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Abstract

:

Background: The antiepileptic drug lamotrigine (LTG) shows high pharmacokinetic variability due to genotype influence and concomitant use of glucuronidation inducers and inhibitors, both of which may be frequently taken by elderly patients. Our goal was to develop a reliable quantification method for lamotrigine and its main glucuronide metabolite lamotrigine-N2-glucuronide (LTG-N2-GLU) in dried blood spots (DBS) to enable routine therapeutic drug monitoring and to identify altered metabolic activity for early detection of drug interactions possibly leading to suboptimal drug response. Results: The analytical method was validated in terms of selectivity, accuracy, precision, matrix effects, haematocrit, blood spot volume influence, and stability. It was applied to a clinical study, and the DBS results were compared to the concentrations determined in plasma samples. A good correlation was established for both analytes in DBS and plasma samples, taking into account the haematocrit and blood cell-to-plasma partition coefficients. It was demonstrated that the method is suitable for the determination of the metabolite-to-parent ratio to reveal the metabolic status of individual patients. Conclusions: The clinical validation performed confirmed that the DBS technique is a reliable alternative for plasma lamotrigine and its glucuronide determination.
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1. Introduction


Lamotrigine (LTG, 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine, Figure 1A) is a widely used second-generation antiepileptic drug approved for the treatment of focal and generalized seizures in adults and children [1,2]. Following oral administration, it is rapidly and completely absorbed. LTG undergoes extensive metabolism by glucuronidation, where 75% of the LTG dose is metabolized to the lamotrigine-N2-glucuronide (LTG-N2-GLU, Figure 1B), mainly by 1A4 and 2B7 isoforms of the uridine-diphosphate-glucuronosyltransferase (UGT) family. Excretion of the unconjugated LTG and its metabolites occurs via the urinary system [3].



LTG’s large variability in pharmacokinetics, the possibility of drug interactions and marked changes in drug concentrations due to conditions such as pregnancy, as well as the usage of concomitant UGT inducers (such as phenytoin, barbiturates, carbamazepine) and inhibitors (such as valproic acid), are some of the reasons for the need for therapeutic drug monitoring (TDM) [4,5]. As it was recently reported, hormone replacement therapy may significantly increase lamotrigine clearance due to the induction of UGT1A4 by estradiol, leading to the loss of therapeutic response [5,6]. There are many other possible UGT inhibitors and inducers taken by the elderly population, including over-the-counter medications and herbal supplements, as well as foods rich with seasoning like garlic (a UGT inducer) or turmeric and ginseng (UGT inhibitors) [7]. Therefore, it may be useful to routinely monitor the levels of lamotrigine. The quantification of the main metabolite is beneficial for recognizing the induction- or inhibition-mediated drug–drug interactions and genotypic variations. Dried blood spots (DBS) offer significant advantages over classic venepuncture in terms of reducing the number of hospital visits and patient burden and may therefore reduce healthcare costs [8]. The development of analytical methods employing the DBS sampling technique is quite challenging because of the smaller sample volumes and richer matrix due to the presence of whole blood. Validation of such methods requires special protocols to ensure adequate quality of the analytical results. Therefore, for the development of analytical methods for TDM by using DBS samples, it is necessary to overcome some major obstacles for their routine implementation [9].



Till present, several analytical methods have been reported for the analysis of LTG and/or its main metabolite in plasma or serum samples [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37] as well as in dried blood [38,39,40,41,42,43,44,45,46,47,48]; however, there were no methods for the determination of lamotrigine together with its main metabolite in DBS. We consider the latter highly valuable for identifying the reasons for the changed LTG clearance in patients with sub- or supra-therapeutic plasma levels. The therapeutic range for LTG plasma concentrations is 2.5–15 µg/mL, while the range for its main metabolite has not yet been established. Monitoring the metabolite-to-parent ratio may reveal UGT induction or inhibition and allow differentiation from patient compliance issues [49].



Our objective was to develop and validate an LC-MS/MS method for the determination of LTG and its main metabolite, LTG-N2-GLU, in DBS samples according to the current guidelines and recommendations for DBS assays [40,41]. In this study, we present a successful validation and application of the developed method for the determination of whole blood concentrations of both analytes in patients with epilepsy on stable LTG therapy. To the best of our knowledge, this is the first clinically validated LC-MS/MS method for simultaneous analysis of LTG and its main metabolite in DBS samples in a range from 0.1 to 20 µg/mL that is suitable for routine clinical application.




2. Results and Discussion


Our objective was to develop and validate a method for quantification of LTG and its main metabolite, LTG-N2-GLU, in DBS samples that combines the advantages of the DBS sampling technique and the LC-MS/MS method in terms of sensitivity, selectivity, and short analysis run time. Although several LC-MS/MS methods for lamotrigine quantitation in DBS samples exist that offer either a superior sensitivity [39] or include multiple other antiepileptic drugs [38,39,40,41,42,44,46,47,48], none of them offers the capability of simultaneous measurement of both LTG and LTG-N2GLU. During the optimization of sample preparation, preliminary experiments were performed with the HPLC-UV method that was used for the analysis of plasma samples, with some minor modifications. Different DBS card materials (Whatman® 903, FTA DPMK-A, FTA DPMK, and FTA DPMK-C), extraction solvents (methanol, acetonitrile, methanol-water (90:10, v/v), acetonitrile-water (90:10, v/v), and 0.1% formic acid in methanol/water (90:10, v/v), volumes of extraction solvent (500, 750, 1000 µL), incubation times (15, 30, 60 min), and sonication times (10, 15, 20 min) were tested. Among various tested DBS card materials, Whatman® 903 cards were selected due to the highest analyte recovery and lowest baseline signals. Despite optimization of several parameters of liquid extraction, many coelution peaks at the retention time of the glucuronide compromised its accurate and precise determination. To exclude the potential matrix effect on LC-MS/MS measurements, we decided to include an additional sample cleaning step with solid phase extraction. The cationic nature of analytes enabled the selection of strong mixed-mode sorbents (Strata-X-C), which employ both cationic and hydrophobic, as well as   p − p   interactions. The obtained samples revealed no interference with either the UV or MS/MS chromatographic methods.



2.1. Selectivity


No interferences at the retention times of LTG and LTG-N2-GLU were detected. Representative blank chromatograms overlaid with DBS sample chromatograms at the concentration level of the LLOQ are shown in Figure 2. Typical DBS chromatograms obtained from a patient treated with LTG are presented on the right side.




2.2. Linearity


The linearity of the assay was confirmed on three consecutive days using the calibration standard solutions covering the concentration range from 0.1 to 20 µg/mL for both LTG and LTG-N2-GLU, showing a comparable sensitivity to that of the published plasma methods for simultaneous analysis of LTG and its metabolite [25,29]. The selected analytical range is wider than the proposed reference range for LTG (2.5–15 µg/mL), which confirms the suitability of the developed method for application in routine clinical practice for TDM as well as for pharmacological studies. The validated method was linear over the whole calibration range, with determination coefficients r2 > 0.993 obtained by non-weighted linear regression analysis. The LLOQ for both analytes was 0.1 µg/mL. The parameters of the calibration curves for LTG and LTG-N2-GLU and the corresponding regression coefficients are summarized in Table 1.




2.3. Accuracy and Precision


The intra- and inter-day accuracies of the method for LTG ranged from 3.7 to 10.6% and from −1.5 to 10.4%, respectively (Table 2). The intra- and inter-day accuracies for LTG-N2-GLU ranged from −6.0 to −0.2% and from −7.8 to 8.3%, respectively. All results agreed with the predefined acceptance criteria. The intra- and inter-day precisions of LTG and LTG-N2-GLU did not exceed 5.9 and 6.8%, respectively.




2.4. Haematocrit Effect and Influence of Blood Spot Volume


The haematocrit (Hct) is an important parameter that can influence DBS method performance. Recommendations are to identify the expected range of Hct values in the population of interest and validate this range by preparing batches at a minimum of two concentration levels. When the target Hct range results in analyte concentrations outside the predefined range, then a correction of the results based on the individual Hct values should be made [50]. In our case, based on calculated bias and CV values, no significant Hct effect on accuracy was observed either for LTG or its metabolite (Table 3).



Moreover, the analysis of the influence of blood volume showed no significant effect of the spot volume on the measured concentration for both analytes (CV less than 4.45% for LTG-N2-GLU and 4.90% for LTG) and confirmed the suitability of the assay performance for routine practice.




2.5. Matrix Effect and Recovery


The overall mean recovery at low and high QC concentration levels was close to 100% and showed consistency and reproducibility, with CV values of less than 5.4% for LTG and 8.1% for LTG-N2-GLU. The comparison of slopes from five calibration curves prepared in different lots of matrices showed that the method is free from any significant relative matrix effects for LTG (RSD 3.0%) and for LTG-N2-GLU (RSD 1.8%).




2.6. Stability


The results of the stability testing of the DBS cards presented as a percentage of a drug determined relative to those obtained from the freshly prepared samples are shown in Table 4. Autosampler stability testing showed that samples were stable at 5 °C for up to 24 h, with the mean bias stability less than 98.8 and 113.7% for LTG and LTG-N2-GLU, respectively. No significant changes from the reference concentration (t = 0) were observed during the stability testing period of DBS cards. The stability of stock solutions of LTG after 7 days of storage at 4 °C and 23 months of storage at −80 °C for LTG-N2-GLU was also confirmed. The results obtained from the stability testing of DBS cards were all within ±15% (Table 4).




2.7. DBS versus Plasma Concentrations and Clinical Application of the Method


Currently, the proposed reference ranges for AEDs are defined for plasma/serum samples. On the other hand, the measured concentrations in DBS samples represent drug concentrations in the whole blood. Since DBS and plasma concentrations can differ because of the drug partitioning between plasma and blood cells and measured drug concentrations in DBS samples can be significantly influenced by blood Hct, it is necessary to establish the relationship between the plasma and DBS concentrations for appropriate clinical interpretation of the results obtained from DBS samples [9,45]. The intention is to confirm that DBS samples are a valid alternative to conventional plasma samples for TDM and to determine the corresponding reference range for AEDs in DBS.



In our study, clinical validation by comparison of the obtained results from DBS and plasma samples of the same patients obtained by venepuncture was performed. LTG and LTG-N2-GLU were quantified in 18 paired plasma and DBS samples from nine patients on stable LTG therapy. The measured concentrations in DBS samples were in the range of 1.83 to 12.95 µg/mL for LTG and from 0.31 to 3.52 µg/mL for LTG-N2-GLU, while the plasma concentrations ranged from 1.69 to 10.54 µg/mL and from 0.52 to 6.72 µg/mL for LTG and its metabolite, respectively. It is evident that the measured concentrations of LTG were higher in whole blood compared to plasma, which is in accordance with the previously published results [37,39,41]. The correlation between paired plasma and DBS concentrations was performed by weighted Deming regression, while a Bland–Altman plot was used to illustrate the agreement between the methods (Figure 3 and Figure 4).



The direct correlation between observed LTG-N2-GLU plasma and DBS concentrations, using a weighted Deming regression, is shown in Figure 3A. In the case of LTG-N2-GLU, the obtained slope was 0.510, while the intercept was 0.217. The slope of the Deming regression line presents the blood-to-plasma concentration ratio (R). For drugs with a low affinity for blood cells, R values are in the interval 0.4 to 0.6. It is recommended to consider the variation in Hct for such drugs in order to better correlate their DBS and plasma concentrations [10]. Plasma concentrations can be calculated using Equation (1), where CP is plasma concentration, CB is whole blood concentration, and Hct is haematocrit:


    c   P L   =     c   B     1 − H c t    



(1)







Parameters of the regression line for LTG-N2-GLU showed a good agreement between calculated (using Equation (1)) and observed plasma concentrations (Figure 3B). Moreover, the difference between calculated plasma concentrations using Equation (1) and the measured plasma concentration is small (0.093 µg/mL), and the 95% confidence interval of the mean difference (−0.397, 0.583) indicates that the difference between the two assessments is not significant at the 5% significance level (Figure 3D). These results confirmed the suitability of the method used for the calculation of LTG-N2-GLU plasma concentration by using whole blood concentrations and Hct.



On the other hand, the parameters of the weighted Deming regression line for LTG plasma and DBS concentrations were 1.241 and 0.0015 for the slope and intercept, respectively (Figure 4A). Here, it is evident that LTG has a higher affinity for blood cells than its metabolite, which is expected considering the more lipophilic nature of the LTG molecule. The concentration ratio between blood cells and plasma is determined by the blood cell-to-plasma partition coefficient (KBC/PL):


    K     B C  /  P L     =     c   B C       c   P L      



(2)







KBC/PL was estimated by nonlinear least squares fitting of Equation (3) to the measured values of Hct, CB, and CPL:


    c   P L   =     c   B     ( 1 − H c t ) +   K     B C  /  P L     × H c t    



(3)







The KBC/PL value of 1.57 indicated that accounting only for Hct when calculating the LTG plasma concentration from the whole blood concentration is not satisfactory. The obtained slope value of 1.009 demonstrated a good agreement between the calculated (using Equation (3)) and measured plasma concentrations, which is shown in Figure 4B. Additionally, the Bland–Altman analysis of measured plasma and calculated plasma concentrations showed that the mean difference is very small (−0.014 µg/mL), and the 95% confidence interval of the mean difference (0.448, −0.476) indicated no significant difference between these two assessments (Figure 4C,D). The line of identity, with a slope of 1, lies within the 95% CI of the Deming regression line, which confirms that LTG DBS concentrations can be transformed into plasma concentrations by considering the values of Hct and KBC/PL. On the other hand, for the calculation of LTG-N2-GLU plasma concentration from DBS data, only Hct is needed since glucuronides have very limited cell membrane permeability and need transport proteins for distribution across cell membranes [51]; therefore, the KBC/PL for LTG-N2-GLU can be classified as negligible, which is also supported by our results (Figure 3B).



Overall, we can conclude that the LTG and its metabolite plasma concentrations can be calculated from DBS concentrations with satisfactory precision by taking into account Hct and the partition between the plasma and blood cells.



The simultaneous measurement of LTG-N2-GLU together with LTG offers a way to monitor the metabolite-to-parent ratio (MPR), which can be used to identify patients with altered metabolic clearance due to genotypic differences or induction/inhibition of the metabolism due to drug interactions. Unlike the measurement of the parent drug concentration alone, MPR can be used to differentiate patients with altered metabolic clearance from those who are poorly compliant with the prescribed treatment. In our study, we identified two patients (nr. 1 and nr. 4) with MPR outside Tukey’s fences (Grubbs test, p = 0.089), which indicates outlying data (Table 5 and Figure 5). One of these patients (nr. 4) was concomitantly taking phenytoin (a strong metabolic inducer). Indeed, the subject demonstrated a significantly elevated MPR of 0.611 compared to the mean of all subjects. Furthermore, subject nr. 4 also required a higher dose (400 mg/day) to achieve approximately the same through concentration of LTG, 3.5 µg/mL, as subjects taking 200–250 mg/day (subjects nr. 2, 3, and 8). Moreover, in subject nr. 4, the through concentration of LTG was almost three-fold lower compared to subject nr. 9, who took the same 400 mg/day dose, pointing to significantly induced metabolic clearance in subject nr. 4, likely due to the phenytoin-induced UGT enzyme activity [48]. Other antiepileptic drugs could also interfere with LTG pharmacokinetics, but they were not present in our study population. On the other side, the MPR of 0.080 in subject nr. 1 was considerably lower compared to the mean of all subjects. This could be related to inhibition of the metabolism by other concomitantly prescribed treatments or genetic variability resulting in decreased enzymatic activity. Our subsequent investigations revealed that patient nr. 1 was a carrier of the T allele of UGT2B7-161C>T (rs766825), which has been associated with decreased UGT2B7 activity [5].



To confirm the usefulness of the method for home sampling using the DBS approach, the venous plasma samples would need to be compared with the paired DBS samples obtained from capillary blood. Since capillary blood could not be obtained during the study, we worked with the venous blood. Regardless of this limitation, our method is applicable in hospitals where analytical methods for the quantification of LTG and LTG-N2-GLU are not available. In such cases, DBS samples could be prepared in the hospital from routinely collected venous blood and sent to external clinical laboratories. Such samples are stable at room temperature, so transportation via a cold chain is not required, as would be the case for venous plasma samples, which could reduce the analytical costs.





3. Materials and Methods


3.1. Materials


LTG was purchased from Sequoia Research (Pangbourne, UK), while its metabolite LTG-N2-GLU was obtained from Iris Biotech GmbH (Marktredwitz, Germany). The stable isotope labelled 13C3 lamotrigine used as an internal standard (IS) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All standards were of analytical grade. Suprapur® formic acid and methanol for chromatography, Lichrosolv® (MeOH), were obtained from Merck (Darmstadt, Germany) and Sigma Aldrich (Steinheim, Germany), respectively. All other chemicals: potassium dihydrogen phosphate, acetonitrile, formic acid, 25% ammonia solution, and 85% ortophosphoric acid, all from Merck (Darmstadt, Germany), were at least of analytical grade. Ultrapure water was obtained by A10 Advantage Milli-Q water purification system (Millipore Corp., Billerica, MA, USA). Six-millilitre blood collection tubes with EDTA were obtained from BD (New York, NY, USA). Solid phase extraction (SPE) cartridges Strata-X-C, 33 μm, 60 mg/3 mL were obtained from Phenomenex (Torrance, CA, USA). Whatman® 903 blood spot cards were purchased from GE Healthcare (Piscataway, NJ, USA) and Minipax® absorbent packets were purchased from Sigma-Aldrich (Steinhein, Germany).




3.2. Calibration Standards


The stock solutions of LTG, LTG-N2-GLU, and IS were prepared in methanol to yield concentrations of 1 mg/mL. A working standard solution containing LTG and LTG-N2-GLU at a concentration of 0.5 mg/mL was made by dilution with methanol. All solutions were stored in a freezer at −20 °C. An amount of 480 µL of drug-free venous blood from healthy donors collected into EDTA vacutainers was spiked with 20 µL of a combined standard solution of both LTG and LTG-N2-GLU prepared by appropriate dilutions with a solvent containing methanol-water (50:50, v/v) from the working solution. Spiked samples were left to equilibrate for 30 min at room temperature with occasional gentle shaking, and subsequently, 10 µL was spotted on the DBS card. Samples were dried at room temperature for at least 3 h and stored at room temperature in a sealed bag containing dry desiccant until analysis. DBS samples for calibration curve construction ranged from 0.1 to 20 µg/mL for both analytes at 11 calibration points (0.1, 0.25, 0.5, 0.75, 1.0, 5.0, 7.5, 10.0, 12.5, 17.5, 20.0). The quality control (QC) samples at low, medium, and high concentrations were prepared in a similar manner to yield 0.3, 3.0, and 15.0 µg/mL, respectively. DBS samples were further prepared as described in the chapter “DBS samples processing”. DBS calibration standards and QC standards were prepared daily and analysed the following day.




3.3. Patient Samples


Eighteen paired plasma and DBS samples were obtained from 9 patients with epilepsy on stable LTG therapy at the Department of Neurology, University Medical Centre Ljubljana, Slovenia, during their regular ambulatory visits. All patients enrolled in the study have signed a written informed consent. Adult patients with confirmed epilepsy on oral LTG treatment, either as a mono- or combination therapy, were eligible for the study. Chronic renal and hepatic diseases, as well as pregnancy, were exclusion criteria for the study. The study was carried out in accordance with the Declaration of Helsinki and was approved by the Slovenian National Medical Ethics Committee (grant 25p/04/12). Venous blood samples were collected in EDTA vacutainers immediately before the morning dose (trough concentration) and 2 to 4 h after dosing (peak concentration). Ten microlitre aliquots of the whole blood were precisely spotted onto the Whatman® 903 cards and dried at room temperature for at least 3 h. DBS samples were stored at room temperature in a sealed bag containing dry desiccant. Samples were analysed within 30 days. The rest of the collected blood samples were afterwards centrifuged at 3000× g for 10 min, separated from the pellet, and stored at −80 °C until analysis.




3.4. Analysis of Plasma Samples


For plasma concentration measurements of LTG and LTG-N2-GLU, an adapted HPLC method with UV detection from Saracino et al. was used [27]. Briefly, a plasma aliquot of 165 µL was precipitated with 600 µL of ice-cold methanol, centrifuged, and the supernatant was evaporated to dryness. The dry residue was then reconstituted with 100 µL of mobile phase. The separation was performed on a C8 column (Zorbax® Eclipse XDB-C8, 4.6 × 150 mm, 5 µm, Agilent Technologies, Santa Clara, CA, USA) using isocratic elution with potassium phosphate buffer (25 mM; pH 2.5)—methanol (80:20, v/v) as a mobile phase. The UV detector was set to 220 nm. The method was validated according to the FDA guidance for bioanalytical method validation [52]. The assay was calibrated over the concentration range of 0.1–20 µg/mL (r2 > 0.998) for LTG and 0.25–20 µg/mL (r2 > 0.997) for LTG-N2-GLU. The intra-day accuracies expressed as bias were from 1.0 to 4.0% and from 4.0 to 12.0%, for LTG and LTG-N2-GLU, respectively. The inter-day accuracies were from 4.0 to 7.0% for both analytes. The intra- and inter-day precisions were below 13.0% and 8.0% RSD, for LTG and LTG-N2-GLU, respectively.




3.5. DBS Samples Processing


The whole DBS spot (10 µL) was cut out with scissors from the DBS card into a 2 mL polypropylene tube. The sample was extracted with 500 µL methanol containing IS (0.2 µg/mL) at room temperature for 30 minutes. After the addition of 1.5 mL of 4% phosphoric acid solution, the sample was vortexed, sonicated for 15 min, and centrifuged at room temperature for 10 min at 16,000× g. An amount of 1.8 mL of the supernatant was loaded on Strata-X-C SPE cartridge which was previously conditioned with 2 mL of methanol and 2 mL of purified water. The loaded cartridge was washed with 1 mL of 2% formic acid and 1 mL of methanol and finally, the analytes were eluted with 2 mL of 5% ammonia in a methanol-acetonitrile mixture (30:70, v/v). The eluate was evaporated to dryness at 45 °C under a stream of nitrogen and reconstituted with 100 µL of methanol-water mixture (50/50, v/v) and analysed by LC-MS/MS.




3.6. Instrumentation and Chromatographic Conditions


Analysis of reconstituted DBS samples was performed on an Agilent 1290 Infinity liquid chromatographic system (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 6460 Triple Quad Mass Spectrometer equipped with a Jet StreamTM ESI source (Agilent Technologies, Inc., Santa Clara, CA, USA), operated in the positive electrospray ionization (ESI) mode. The chromatographic separation was performed on a reversed-phase Kinetex® C18 column (50 mm × 2.1 mm, 2.6 μm particles) guarded by a C18 cartridge column (4 mm × 2 mm; Phenomenex, Torrance, CA, USA). The column temperature was maintained at 50 °C, and the autosampler temperature was kept at 5 °C. The injection volume was 1.0 µL. The MS was protected by using a flow-diverter valve, which let the flow enter the MS only between 0.7 and 1.3 min; otherwise, the flow was directed to waste. The mobile phase composition was optimized to achieve the baseline resolution between LTG and LTG-N2-GLU in the shortest amount of time. The mobile phase consisted of 0.1% formic acid in MilliQ water (mobile phase A) and 100% acetonitrile (mobile phase B). The flow rate was set at 0.65 mL/min and the following gradient was employed (% of mobile phase B): 5.0, 5.0, 30, 60, 60, and 5.0 at the corresponding time points: 0, 0.25, 0.70, 1.0, 1.5, and 1.7, respectively. The total run time was 2.2 min. Instrument parameters were optimized to achieve the best sensitivity and were set as follows: drying gas temperature 275 °C, drying gas flow 5 L/min, nebulizer pressure 45 PSI (0.31 MPa), sheath gas temperature 320 °C, sheath gas flow 11 L/min, capillary entrance voltage 4000 V, nozzle voltage 1000 V. The dwell time was 25 ms. Instrument control, data acquisition, and quantification were performed by Mass Hunter Workstation software B.03.01 (Agilent Technologies, Santa Clara, CA, USA). Multiple reaction monitoring (MRM) settings for quantification were optimized using the Agilent Mass Hunter Optimizer software B.06.00 and are presented in Table 6.




3.7. Method Validation


The DBS method validation was performed according to the FDA guidelines for bioanalytical method validation [52]. The validated parameters were selectivity, accuracy and precision, lower limit of quantification, linearity, matrix effect, extraction efficiency, and stability. From the additional DBS-specific parameters, the effects of Hct and blood spot volume on measured analyte concentrations were evaluated.



3.7.1. Selectivity


The selectivity of the developed method was assessed by analysing blank DBS samples from six healthy individuals, prepared according to the sample preparation protocol. Drug-free chromatograms were compared with those at the LLOQ to ensure that no interfering peaks were present in the biological matrix at the retention times of the analytes.




3.7.2. Linearity and Lower Limit of Quantification


Calibration standards at 11 concentration levels, from 0.1 to 20 µg/mL, were spotted on blank cards over 3 consecutive validation days. A non-weighted linear regression analysis was applied to calculate the slopes, intercepts, and determination coefficients of the calibration curves constructed as peak area ratios of analyte to IS versus analyte concentration. The lower limit of quantification (LLOQ) was defined as the lowest concentration, where the coefficient of variation (CV) and bias values did not exceed 20% and the analyte signal response was at least 5-fold higher compared to the response in the blank DBS sample.




3.7.3. Accuracy and Precision


The accuracy and precision of the method were assessed by analysing the QC DBS sample replicates (n = 5) at low, medium, and high concentrations. The intra-day accuracy and precision were calculated on a single day, while the inter-day accuracy and precision were calculated by five determinations per concentration over three consecutive validation days. The intra- and inter-day precision and accuracy of the assay were determined as percent coefficient of variation (CV) and percent bias values, respectively.




3.7.4. Matrix Effect and Recovery


The recovery was calculated by comparing the responses from (A) extracted spiked DBS samples at low and high QC concentration levels with those from (B) post-extraction blank DBS samples reconstituted with the standard solution at the same QC concentration level (A/B × 100%).



The absence of the matrix effect was evaluated according to Matuszewski [53] as a relative matrix effect to ensure that the method’s accuracy is not compromised by matrices originating from different individuals. Five standard curves containing 6 calibrators (0.1, 0.3, 3, 7.5, 15.0, 20.0) were constructed using five different lots of blood obtained from five healthy volunteers. The slopes of the curves were determined by linear regression analysis of the peak area ratios of the analyte/IS versus nominal analyte concentrations, and the variance in slopes was calculated to evaluate whether the matrix effect influences the accuracy of our method. Slope RSD values below 4% were considered an indicator that the method is free from significant relative matrix effects.




3.7.5. Haematocrit Effect and Influence of Blood Spot Volume


To evaluate the effect of Hct on the accuracy of analyte quantification, aliquots of blood with different Hct % (25, 35, 45, 55) were prepared. For each Hct, QC samples at three concentration levels were prepared and analysed in triplicate.



Drug-free blood in EDTA tubes was obtained from a healthy volunteer and centrifuged for 10 min at 3000× g. Afterwards, appropriate amounts of plasma were added to the concentrated human erythrocytes to obtain simulated blood with defined Hct levels. After spiking, the blood was incubated at 37 °C for 30 min with gentle agitation. Ten-microlitre spots were applied onto the DBS cards, and after drying, they were submitted for extraction and analysis. Concentrations were calculated by using regression curves constructed with DBS samples prepared with whole blood from the healthy volunteer. The obtained concentrations at different Hct levels were compared with nominal concentrations and the bias and CV (%) were calculated. Bias and CV values within ±15% were considered acceptable.



The influence of different blood volumes (10, 20, 30, and 40 μL) on drug concentration was tested at the QC medium concentration level. Six-millilitre punches (in triplicate) were extracted from the centre of the DBS samples and extracted according to the sample preparation procedure. The measured ratio of analyte versus IS was compared to those obtained from 10 μL spots, and the CV (%) was calculated.




3.7.6. Stability


The stabilities of LTG and LTG-N2-GLU in stock solution on DBS cards and extracted samples were tested at low and high QC samples. Stock solution stability (stored at 4 °C for LTG and −80 °C for LTG-N2-GLU) was estimated for the respective periods. The stability of DBS specimens was assessed by storing the cards at −20 °C, 40 °C, and room temperature for 5, 14, 21, and 28 days. Autosampler stability was evaluated by keeping the prepared QC samples in the autosampler at 5 °C for 24 h. The measured concentrations of stored samples were compared to those obtained after analysis of freshly spiked DBS samples.






4. Conclusions


We developed a rapid, sensitive, and specific LC-MS/MS method for the quantification of lamotrigine and its main metabolite, lamotrigine-N2-glucuronide, in DBS samples. The method covers a wide concentration range for both analytes and was successfully applied to the analysis of patients’ DBS samples. Correlation analysis showed good agreement between the plasma and DBS concentrations when the haematocrit and the blood-to-plasma partition coefficient were taken into account. Our method offers two major advantages: the use of DBS samples instead of plasma samples, which offers significant benefits in terms of sample handling and transport; and secondly, the simultaneous measurement of LTG and the metabolite-to-parent ratio, which helps to elucidate the reasons when lamotrigine concentrations are found outside its optimal therapeutic range due to enzyme inhibition or induction. This is especially important for elderly patients, who are frequently taking many concomitant medications and herbal supplements that can interfere with LTG metabolic clearance.







Author Contributions


Methodology, R.R., T.V., I.G. and J.T.; Validation, D.M., R.R., T.V. and J.T.; Formal analysis, D.M., R.R. and T.V.; Investigation, D.M., R.R., T.V. and B.L.; Resources, T.V. and B.L.; Data curation, D.M., I.G. and J.T.; Writing—original draft, D.M., R.R., T.V. and J.T.; Writing—review & editing, I.G.; Supervision, I.G.; Funding acquisition, I.G. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Slovenian Research Agency (ARRS Grant P1-0189) and the Ad Futura Scientific and Educational Foundation of the Republic of Slovenia.




Institutional Review Board Statement


The samples used in this study were obtained from patients included in the clinical study approved by the National Medical Ethics Committee of the Republic of Slovenia (April 2012 (25p)) that was carried out according to the Declaration of Helsinki.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pellock, J.M. Lamotrigine. J. Child Neurol. 1997, 12, S1. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, A.F.; Land, G.S.; Breimer, D.D.; Yuen, W.C.; Winton, C.; Peck, A.W. Lamotrigine, a new anticonvulsant: Pharmacokinetics in normal humans. Clin. Pharmacol. Ther. 1987, 42, 535–541. [Google Scholar] [CrossRef] [PubMed]

	



Rowland, A.; Elliot, D.J.; Williams, J.A.; Mackenzie, P.I.; Dickinson, R.G.; Miners, J.O. In Vitro Characterization of Lamotriginen2-Glucuronidation and the Lamotrigine-Valproic Acid Interaction. Drug Metab. Dispos. 2006, 34, 1055–1062. [Google Scholar] [CrossRef] [PubMed]

	



Johannessen, S.I.; Tomson, T. Pharmacokinetic Variability of Newer Antiepileptic Drugs. Clin. Pharmacokinet. 2006, 45, 1061–1075. [Google Scholar] [CrossRef] [PubMed]

	



Milosheska, D.; Lorber, B.; Vovk, T.; Kastelic, M.; Dolžan, V.; Grabnar, I. Pharmacokinetics of lamotrigine and its metabolite N-2-glucuronide: Influence of polymorphism of UDP-glucuronosyltransferases and drug transporters. Br. J. Clin. Pharmacol. 2016, 82, 399–411. [Google Scholar] [CrossRef] [PubMed]

	



Bijwrkingen Centrum Lareb. Potential Interaction between Lamotrigine and Estradiol/Dydrogesteron Leading to Decreased Lamotrigine Blood Levels. 2023. Available online: https://www.lareb.nl/media/dxan5b2j/signals_2023_-interaction_lamotrigine_femoston_website.pdf (accessed on 21 July 2023).

	



Reimers, A. Hormone replacement therapy with estrogens may reduce lamotrigine serum concentrations: A matched case–control study. Epilepsia 2017, 58, e6–e9. [Google Scholar] [CrossRef]

	



Myers, A.P.; Watson, T.A.; Strock, S.B. Drug Reaction with Eosinophilia and Systemic Symptoms Syndrome Probably Induced by a Lamotrigine-Ginseng Drug Interaction. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2015, 35, e9–e12. [Google Scholar] [CrossRef] [PubMed]

	



Francke, M.I.B.; Peeters, L.E.J.; Hesselink, D.A.; Kloosterboer, S.M.; Koch, B.C.P.; Veenhof, H.; de Winter, B.C.M. Best Practices to Implement Dried Blood Spot Sampling for Therapeutic Drug Monitoring in Clinical Practice. Ther. Drug Monit. 2022, 44, 696–700. [Google Scholar] [CrossRef] [PubMed]

	



Milosheska, D.; Grabnar, I.; Vovk, T. Dried blood spots for monitoring and individualization of antiepileptic drug treatment. Eur. J. Pharm. Sci. 2015, 75, 25–39. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, C.-L.; Chou, C.-H.; Hu, O.Y.-P. Determination of lamotrigine in small volumes of plasma by high-performance liquid chromatography. J. Chromatogr. B 2005, 817, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, J.D.; Shearsby, N.J.; Taylor, J.E.; Sheung, C.F. Simultaneous determination of lamotrigine and its glucuronide and methylated metabolites in human plasma by automated sequential trace enrichment of dialysates and gradient high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1997, 702, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, P.E.; Fisher, D.S.; Evers, R.; Flanagan, R.J. A rapid and simple assay for lamotrigine in serum/plasma by HPLC, and comparison with an immunoassay. Biomed. Chromatogr. 2011, 25, 775–778. [Google Scholar] [CrossRef] [PubMed]

	



Sallustio, B.C.; Morris, R.G. High-performance liquid chromatography quantitation of plasma lamotrigine concentrations: Application measuring trough concentrations in patients with epilepsy. Ther. Drug Monit. 1997, 19, 688–693. Available online: https://www.semanticscholar.org/paper/High-performance-liquid-chromatography-quantitation-Sallustio-Morris/5454806fd50d6319814daea1da7b64a3dc967069 (accessed on 22 July 2023). [CrossRef] [PubMed]

	



Bartoli, A.; Marchiselli, R.; Gatti, G. A Rapid and Specific Assay for the Determination of Lamotrigine in Human Plasma by Normal-Phase HPLC. Ther. Drug Monit. 1997, 19, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Londero, D.; Greco, P.L. New micromethod for the determination of lamotrigine in human plasma by high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1997, 691, 139–144. [Google Scholar] [CrossRef] [PubMed]

	



Matar, K.M.; Nicholls, P.J.; Tekle, A.; Bawazir, S.A.; Al-Hassan, M.I. Liquid Chromatographic Determination of Six Antiepileptic Drugs and Two Metabolites in Microsamples of Human Plasma. Ther. Drug Monit. 1999, 21, 559. [Google Scholar] [CrossRef] [PubMed]

	



Angelis-Stoforidis, P.; Morgan, D.J.; O’Brien, T.J.; Vajda, F.J. Determination of lamotrigine in human plasma by high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 1999, 727, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Croci, D.; Salmaggi, A.; de Grazia, U.; Bernardi, G. New High-Performance Liquid Chromatographic Method for Plasma/Serum Analysis of Lamotrigine. Ther. Drug Monit. 2001, 23, 665. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, N.R.; Mídio, A.F. Validated high-performance liquid chromatographic method for the determination of lamotrigine in human plasma. J. Chromatogr. B Biomed. Sci. Appl. 2000, 741, 289–293. [Google Scholar] [CrossRef] [PubMed]

	



Castel-Branco, M.M.; Almeida, A.M.; Falcao, A.C.; Macedo, T.A.; Caramona, M.M.; Lopez, F.G. Lamotrigine analysis in blood and brain by high-performance liquid chromatography. J. Chromatogr. B Biomed. Sci. Appl. 2001, 755, 119–127. [Google Scholar] [CrossRef] [PubMed]

	



Rivas, N.; Zarzuelo, A.; López, F.G. Optimisation of a high-efficiency liquid chromatography technique for measuring lamotrigine in human plasma. Farm. Hosp. 2010, 34, 85–89. [Google Scholar] [CrossRef] [PubMed]

	



Forssblad, E.; Eriksson, A.-S.; Beck, O. Liquid chromatographic determination of plasma lamotrigine in pediatric samples. J. Pharm. Biomed. Anal. 1996, 14, 755–758. [Google Scholar] [CrossRef] [PubMed]

	



Heideloff, C.; Bunch, D.R.; Wang, S. A Novel HPLC Method for Quantification of 10 Antiepileptic Drugs or Metabolites in Serum/Plasma Using a Monolithic Column. Ther. Drug Monit. 2010, 32, 102–106. [Google Scholar] [CrossRef] [PubMed]

	



Franceschi, L.; Furlanut, M. A simple method to monitor plasma concentrations of oxcarbazepine, carbamazepine, their main metabolites and lamotrigine in epileptic patients. Pharmacol. Res. 2005, 51, 297–302. [Google Scholar] [CrossRef] [PubMed]

	



Greiner-Sosanko, E.; Lower, D.R.; Virji, M.A.; Krasowski, M.D. Simultaneous determination of lamotrigine, zonisamide, and carbamazepine in human plasma by high-performance liquid chromatography. Biomed. Chromatogr. BMC 2007, 21, 225–228. [Google Scholar] [CrossRef] [PubMed]

	



Saracino, M.A.; Bugamelli, F.; Conti, M.; Amore, M.; Raggi, M.A. Rapid HPLC analysis of the antiepileptic lamotrigine and its metabolites in human plasma. J. Sep. Sci. 2007, 30, 2249–2255. [Google Scholar] [CrossRef] [PubMed]

	



Contin, M.; Balboni, M.; Callegati, E.; Candela, C.; Albani, F.; Riva, R.; Baruzzi, A. Simultaneous liquid chromatographic determination of lamotrigine, oxcarbazepine monohydroxy derivative and felbamate in plasma of patients with epilepsy. J. Chromatogr. B 2005, 828, 113–117. [Google Scholar] [CrossRef] [PubMed]

	



Contin, M.; Mohamed, S.; Candela, C.; Albani, F.; Riva, R.; Baruzzi, A. Simultaneous HPLC–UV analysis of rufinamide, zonisamide, lamotrigine, oxcarbazepine monohydroxy derivative and felbamate in deproteinized plasma of patients with epilepsy. J. Chromatogr. B 2010, 878, 461–465. [Google Scholar] [CrossRef] [PubMed]

	



Vermeij, T.A.; Edelbroek, P.M. Robust isocratic high performance liquid chromatographic method for simultaneous determination of seven antiepileptic drugs including lamotrigine, oxcarbazepine and zonisamide in serum after solid-phase extraction. J. Chromatogr. B 2007, 857, 40–46. [Google Scholar] [CrossRef] [PubMed]

	



Beck, O.; Öhman, I.; Nordgren, H.K. Determination of Lamotrigine and its Metabolites in Human Plasma by Liquid Chromatography-Mass Spectrometry. Ther. Drug Monit. 2006, 28, 603–607. [Google Scholar] [CrossRef] [PubMed]

	



Namdev, K.K.; Dwivedi, J.; Chilkoti, D.C.; Sharma, S. A simple, rapid and stability indicating validated method for quantification of lamotrigine in human plasma and dry plasma spot using LC-ESI–MS/MS: Application in clinical study. J. Chromatogr. B 2018, 1072, 362–369. [Google Scholar] [CrossRef] [PubMed]

	



Carlow, D.C.; Shi, H.; Schofield, R.C. Simultaneous Quantitation of Lamotrigine, Levetiracetam, 10-Hydroxycarbazepine, Topiramate, and Zonisamide in Serum Using HPLC-MS/MS. In Clinical Applications of Mass Spectrometry in Drug Analysis: Methods and Protocols; Garg, U., Ed.; In Methods in Molecular Biology; Springer: New York, NY, USA, 2016; pp. 29–37. [Google Scholar] [CrossRef]

	



Palte, M.J.; Basu, S.S.; Dahlin, J.L.; Gencheva, R.; Mason, D.; Jarolim, P.; Petrides, A.K. Development and Validation of an Ultra-Performance Liquid Chromatography–Tandem Mass Spectrometry Method for the Concurrent Measurement of Gabapentin, Lamotrigine, Levetiracetam, Monohydroxy Derivative of Oxcarbazepine, and Zonisamide Concentrations in Serum in a Clinical Setting. Ther. Drug Monit. 2018, 40, 469–476. [Google Scholar] [CrossRef] [PubMed]

	



Dupouey, J.; Doudka, N.; Belo, S.; Blin, O.; Guilhaumou, R. Simultaneous determination of four antiepileptic drugs in human plasma samples using an ultra-high-performance liquid chromatography tandem mass spectrometry method and its application in therapeutic drug monitoring. Biomed. Chromatogr. 2016, 30, 2053–2060. [Google Scholar] [CrossRef]

	



D’Urso, A.; Cangemi, G.; Barco, S.; Striano, P.; D’Avolio, A.; de Grazia, U. LC-MS/MS-Based Quantification of 9 Antiepileptic Drugs From a Dried Sample Spot Device. Ther. Drug Monit. 2019, 41, 331–339. [Google Scholar] [CrossRef] [PubMed]

	



Matar, K.; Nicholls, P.; Bawazir, S.; Al-Hassan, M.; Tekle, A. A rapid liquid chromatographic method for the determination of lamotrigine in plasma. J. Pharm. Biomed. Anal. 1998, 17, 525–531. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Zhao, Q.; Zhang, D.; Zhao, Z.; Mei, S. Development and validation of an improved HPLC-UV method for simultaneous determination of lamotrigine and oxcarbazepine and its active metabolite 10,11-dihydro-10-hydroxycarbazepine in human blood plasma and comparison with an UHPLC-MS/MS method. J. Anal. Sci. Technol. 2019, 10, 36. [Google Scholar] [CrossRef]

	



Tagwerker, C.; Baig, I.; Brunson, E.J.; Dutra-Smith, D.; Carias, M.-J.; de Zoysa, R.S.; Smith, D.J. Multiplex Analysis of 230 Medications and 30 Illicit Compounds in Dried Blood Spots and Urine. J. Anal. Toxicol. 2021, 45, 581–592. [Google Scholar] [CrossRef] [PubMed]

	



Möller, I.; Held, K.; Klimpel, D.; Nadulski, T.; Dufaux, B. Development and validation of an LC–MS/MS method for relevant drugs in epilepsy patients using dried blood spots. Biomed. Chromatogr. 2021, 35, e5130. [Google Scholar] [CrossRef] [PubMed]

	



Linder, C.; Andersson, M.; Wide, K.; Beck, O.; Pohanka, A. A LC–MS/MS method for therapeutic drug monitoring of carbamazepine, lamotrigine and valproic acid in DBS. Bioanalysis 2015, 7, 2031–2039. [Google Scholar] [CrossRef] [PubMed]

	



Linder, C.; Hansson, A.; Sadek, S.; Gustafsson, L.L.; Pohanka, A. Carbamazepine, lamotrigine, levetiracetam and valproic acid in dried blood spots with liquid chromatography tandem mass spectrometry; method development and validation. J. Chromatogr. B 2018, 1072, 116–122. [Google Scholar] [CrossRef] [PubMed]

	



AbuRuz, S.; Al-Ghazawi, M.; Al-Hiari, Y. A Simple Dried Blood Spot Assay for Therapeutic Drug Monitoring of Lamotrigine. Chromatographia 2010, 71, 1093–1099. [Google Scholar] [CrossRef]

	



D’Urso, A.B.; Rudge, J.; Patsalos, P.N.F.; de Grazia, U. Volumetric Absorptive Microsampling: A New Sampling Tool for Therapeutic Drug Monitoring of Antiepileptic Drugs. Ther. Drug Monit. 2019, 41, 681–692. [Google Scholar] [CrossRef] [PubMed]

	



Shah, N.M.; Hawwa, A.; Millership, J.; Collier, P.; McElnay, J. A simple bioanalytical method for the quantification of antiepileptic drugs in dried blood spots. J. Chromatogr. B 2013, 923–924, 65–73. [Google Scholar] [CrossRef] [PubMed]

	



den Besten-Bertholee, D.; Wegner, I.; Touw, D.J.; Ter Horst, P.G. Analytical and clinical validation of an LC-MS/MS method for carbamazepine, lamotrigine and levetiracetam in dried blood spots. Eur. J. Hosp. Pharm. 2023, ejhpharm-2022-003589. [Google Scholar] [CrossRef] [PubMed]

	



Klimpel, D.; Hagemann, A.; Bien, C.G.; Dufaux, B.; May, T.W.; Brandt, C. Therapeutic Drug Monitoring of Lamotrigine, Lacosamide, and Levetiracetam in Dried Capillary Blood—Determination of Conversion Factors for Serum-Based Reference Ranges. Ther. Drug Monit. 2021, 43, 394–400. [Google Scholar] [CrossRef] [PubMed]

	



Hagemann, A.; Klimpel, D.; Schmitter, E.M.; Bien, C.G.; Dufaux, B.; May, T.W.; Brandt, C. Validation of Conversion Factors for Therapeutic Drug Monitoring of Lacosamide, Lamotrigine, and Levetiracetam in Dried Capillary Blood. Ther. Drug Monit. 2023, 45, 546–553. [Google Scholar] [CrossRef] [PubMed]

	



Schoretsanitis, G.; Paulzen, M.; Unterecker, S.; Schwarz, M.; Conca, A.; Zernig, G.; Gründer, G.; Haen, E.; Baumann, P.; Bergemann, N.; et al. TDM in psychiatry and neurology: A comprehensive summary of the consensus guidelines for therapeutic drug monitoring in neuropsychopharmacology, update 2017; a tool for clinicians. World J. Biol. Psychiatry 2018, 19, 162–174. [Google Scholar] [CrossRef] [PubMed]

	



Jager, N.G.L.; Rosing, H.; Schellens, J.H.M.; Beijnen, J.H. Procedures and practices for the validation of bioanalytical methods using dried blood spots: A review. Bioanalysis 2014, 6, 2481–2514. [Google Scholar] [CrossRef] [PubMed]

	



Järvinen, E.; Deng, F.; Kiander, W.; Sinokki, A.; Kidron, H.; Sjöstedt, N. The Role of Uptake and Efflux Transporters in the Disposition of Glucuronide and Sulfate Conjugates. Front. Pharmacol. 2022, 12, 802539. Available online: https://www.frontiersin.org/articles/10.3389/fphar.2021.802539 (accessed on 15 November 2023). [CrossRef] [PubMed]

	



FDA. Guidance for Industry: Bioanalytical Method Validation. US Department of Health and Human Services. 2018. Available online: https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf (accessed on 24 January 2022).

	



Matuszewski, B.K.; Constanzer, M.L.; Chavez-Eng, C.M. Strategies for the Assessment of Matrix Effect in Quantitative Bioanalytical Methods Based on HPLC−MS/MS. Anal. Chem. 2003, 75, 3019–3030. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 17 00449 g001] 





Figure 1. Chemical structures of (A) LTG and (B) LTG-N2-β-D-glucuronide. 
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Figure 2. MS chromatograms recorded from a DBS sample at LLOQ (left-hand side) showing good signal-to-noise ratios for LTG-N2-GLU (A1) and LTG (B1). Overlaid chromatograms from a blank DBS sample show excellent selectivity without any matrix interferences ((A1,B1), dark grey areas). Typical DBS chromatograms obtained from a patient treated with LTG are presented on the right-hand side: LTG-N2-GLU (A2) and LTG (B2) with its internal standard (IS). 
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Figure 3. Comparison of LTG-N2-GLU DBS and blood plasma concentrations in nine patients. Weighted Deming regression of LTG-N2-GLU plasma concentrations plotted against the measured DBS concentration (A) or the calculated plasma concentrations using Equation (1) (B). The red line is the identity line. Bland–Altman plot for LTG-N2-GLU determined using the measured plasma and DBS (C) or the calculated concentrations using Equation (1). The mean line represents the bias between the measured DBS (C) or the calculated plasma (D) and measured plasma concentrations with a 95% confidence interval (dashed). The 1.96 SD lines indicate limits of the 95% agreement interval. 
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Figure 4. Comparison of LTG DBS and blood plasma concentrations in nine patients. Weighted Deming regression of LTG plasma concentrations plotted against measured DBS concentration (A) or calculated plasma concentrations using Equation (3) (B). The red line is the identity line. Bland–Altman plot for LTG determined using measured plasma and DBS (C) or calculated concentration using Equation (3). The mean line represents the bias between the measured DBS (C) or calculated plasma (D) and measured plasma concentrations with a 95% confidential interval (dashed). The 1.96 SD lines indicate limits of the 95% agreement interval. 
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Figure 5. Boxplot of the metabolite-to-parent ratio (MPR) in trough DBS samples from a set of 9 patients on LTG therapy in steady-state with overlaid measurements in individual subjects (circles). Horizontal dashed lines are Tukey’s fences. Two outlying subjects are indicated by red-filled circles. 
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Table 1. Calibration parameters (mean values ± SD, n = 3), analytical range, and lower limit of quantification (LLOQ) precision and accuracy.
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Analyte

	
Therapeutic Range (µg/mL)

	
Analytical Range

(µg/mL)

	
LLOQ

Precision

(%RSD, n = 3)

	
LLOQ

Accuracy (%)

	
Calibration Parameters




	
Intercept

	
Slope

	
r2






	
LTG

	
2.5–15

	
0.1–20

	
19.2

	
102

	
−0.0012 ± 0.0022

	
0.1683 ± 0.0092

	
0.9937




	
LTG-N2-GLU

	
NE

	
0.1–20

	
10.3

	
95.0

	
0.0124 ± 0.0128

	
1.1243 ± 0.0673

	
0.9927








NE—not established.













 





Table 2. Intra- and inter-day precision and accuracy for LTG and LTG-N2-GLU in DBS samples by LC-MS/MS.
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Nominal Concentration

(µg/mL)

	
Concentration Found

(µg/mL)

	
CV (%)

	
Bias (%)






	
Intra-day (n = 5)




	
LTG




	
0.3

	
0.330

	
5.86

	
10.6




	
3.0

	
3.11

	
4.54

	
3.70




	
15

	
15.6

	
4.70

	
3.9




	
LTG-N2-GLU




	
0.3

	
0.299

	
4.39

	
−0.20




	
3.0

	
2.86

	
5.79

	
−4.7




	
15

	
14.1

	
5.81

	
−6.0




	
Inter-day (n = 15)




	
LTG




	
0.3

	
0.331

	
0.23

	
10.4




	
3.0

	
2.95

	
5.91

	
−1.5




	
15

	
15.5

	
1.48

	
3.4




	
LTG-N2-GLU




	
0.3

	
0.325

	
6.83

	
8.3




	
3.0

	
2.77

	
3.07

	
−7.8




	
15

	
14.2

	
0.78

	
−5.2











 





Table 3. Hct effect on LTG and LTG-N2-GLU concentration.
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Hct (%)

	
Concentration

(µg/mL)

	
LTG

	
LTG-N2-GLU




	
Bias (%)

	
CV (%)

	
Bias (%)

	
CV (%)






	
25

	
0.3

	
3.65

	
6.53

	
1.13

	
3.10




	
3

	
5.85

	
6.60

	
1.50

	
9.62




	
15

	
1.40

	
6.06

	
−0.04

	
3.89




	
35

	
0.3

	
6.57

	
2.34

	
7.41

	
3.37




	
3

	
6.49

	
5.60

	
4.95

	
4.68




	
15

	
4.06

	
0.96

	
0.09

	
1.01




	
45

	
0.3

	
−6.47

	
8.13

	
7.05

	
0.13




	
3

	
3.36

	
4.33

	
5.17

	
5.23




	
15

	
−0.43

	
5.97

	
−5.29

	
3.52




	
55

	
0.3

	
13.45

	
0.67

	
7.23

	
7.24




	
3

	
2.92

	
4.11

	
8.40

	
2.44




	
15

	
5.30

	
1.69

	
0.77

	
5.41











 





Table 4. Stability of LTG and LTG-N2-GLU in DBS samples. Results presented as a percentage of analyte determined relative to those obtained after the analysis of freshly prepared DBS samples.
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	Storage Conditions
	LTG
	LTG-N2-GLU





	5 days at −20 °C
	94.6–101.2
	99.4–101.2



	5 days at 40 °C
	96.8–105.5
	98.9–102.1



	14 days at 25 °C
	99.7–103.8
	98.8–95.5



	21 days at −20 °C
	101.6–115.3
	90.9–100.4



	21 days at 25 °C
	108.7–113.0
	92.0–99.9



	21 days at 40 °C
	112.2–114.4
	97.1–103.5



	28 days at 25 °C
	89.2–93.3
	95.8–91.5










 





Table 5. LTG and its major glucuronide metabolite LTG-N2-GLU concentration in trough DBS samples and calculated metabolite-to-parent ratio (MPR) in a set of patients receiving 100 to 400 mg LTG per day. Samples were taken in steady-state, immediately before the morning dose.
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	Subj. Nr.
	Dose [mg/day]
	LTG

[µg/mL]
	LTG-N2-GLU [µg/mL]
	MPR





	1 *
	100
	4.61
	0.37
	0.080



	2
	200
	3.14
	1.41
	0.449



	3
	250
	6.42
	1.63
	0.254



	4 *
	400
	3.50
	2.14
	0.611



	5
	100
	1.83
	0.60
	0.328



	6
	300
	6.09
	2.10
	0.345



	7
	100
	1.84
	0.31
	0.168



	8
	250
	3.48
	1.09
	0.313



	9
	400
	9.39
	3.22
	0.343



	Mean
	233
	4.48
	1.43
	0.320



	SD
	120
	2.46
	0.96
	0.153







* outlying subjects.













 





Table 6. The MRM transitions and fragme