thus is assumed to be trapped in the cell as [18F]FDG-6-P.
Several studies, however, have shown that [18F]FDG can be metabolized beyond [18F]FDG-6-P [2-7]. Research has also shown that the rate and route of [18F]FDG metabolism varies among different tissues and that there are differences in glucose biology between humans and rodents, especially in liver, pancreas, and muscle [8]. Also in tumors, glucose metabolism is enhanced because of the increased energy demand of fast growing cancer tissue, and [18F]FDG metabolism continues past the [18F]FDG-6-P step [2,3]. As the accuracy of the Sokoloff model depends on this assumption the quantification of glucose consumption rate will be false if metabolism beyond [18F]FDG-6-phosphate occurs.
The purpose of this study was to develop both an HPLC method, combined with radioactivity detector (radioHPLC), and a TLC method, combined with digital autoradiography (radioTLC), for analysis of [18F]FDG and its radioactive metabolites from biological samples. The methods developed in the current manuscript will enable analysis of metabolic fractions of [18F]FDG in different tissues, which can then be taken into account in final modelling. In this work, the major metabolites of [18F]FDG were enzymatically synthesized in vitro to be used as reference standards. Using these compounds, analytical chromatographic methods were developed. methods were evaluated and validated by analyzing the [18F]FDG metabolites from ex vivo tissue homogenates of experimental animals.
2. Materials and methods
2.1. Materials and reagents
[18F]FDG was synthesized at the Turku PET Centre Radiopharmaceutical Chemistry Laboratory using the nucleophilic method described by Hamacher et al. [9] with slight modifications. The radiochemical purity exceeded 95%, and the specific activity exceeded 74 GBq/μmol at the end of synthesis.
The enzymes hexokinase (E.C. 2.7.1.1), glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49), phosphoglucomutase (EC 5.4.2.2), phosphodiesterase I (E.C. 3.1.4.1), and alkaline phosphatase (E.C. 3.1.3.1) along with -D-glucose 1.6-diphosphate cyclohexylammonium salt were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Adenosine-5’-triphosphate disodium salt (ATP-Na2H2; Merck, Darmstadt, Germany) and β-nicotinamide adenine dinucleotide phosphate monosodium salt (β-NADP; Sigma grade, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were also obtained commercially. 
The organic solvents were HPLC grade and made by Rathburn Chemicals Ltd. (Walkerburn, UK). Water was purified by a Milli-Q Plus UltraPure Water system (Millipore, Molsheim, France). Other chemicals were analytical grade from Merck (Darmstadt, Germany).
2.2. RadioHPLC
For high-performance liquid chromatographic separations, the Merck Hitachi LaChrom 7000 system (Darmstadt, Germany, with Hitachi D-7000 HPLC System Manager software, version 3.0, Merck Hitachi, Darmstadt, Germany) was used. Samples (100 µl to 250 µl) were injected into the system and separated using either a Radial-Pak 8P SAX 10 μm (100 mm × 8 mm, Waters Corp., Milford, MA, USA) column or Partisil SAX 10 μm column (250 mm × 4.6 mm, Alltech Associates Inc., Deerfield, IL, USA) column. Radioactivity was detected with a pair of NaI(Tl) on-line scintillation detectors (3 × 3 inches, Bicron Corporation, Newbury, OH, USA) connected in coincidence on the outflow of the column.
2.3. RadioTLC
TLC plates were aluminum plates pre-coated with 200 μm HPTLC Silica 60 (Art no 1.05547) or with 200 μm Silica 60 F254 (Art no 1.05567) and glass plates pre-coated with 100 μm HPTLC Cellulose F (Art no 15036) from Merck (Darmstadt, Germany).
TLC plates were developed in a Camag Twin Trough chamber (10 × 20 cm, Camag, Muttenz, Switzerland). The vapor space of the chamber was saturated for 30 minutes before TLC plates were developed. The mobile phase was freshly made, and the amount of the mobile phase used in the chamber was 2 × 10 ml. Samples (from 2 µl to 20 µl) were applied 1 cm above the bottom of the plate. The migration distance was 4 cm for the HPTLC plates and 6 cm for the others. After the development, the TLC plate was dried in an air stream. The application line and the solvent front were marked with small [18F]FDG solution spots at the side of the plate to record the spot and front lines from the autoradiographs.
Distribution of radioactivity on the plate was measured using digital autoradiography. The developed and carefully dried TLC plate was placed into an exposure cassette with an imaging plate (Fuji Imaging Plate BAS-TR2025, 20 × 25 cm, Fuji Photo Film Co., Ltd., Tokyo, Japan). The cassette was shielded with lead bricks to minimize background radiation. After 2 hours of exposure, the imaging plate was scanned using a Fuji Analyser BAS 180 reader (Fujifilm Co., Ltd., Tokyo, Japan) at 200 μm resolution. Data were analyzed using Tina 2.1 program (Raytest Isotopenmessgeräte GmbH, Straubenhardt, Germany).
2.4. Sample preparation
2.4.1. Enzymatic in vitro reactions
Three [18F]FDG metabolites, [18F]FDG-6-P, [18F]FDG-1,6-P2, and [18F]FD-PGL, were synthesized in vitro using enzymatic reactions (Figure 1) [2,6,12,13]. Approximately 10 kBq of [18F]FDG was added to 1 ml buffer solution containing 1.7 mM ATP and 1.6 mM NADP. The pH was measured and when necessary adjusted to 7 using 1 M NaOH. Hexokinase, dissolved in a solution of 0.1 M magnesium sulfate in a 50% glycerol/water, was added to the [18F]FDG buffer solution (reaction mixture I). Reaction mixture I was mixed and incubated for 1 to 2 hours in a water bath at 37 °C. To produce [18F]FDG-1,6-P2, -D-glucose 1.6-diphosphate and phosphoglucomutase were also added to reaction mixture I, then mixed and incubated (reaction mixture II). To produce [18F]FD-PGL, glucose-6-phosphate dehydrogenase and β-NADP were added to reaction mixture I and then mixed and incubated (reaction mixture III). To produce UDP-[18F]FDG, UTP and UDP-glucose pyrophosphorylase were added to reaction mixture II and then mixed and incubated (reaction mixture IV). All metabolites were degraded to [18F]FDG by phosphodiesterase I and alkaline phosphatase. Metabolites were not separated from the reaction solutions, but the solution was used as-is as a reference standard for chromatography.
2.4.2. Tissue sampling
Brain and liver tissue samples were collected from six locally outbred C57BL/6 mice (males, 32±9  g). Muscle, brain, liver, and pancreas tissue samples were collected from one locally outbred Sprague–Dawley rat (male, 296 g). Animals were kept under standard conditions (temperature, 21 °C ± 3 °C; humidity, 55% ± 15%; lights on from 6:00 AM until 6:00 PM) and had ad libitum access to standard food and tap water. Animal care complied with the guidelines of the International Council of Laboratory Animal Science. The study was approved by the Animal Experiment Board of the Province of Southern Finland.
Animals were briefly anesthetized, and 44.0 MBq (rat), 21.9±1.0 MBq (mice) of [18F]FDG was injected into a tail vein. The injected mass did not exceed 108 ng (rat) and 57 ng (mice) of FDG. After 60 minutes (mice) or after 120 minutes (rat), the animals were sacrificed using CO2 inhalation. The organs were immediately removed, and samples from the tissues were collected, weighed, and measured for radioactivity in a calibrated well counter (3 × 3 inches NaI(Tl) crystal, Bicron, Newbury, OH, USA) and homogenized in a Potter-Elvehjem tissue grinder in cold 2 M perchloric acid in 4 mM EDTA solution. After the homogenization, the acid solution was decanted and then centrifuged (g = 430; 2000 rpm, 5 min, Labofuge 200 Heraeus Sepatech, Heraeus Instruments GmbH, Hanau, Germany). Clear acid supernatants were neutralized with 2 M potassium hydroxide in 0.3 M MOPS solution. The solution was centrifuged again, and the supernatants were used as sample solutions for chromatography.
2.5. Validation
The characteristics of the radioHPLC and radioTLC methods were validated according to guidelines for validation of analytical procedures (ICH Q2(R1), November 2005) by the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) [10]. Detection limit (LOD), quantitation limit (LOQ), linearity, and range of the radioHPLC method were validated by injecting [18F]FDG into the HPLC system and collecting the fraction corresponding to the [18F]FDG peak. Radioactivity fractions were then measured in a well counter. The measured 18F-radioactivity was plotted as a function of the area of the [18F]FDG chromatogram peak. LOD, LOQ, linearity, and range of the radioTLC method have already been validated and reported [11]. Specificity, precision, robustness, and intraday and interday variation were validated using brain and liver homogenate samples from four mice. This validation was first done with samples from one mouse and then repeated on another day using samples from three other mice.


3. Results
The three [18F]FDG metabolites [18F]FDG-6-P, [18F]FDG-1,6-P2, and [18F]FD-PGL were successfully synthesized using enzymatic in vitro reactions. The reaction mixtures of these enzymatic reactions I-III were used as reference standards when radiochromatographic methods were developed. In the enzymatic synthesis of UDP-[18F]FDG (reaction mixture IV) no desired product was observed.
Isocratic and gradient HPLC systems were tested (results not shown) to achieve the best separation method for metabolites of [18F]FDG. The optimal system was found by using a Partisil SAX 10 µm column and a gradient of 0.6 M sodium dihydrogen phosphate buffer containing 3% methanol (A) and 3% methanol in water (B). The gradient profile was 0–10 minutes 5% A, 11–18 minutes 15% A, 19–29 minutes 50% A, and 30 minutes 5% A. The flow rate was 1.0 ml/min, and the total analysis time was 30 minutes. Using this method, the compounds were separated with the following retention times: [18F]FDG, 4 minutes; [18F]FDG-6-P, 9 minutes; [18F]FD-PGL, 25 minutes; and [18F]FDG-1,6-P, 27.5 minutes. Chromatograms of enzymatically in vitro–synthesized [18F]FDG-6-P, [18F]FDG-1,6-P2, and [18F]FD-PGL are shown in Figure 2. 
Different types of TLC plates and mobile phases were tested and rated for how well they separated [18F]FDG and its radioactive metabolites (Table 1). This evaluation was based on calculated Rf and the broadening and tailing of peaks.
Plates coated with silica material created more distinct separation than did cellulose-coated plates. Although the peaks were well separated with the cellulose plate according to the Rf values, the compounds were migrated incompletely, and broad, tailing peaks were formed. From our perspective, the best TLC method was the HPTLC silica 60 plate with a mobile phase of 1-butanol–acetic acid–water (2:1:1, v/v/v). With this method, all of the metabolites had their own clearly distinctive peaks (Figure 3), and compounds had the following Rf values: [18F]FDG = 0.7, [18F]FDG-6-P = 0.4, [18F]FD-PGL = 0.2, and [18F]FDG-1,6-P2 = 0.1.
[18F]FDG metabolites from ex vivo mouse and rat brain and liver homogenates were analyzed with the best radioHPLC and radioTLC methods (Figure 4). Amounts of [18F]FDG, [18F]FDG-6-P, and other [18F]metabolites of [18F]FDG were analyzed with both radiochromatographic methods in each sample. The percentages of different metabolites of the total 18F-radioactivities in the sample are presented for both mice and rat brain and liver samples in Table 2.
The radioHPLC and radioTLC methods were validated using IHC guidelines [10]. The validation results are presented in Table 3. The radioHPLC data of the linearity measurements are presented in Figure 5. From these data, LOD, LOQ, linearity, and range were calculated. Peak resolutions were calculated from mouse liver radioHPLC and radioTLC chromatograms (Figure 4) and are presented in Tables 4 and 5. These results were used for specificity validation (Table 3). For intraday validation, one sample was applied five times onto the same TLC plate, and the amounts of [18F]FDG and [18F]FDG-6-P were analyzed from the autoradiography image (Figure 6). Repeated measures for all samples from all mice, including interday variation, are listed in Table 6. From these results, the mean, standard deviation (SD), relative standard deviation (RSD%), and confidence interval were calculated and used for the validation of precision and robustness, as well as for the intraday and interday variation.
4. Discussion 
We sought to chromatographically separate [18F]FDG from its radioactive metabolites and to separate the metabolites from each other with good resolution. We prepared the [18F]FDG metabolites [18F]FDG-6-P, [18F]FD-PGL, and [18F]FDG-1,6-P2 enzymatically in vitro and used these solutions as reference standards when we evaluated and further developed the radiochromatographic methods.
Preparation of non-radioactive 2-deoxyglucose metabolites by enzyme catalytic in vitro reactions is a widely used method, and these reactions are well documented [2,6,12,13]. Thus, we did not purify the metabolites from in vitro reaction mixtures but instead used them as reference standards. As noted, we prepared three metabolites of [18F]FDG in vitro: [18F]FDG-6-P, [18F]FD-PGL, and [18F]FDG-1,6-P2. In addition, we tried to prepare UDP-[18F]FDG starting from the [18F]FDG-6-P reaction (mixture II) to which we added phosphomutase, glucose-1,6-diphosphate, and UTP and UDP-glucose pyrophosphorylase. After incubation, we did not see UDP-[18F]FDG, but we found a compound that was identified as [18F]FDG-1,6-P2. Thus, we concluded that in our reaction conditions, the hexokinase is very reactive and phosphorylates [18F]FDG-1-P to [18F]FDG-1,6-P2 as soon as the phosphomutase can prepare [18F]FDG-1-P. We degraded all of the metabolites prepared in vitro to [18F]FDG by phosphodiesterase I and alkaline phosphatase to confirm that the [18F]compounds were really metabolites of [18F]FDG.
The radioHPLC method, in which compounds are separated using an anion exchange column and buffer solution, has been used for [18F]FDG and metabolite analyses from biological samples [2,3,5,6,12,13]. We tested previously reported HPLC methods by Haaparanta et al. [3] and Fedders et al. [13], and based on these results, we further developed the HPLC method. We produced a gradient of phosphate buffer and diluted methanol solution together with an anion exchange column. With this method, all of the metabolites of [18F]FDG prepared in vitro were separated with a good resolution. This radioHPLC method also had good resolution when the metabolic profile of [18F]FDG was analyzed from biological samples (Figure 4, Table 4).
A few TLC methods have been developed for analysis of 2-deoxyglucose or [18F]FDG and their metabolites [1,7,14-16]. We tested several methods and compared how well they worked together with digital autoradiography when the radioactivity distribution in the chromatogram was detected and analyzed. We found that the biggest problem was that many of the tested methods generated broad bands, which complicated the detection and quantification.
Among our tested methods, the best TLC method for analysis of [18F]FDG and its metabolites was the HPTLC silica 60 plate combined with a mobile phase of 1-butanol–acetic acid–water (2:1:1, v/v/v). The eluent was the same as that previously used in the analysis of 2-deoxyglucose metabolites [15], but we changed the paper strips to the aluminum plate covered with silica 60. [18F]FDG and its radioactive metabolites formed uniformly shaped peaks. [18F]FDG was well separated from its metabolites, and there was also good separation between [18F]FDG-6-P, [18F]FD-PGL, and [18F]FDG-1,6-P2. With this radioTLC method, the metabolic profile of [18F]FDG also could be analyzed from biological samples (Figure 4).
The developed radioHPLC and radioTLC methods were tested by analyzing [18F]FDG, [18F]FDG-6-P, and other [18F]metabolites from liver and brain homogenates. The same samples were analyzed with both radiochromatographic methods (Figure 4).
Radioactivity in PET tracer metabolite HPLC analyses is usually detected using an on-line scintillation detector connected to the outflow of the column [17]. Our HPLC system uses a --coincidence scintillation detector, in which two detectors identify -radiation and record only simultaneous events. This approach increases the radioactivity sensitivity and decreases noise [18], which makes it suitable for analysis of metabolites from low-radioactivity biological samples. LOD, LOQ, linearity, and range of the radioHPLC method were determined using [18F]FDG as a reference compound. Measurements were performed in the range of 18F-radioactivity that is typical for biological samples. We found that our radioHPLC method exhibits a wide linearity in the range of 5 Bq – 5 kBq, which is typical for tissue homogenate samples. As we have previously reported, the radioTLC method is linear through the range of 0.1 Bq – 2 kBq [11]. The radioHPLC method has a calculated LOD value of 46 Bq and calculated LOQ value of 139 Bq whereas the radioTLC method has a LOD value of 0.24 Bq and a LOQ value of 0.31 Bq [11] when 18F-radioactivity is measured. From these results, we can conclude that lower radioactivities can be detected with the radioTLC method than with the radioHPLC method but that both methods are suitable for radiometabolite measurements. 
HPLC is widely used for metabolite analysis because the separation resolution is usually high, and in the current study, the radioHPLC method showed superior separation resolution compared to radioTLC (Tables 4 and 5). The drawbacks of our HPLC method are the relatively large sample volume needed to get enough radioactivity into the sample, no possibility of analyzing several samples simultaneously, and the total analysis time of 30 minutes, which is a relatively long time taking into account the short half-life of fluorine-18, especially if multiple consecutive samples need to be analyzed. These downsides limit the use of radioHPLC when samples with low radioactivity are analyzed. Our radioTLC is a very robust method that needs only a small amount of sample. Using TLC, all sample components are available to detect because the whole sample is on the plate, and TLC also enables analysis of multiple samples simultaneously. As previous studies have shown, TLC combined with digital autoradiography has good linearity in large-scale radioactivity and high sensitivity for low amounts of radioactivity, which makes it a very sensitive and excellent method for radioactive metabolite analysis [11,19]. This approach is commonly used when PET tracer metabolites are analyzed [17]. All of these qualities make digital autoradiography an excellent detection method when metabolites are analyzed in small biological samples because the amount of each metabolite can vary from sample to sample. This method also allows detection of multiple radionuclides within the same sample.
Since we aimed to measure the percentage of the metabolite of the whole radioactivity in the sample and our samples exhibited biological variation, the accuracy was not determined. However, as shown in Table 2, both methods gave similar values for [18F]FDG and its metabolites.
To determine the specificity of both methods, the peak resolutions were calculated from the mouse liver HPLC and TLC chromatograms (Figure 4, Tables 4 and 5). The specificity of the radioHPLC method was good (resolution >1.9) for all peaks (Figure 4, Table 3), indicating that our HPLC method can separate [18F]FDG and its radioactive metabolites well. In the radioTLC method, application volume affected the specificity (Figure 4). With small application volumes (≤10 µl), the calculated peak resolution was >0.7 (Table 4), and a reasonable specificity was achieved. With large application volume (>10 µl), resolution was lost.
Because of the relatively long (30 min) analysis time and the short half-life of fluorine-18, we were not able to determine the precision for the radioHPLC method. During the development of the method, we noticed that our biological samples had a short shelf-life, most likely because of continual biochemical degradation despite storage on ice. Thus, the results from consecutive samples are not comparable. In contrast, the radioTLC method, in which samples collected at the same time can be analyzed simultaneously, showed good precision, and RSD% was <5% when adjacent samples of brain and liver homogenates were analyzed (Table 6).
During the method development, the HPLC method proved to have good robustness. The only variation seen with the radioHPLC method was that the retention time of [18F]FDG-6-P was drifting periodically. We do not quite understand why, but we believe that the matrix of biological samples and/or a minor variation in the eluent composition may have been the cause. This variation was not noted with [18F]FDG or the other 18F-metabolites. The radioTLC method also showed good robustness because small variations in eluent composition, chamber saturation time, or eluent storage time had no influence on analysis results. With large application volumes (>10 µl), robustness was lost; thus, volume limitation was the weakest factor in the radioTLC method. Furthermore, the sample matrix affected the Rf values, which were slightly lower for tissue homogenates compared with values from enzymatically prepared 18F-compounds (Figures 3 and 4).
We did not note intraday or interday variation in our results (Table 6). Due to the short half-life of fluorine-18, all samples were analyzed on the same day they were collected. Because of biological variation, the metabolic profile of [18F]FDG varies from mouse to mouse, and a quantitative comparison of [18F]FDG and its metabolites from different mice thus was not possible. We observed, however, only minor variation in the retention times and Rf values of each 18F-labeled compound when the homogenate analysis results from different days were compared.
The metabolism of [18F]FDG does not always stop after phosphorylation by hexokinase, as previous studies already have shown [2,3,5-7,13]. These studies have demonstrated enhanced [18F]FDG metabolism in liver, kidney, and tumors of experimental animals, but this enhancement is often neglected when [18F]FDG data are quantified. These studies have also shown that the route of glucose uptake to the tissue and glucose metabolism rate are not the same in all species. Humans and rodents in particular show significant differences [8], and the metabolic profile of FDG varies among organs [4,20-23]. Thus, the metabolic profile of [18F]FDG is important to know when experimental animal study results are extrapolated to humans so that interpretations are not based on only normal differences in glucose consumption between the species.
The metabolites of non-radioactive FDG have also been studied using liquid chromatography–mass spectrometry (LC-MS) or nuclear magnetic resonance (NMR) methods [4,21,22-24]. LC-MS and LC-MS/MS methods have been used to quantify the amount of FDG-6-P from mouse artery extracts [24] as well as to study metabolites of FDG from Arabidopsis thaliana leaves [23]. With the 19F NMR technique, FDG metabolites of mouse brain and rat brain, liver, heart, and kidney and Arabidopsis thaliana leaves have been studied [4,22,23]. Metabolism of FDG has also been examined in cells of Saccharomyces cerevisiae using 1H, 19F, and 31P NMR [20]. All of these studies identified several metabolites of FDG in the samples of interest. In vitro–prepared FDG metabolites have also been analyzed with the 19F{1H}Hetero-RELAY NMR method [25]. A study performed with 19F magnetic resonance spectroscopy revealed that fluorodeoxymannose and various conjugates can be found in solid mouse tumors after FDG administration [21].
The drawback of these LC-MS, LC-MS/MS, NMR, and magnetic resonance spectroscopy methods is that they all require expensive equipment and a large amount of non-radioactive FDG in the tissue of interest. This drawback was especially apparent in a study of FDG metabolism in the leaves of Arabidopsis thaliana in which the methods were not sensitive enough to separate and detect all FDG metabolites [23]. In addition, if a large amount of FDG is used, the metabolite pattern may be different than when only tracer amounts of [18F]FDG are used; thus, direct comparisons from the results of these FDG analyses cannot be made to the PET studies.RadioHPLC combined with a sensitive on-line scintillation detector and radioTLC methods combined with digital autoradiography are excellent for analyzing radioactivity distribution and very useful for metabolite studies of [18F]FDG. 
The HPLC method has good resolution, and it clearly separates all of the metabolites of [18F]FDG (Figure 4). The TLC method separates well the unchanged [18F]FDG from its metabolites, and the amount of [18F]FDG-6-P can be measured accurately from other metabolites even in the liver sample (Figure 4).
5. Conclusions
RadioHPLC and radioTLC methods were developed and validated for analysis of [18F]FDG and its radioactive metabolites in tissue samples. Both methods are usable for the analysis of the [18F]FDG metabolic profile, and at best complement each other. With the radioHPLC method, [18F]FDG metabolites can be analyzed with high resolution. RadioTLC combined with digital autoradiography enables analysis of multiple samples simultaneously and is excellent when sample volumes are small and radioactivity concentrations are low.
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Figure Legends

Figure 1. Enzymatic reactions for in vitro–produced [18F]FDG metabolites.
Figure 2. RadioHPLC chromatograms for [18F]FDG and its enzymatically produced metabolites. [18F]FDG (A) and the reaction mixtures I (B), II (C), and III (D).
Figure 3. A representative autoradiographic image and radioTLC chromatograms for [18F]FDG and its enzymatically produced metabolites. [18F]FDG (A) and the reaction mixtures I (B), II (C), and III (D).
Figure 4. Radiochromatographic analyses of tissue homogenates 1 h (mice) or 2 h (rat) after the injection of [18F]FDG. On the left side are the radioHPLC chromatograms, and on the right side are the autoradiographic images and the radioTLC chromatograms of the same mouse brain and liver and rat brain and liver samples. The same amounts (200 µl) of the sample were injected into the radioHPLC system. In the radioTLC method, 4 µl (mouse liver), 10 µl (mouse and rat brain), or 20 µl (rat liver) of sample solution was applied to the TLC plate. The analysis results of chromatograms are listed in Table 2. From the mouse liver, HPLC and TLC chromatogram peak resolutions in Tables 4 and 5 are calculated, and thus the peaks of these chromatograms are numbered.
Figure 5. Linearity of the radioHPLC method. Radioactivity of the collected [18F]FDG fraction from HPLC is plotted as a function of the area of the [18F]FDG HPLC chromatogram peak. A linear regression line using the least squares method was fitted across the data points. The formulas for the regression line and coefficient of determination (R2) are shown in the graph. From these data, the linearity, range, detection limit (LOD), and the quantitation limit (LOQ) were calculated.
Figure 6. Validation of the radioTLC method. Autoradiography image (A) of the HPTLC plate after [18F]FDG metabolite analysis of liver homogenate. The same sample was applied five times onto the plate together with [18F]FDG-standard (the spot on the right-hand side of the autoradiography image). The peaks of five consecutive [18F]FDG (B) and [18F]FDG-6-P (C) samples are shown.
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