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Saliva, known for better patient compliance and simpler collection, is ideal for monitoring antiseizure 
medication (ASM) levels. This study aimed to validate saliva for measuring lacosamide, develop a 
pharmacokinetic (PK) model, and determine the optimal saliva concentration for seizure control in 
epilepsy patients. In our prospective study at Seoul National University Hospital from August 2021 to 
November 2022, we enrolled lacosamide-prescribed epilepsy patients, collecting their saliva and blood 
samples. We developed a population PK model with nonlinear mixed-effects modeling, incorporating 
a saliva compartment and plasma-to-saliva distribution scaling factor. The model, factoring in 
CYP2C19 genotypes, demographics, and concurrent ASM use, estimated optimal saliva lacosamide 
concentration cutoffs for well-controlled seizures in high seizure burden patients. These values were 
validated through a two-year longitudinal analysis. In our study, 123 epilepsy patients prescribed 
lacosamide were finally analyzed. We identified 74 matched pairs of blood and saliva samples, finding 
a linear relationship between their lacosamide concentrations (R = 0.62, P < 0.001). Using our PK model, 
we estimated individual peak (Cmax) and trough concentrations in saliva and blood based on dosage, 
determining optimal saliva cutoffs for well-controlled seizure status in lacosamide: 15.94 mg/L for 
Cmax and 9.056 mg/L for trough, with 72.7% sensitivity and 88.2% specificity. Longitudinal analysis 
showed well-controlled seizure status achievement aligning with times when estimated Cmax and 
trough surpassed these cutoffs. Our research presents the potential and validity of using saliva 
concentration as an alternative to blood concentration for lacosamide TDM, advancing personalized 
pharmacotherapy in epilepsy treatment.
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Lacosamide, a recently developed voltage-gated ion channel inhibitor approved by the FDA in 2009, is considered 
one of the new-generation antiseizure medications (ASMs)1,2. It offers advantages such as effectiveness, 
tolerability, and minimal drug-drug interactions compared to previous ASMs1,3,4. However, current management 
guidelines only provide a therapeutic dose range, leaving the determination of an appropriate dose for individual 
patients largely dependent on the clinician’s discretion1,5. To achieve personalized management with objective 
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indicators, therapeutic drug monitoring (TDM) is crucial, especially in high seizure burden patients6,7. However, 
even with TDM in place, measuring a patient’s blood concentration regularly is challenging due to the invasive 
nature of blood sampling, making it less feasible in outpatient settings.

As an alternative to blood sampling, saliva has emerged as a promising method for measuring drug 
concentrations8,9. The correlation between saliva concentration and blood concentration has been demonstrated 
for some new-generation ASMs in small-scale pilot studies9–12. However, such evidence is not well-established 
in a larger patient population, and population pharmacokinetic (PK) models have not been developed for 
this purpose. Furthermore, there is a lack of research confirming whether saliva can be used for TDM and its 
association with the anti-seizure effect.

Therefore, in this study, we aimed to first confirm whether there is a correlation between lacosamide’s saliva 
and blood concentrations in a larger number of patients. Additionally, we developed a population PK model 
capable of estimating both blood and saliva concentrations, incorporating individual genetic polymorphism 
information of Cytochrome P450 enzymes. Through this research, we sought to identify the optimal cutoff 
value for estimated saliva concentration that demonstrates an anti-seizure effect and investigate whether saliva 
samples can be used for TDM based on longitudinal data.

Materials and methods
Patient enrollment
In our prospective study, we recruited patients with epilepsy who had been prescribed lacosamide between 
August 2021 and November 2022 at Seoul National University Hospital (SNUH). ASM regimens including total 
daily dose of lacosamide was maintained at least for one month before the enrollment in order to assume a steady 
state13. The time points at which the last lacosamide dose was taken and the sample collection of blood and saliva 
were measured. Additionally, we considered potential confounding factors by investigating whether patients 
had recently consumed food, smoked, or brushed their teeth within an hour of sample collection9,10. We also 
assessed for any oral health issues, including dental cavities, to account for their potential influence on the study 
variables. This study was approved by SNUH Institutional Review Board (IRB number: 2104-146-1213) and all 
informed consent was received from enrolled patients and/or legal guardians. All methods were performed in 
accordance with the relevant guidelines and regulations.

Sample collection
Saliva and blood samples were simultaneously collected during outpatient sessions, ensuring that there was no 
more than a 30-min gap between the collection times. For blood samples, a minimum of 5 mL was collected into 
sodium-heparin tubes, serum-separate tubes, and/or ethylene diamine acetic acid tubes (BD Biosciences). To 
maintain consistency and eliminate potential confounding conditions, the collection of saliva samples followed 
a standardized procedure10. Initially, patients rinsed their mouths with water and expectorated a minimum of 
1–3 mL of unstimulated saliva into untreated polypropylene tubes (BD Biosciences). All samples were promptly 
stored at − 70 °C within 3 h of collection.

Determination of lacosamide concentration
The plasma, serum, and saliva concentrations of lacosamide was analyzed by validated liquid chromatography‒mass 
spectrometry (LC‒MS) using Waters Acquity system with Hypersil Gold column (100 × 2.1 mm, 3 µm, Thermo 
Scientific, USA) and Xevo TQ MS (Waters Corporation, USA). Lacosamide-d3 was used as an internal standard. 
The mobile phase was consisted with 0.1% formic acid in distilled water and acetonitrile in a 60:40 ratio under 
gradient conditions with a flow rate of 0.25 mL/min. The lacosamide concentration was calculated using the 
peak area ratio of lacosamide to lacosamide-d3. The calibration curve was linear in the concentration range of 
0.01–10 mg/L in saliva and 0.1–10 mg/L in blood (plasma and serum). The within- and between-batch precision 
results of lacosamide were within the range of 1.40–3.81%, and accuracies were within the range of 99.6–104.3% 
in blood sample. The corresponding values were 0.43 to 2.81% and 97.8 to 104.7%, respectively, in lacosamide 
saliva sample.

Analysis of clinical profiles
In our study, we assessed the baseline seizure burden by querying participants about their seizure events over 
a minimum six-month period. The number of days with seizure events was calculated, and participants were 
classified into groups: seizure-free, less than one seizure event day per month, more than one seizure event day 
per month, more than one seizure event day every three weeks, and more than one seizure event day every two 
weeks. The high seizure burden group included those experiencing more than one seizure event day per month. 
Within this group, the severe seizure burden group consisted of patients with more than one seizure event day 
every two weeks, while others were categorized as the less-severe seizure burden group. In addition to the seizure 
burden, to assess the effectiveness of seizure management, we defined well-controlled seizure status as the point 
at which no further adjustments were made for seizure control for at least two months, with patients expressing 
satisfaction with their current condition. Furthermore, comprehensive clinical data were collected, including 
height, body weight, seizure type (focal or generalized), ASM numbers prescribed, adverse events due to any 
ASM, laboratory findings, electroencephalogram (EEG) data, and brain magnetic resonance imaging (MRI) 
scans.

For longitudinal analysis, we collected seizure frequency, lacosamide total daily dose, ASM numbers 
prescribed, and well-controlled seizure status at each of the following time points: at the time of study enrollment 
(baseline) and every two months (± 2 weeks) for two years. Time points without available data were recorded as 
blank14.
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Genetic analysis
DNA extraction from peripheral whole blood samples was carried out to analyze the genotype of CYP2C9 and 
CYP2C19, using the Maxwell CSC Blood DNA Kit and Maxwell CSC Instrument (Promega). Subsequently, 
we employed TaqMan allelic discrimination assays on a real-time polymerase chain reaction (RT-PCR) system 
(Applied Biosystems). The results of allelic discrimination were determined through the utilization of 7500 Real-
Time PCR System software, version 2.0.6 (Applied Biosystems).

In terms of CYP2C9 genotypes, individuals were classified as normal metabolizers (*1/*1) and intermediate 
metabolizers (*1/*3). For CYP2C19, patients were categorized into three distinct phenotypes: normal 
metabolizers (*1/*1), intermediate metabolizers (*1/*2 or *3), and poor metabolizers (*2/*2, *2/*3, or *3/*3)13.

Pharmacokinetic analysis and modeling
The population PK model of lacosamide was developed using nonlinear mixed-effects modeling using 
NONMEM (version 7.4.0, ICON Development Solutions, Ellicott City, USA) with Pirana (version 2.9.9, Certara, 
Princeton, USA) interface15,16. The parameters were estimated using the first-order conditional estimation 
method with the interaction option. The previously published population PK model of lacosamide in healthy 
subjects was the starting point of the base model17. It was a one compartment model with first-order absorption 
and elimination, where creatinine clearance (CLcr) affected the apparent clearance (CL/F) and body surface area 
(BSA) impacted on apparent volume of distribution (Vd/F). Because our patients’ data were obtained by sparse 
sampling, we fixed the absorption rate (Ka), Vd/F, and the power coefficient of BSA to Vd/F based on values from 
the published model. Saliva compartment model and scaling factor for plasma to saliva distribution model was 
assessed to explain the saliva PK of lacosamide. Proportional error model was explored for the residual error 
of blood and saliva concentration. The PK model was evaluated based on numerical and graphical diagnostics, 
including goodness-of-fit plots, prediction-corrected visual predictive check, and precision of final estimates 
by bootstrap. Covariate effects were assessed including CYP2C19 genotypes, demographic characteristics, 
and concomitant use of other ASMs, such as topiramate, perampanel, phenytoin, valproate, carbamazepine, 
phenobarbital, lamotrigine, oxcarbazepine, pregabalin, zonisamide, levetiracetam, gabapentin, clobazam, 
vigabatrin, lorazepam, and rufinamide.

Statistics
The data were presented as mean ± standard deviation (range), median [interquartile range], or number 
(percentage) as appropriate. Continuous variables were analyzed using T-tests, while categorical variables were 
assessed using chi-square tests or Fisher’s exact tests. To explore relationships between variables, correlation 
analysis was performed using Pearson correlation coefficients. Additionally, the Jonckheere-Terpstra test was 
employed for trend analysis among multiple groups to evaluate the presence of ordered relationships. For 
analyzing the predictive power of estimated saliva concentration for well-controlled seizure status, variables 
with P-values < 0.10 in univariate analysis were included in multivariable analyses.

To visually interpret longitudinal clinical profiles and estimated saliva concentration over time, we utilized 
locally estimated scatterplot smoothing lines (LOESS) for flexible nonlinear regression18. To compare the 
estimated saliva concentration between time points before and after achieving well-controlled seizure status, 
we employed a mixed model implemented in GraphPad Prism 9.5.1 instead of repeated measures ANOVA, 
considering the presence of missing values. Multiple comparisons between time points were adjusted using 
Tukey’s method.

We employed linear mixed-effects models (LMM) to examine variations in the time-dependent changes 
in clinical profiles. These models included random slopes and intercepts at the participant level, considering 
pertinent variables like age, baseline lacosamide total daily dose, and baseline ASM numbers prescribed. 
Additionally, an interaction term between time and the clinical factor under investigation was incorporated.

Statistical analyses were carried out with a significance level set at P < 0.05 and were performed using R 
software version 4.3.0 (2023; R Team, Vienna, Austria) and GraphPad Prism software version 9.5.1 (2023; 
GraphPad software, MA, U.S.A.).

Results
Patient characteristics
Out of the 128 patients prescribed lacosamide, five individuals were excluded from the study. Four patients 
dropped the study, and one patient did not provide a sufficient saliva sample. As a result, the final study analysis 
included 123 patients (Supplementary Fig. 1).

For the patients included in the analysis, the average age was 41.3 ± 14.2 years (Table 1). Of these, 67 patients 
(54.5%) were male. The majority of the patients experienced focal-type seizures (113, 91.9%). All patients were 
prescribed lacosamide on a twice-a-day basis, and the median dose was 300 mg/day [interquartile range, 200–
400]. Among them, 77 patients (63.1%) were receiving polytherapy with ASMs. The median number of ASMs 
prescribed was 3 [2–5]. Additionally, 37 patients (30.3%) reported experiencing adverse events related to the 
use of any ASMs. At the time of study enrollment, approximately half of the patients (63, 51.2.%) had achieved 
seizure freedom and 76.4% (94/123) of the patients were well controlled showing tolerable seizure events, which 
no additional ASM management was done at least for two months.

All patients except two had available EEG data. Among them, epileptiform discharges were documented in 
83.5% (101/123) of the participants and temporal lobe epilepsy was the most common (79/121, 65.3%). At brain 
MRI, 51.4% (55/107) of the patients showed structural lesion.
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Total (N = 123)

Low seizure 
burden group 
(n = 95)

High seizure 
burden group 
(n = 28) P-value

Demographics

  Age (years) 41.3 ± 14.2 42.7 ± 14.5 36.6 ± 12.2 0.029*

  Sex, male 67 (54.5%) 53 (55.8%) 14 (50%) 0.745

  Height (cm) 167 ± 9.1 166.7 ± 8.9 167 ± 9.6 0.647

  Body weights (kg) 67.2 ± 14.3 67.1 ± 13.8 67.7 ± 16.5 0.848

  BSA (m2) 1.8 ± 0.2 1.76 ± 0.21 1.77 ± 0.24 0.848

Epilepsy characteristics

  Seizure type

   Focal 113 (91.9%) 86 (90.5%) 27 (96.4%)
0.547

   Generalized 10 (8.1%) 9 (9.5%) 1 (3.6%)

  ASM prescription

   Daily dose of lacosamide (mg) 300 [200–400] 300 [200–400] 300 [300–400] 0.018*

   Co-ASMs (n) 77 (63.1%) 53 (55.8%) 24 (85.7%) 0.009**

   Number of ASMs (n) 3 [2–5] 2 [1, 2] 3 [2–4] < 0.001***

   Adverse events (n) 37 (30.3%) 26 (27.4%) 11 (39.3%) 0.347

  Seizure freedom (n) 63 (51.2%) 63 (66.3%) 0

  Well-controlled seizure (n) 94 (76.4%) 83 (87.4%) 11 (39.3%) < 0.001***

Laboratory findings

  BUN (mg/dL) 12.4 ± 3.7 12.5 ± 3.7 12.2 ± 3.7 0.715

  Creatinine (mg/dL) 0.8 ± 0.1 0.79 ± 0.13 0.81 ± 0.18 0.712

  GFR (mL/min/1.73 m2) 101 ± 19 101 ± 15.9 100 ± 26.4 0.898

  AST (U/L) 22.4 ± 8.9 22.9 ± 8.7 20.8 ± 9.3 0.336

  ALT (U/L) 21.9 ± 14.8 23.2 ± 14.6 17.7 ± 15.0 0.116

EEG abnormality (n = 121) 101 (83.5%) 77 (82.8%) 24 (85.7%) 0.941

Frontal (n) 18 (14.9%) 16 (17.4%) 2 (7.4%) 0.358

Temporal (n) 79 (65.3%) 58 (63.0%) 21 (77.8%) 0.173

Parietal (n) 12 (9.9%) 10 (10.9%) 2 (7.4%) 0.732

Occipital (n) 7 (5.8%) 6 (6.5%) 1 (3.7%) 1

MRI abnormality (n = 107) 55 (51.4%) 39 (45.9%) 16 (72.7%) 0.045*

Saliva sample collection

  Patients with saliva samples in outpatient clinic (n) 109 (88.6%) 86 (90.5%) 23 (82.1%) 0.220

  Time duration from the last lacosamide (hours) 4.25 [2.57–7] 4.21 [2.54–6.85] 4.25 [ 2.92–7.46] 0.614

  Patients with saliva samples in peak level of lacosamide (Two hours after lacosamide intake) 59 (48.0%) 43 (45.3%) 16 (57.1%) 0.269

  Patients with saliva samples in trough level of lacosamide (Twelve hours after lacosamide intake) 59 (48.0%) 43 (45.3%) 16 (57.1%) 0.269

Blood sample collection

  Patients with blood samples in Outpatient clinic (n) 86 (69.9%) 71 (74.7%) 15 (53.6%) 0.032*

  Time duration from the last lacosamide (hours) 4.67 [3.03–6.86] 5.17 [2.93–6.86] 3.83 [3.27–6.33] 0.636

Lacosamide concentration

  Saliva sample in outpatient clinic (mg/L) 10.63 ± 4.93 9.97 ± 4.44 13.1 ± 5.92 0.026*

  Saliva sample in peak level of lacosamide (mg/L) 9.32 ± 4.93 9.12 ± 5.43 9.86 ± 3.28 0.530

  Saliva sample in trough level of lacosamide (mg/L) 6.70 ± 3.40 6.76 ± 3.60 6.53 ± 2.91 0.802

  Blood sample in outpatient clinic (mg/L) 8.61 ± 4.73 7.87 ± 4.24 12.1 ± 5.44 0.011*

Estimated lacosamide concentration

  Cmax in saliva (mg/L) 12.8 ± 4.65 12.4 ± 4.45 14.3 ± 5.08 0.071

  Trough in saliva (mg/L) 7.56 ± 2.90 7.35 ± 2.78 8.29 ± 3.25 0.171

  AUC in saliva (mg h/L) 120 ± 44.7 116 ± 42.7 134 ± 49.2 0.107

  Cmax in blood (mg/L) 8.89 ± 3.23 8.57 ± 3.09 9.94 ± 3.53 0.071

  Trough in blood (mg/L) 5.25 ± 2.02 5.10 ± 1.93 5.76 ± 2.25 0.171

  AUC in blood (mg h/L) 83.7 ± 31.0 81.0 ± 29.7 92.7 ± 34.1 0.107

Table 1.  Demographics and characteristics of epilepsy patients who were prescribed lacosamide. Data are 
presented as mean ± standard deviation, median [interquartile range], or number (%). ASM anti-seizure 
medication; AST aspartate transaminase; ALT alanine aminotransferase; AUC area under curve; BSA body 
surface area; BUN blood urea nitrogen; EEG electroencephalogram; GFR glomerular filtration rate; MRI 
magnetic resonance imaging. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Saliva effectively represented lacosamide concentration as blood
Among the 123 enrolled patients, fourteen saliva samples (11.4%) were excluded from the analysis due to 
quality control issues, and an additional 37 patients (30.1%) did not adhere to the blood collection process. As a 
result, the final analysis comprised 109 saliva samples from 109 unique patients and 102 blood samples from 86 
patients. Among these, 74 matched pairs were identified, representing 74 patients (Supplementary Fig. 1). The 
median time for sample collection was 4.25 h [interquartile range, 2.57–7] for saliva and 4.67 h [3.03–6.86] for 
blood (Table 1).

Our investigation revealed a linear correlation between lacosamide concentration and daily dose in both 
blood and saliva, irrespective of BSA normalization (Fig. 1A, B, and Supplementary Fig. 2). Additionally, we 
observed a linear relationship between saliva and blood lacosamide concentrations (R = 0.62, P < 0.001) (Linear 
regression; Csaliva = 4.932 + 0.652 × Cblood, adjusted R2 = 0.38) (Fig.  1C). This finding validates the reliability of 
saliva samples as representative of lacosamide concentration in clinical assessments.

Next, we performed genetic analysis of CYP2C9 and CYP2C19 in 37 patients. For CYP2C9, 97.3% (36/37) 
were normal metabolizers, so further analysis was limited. On the other hand, CYP2C19 analysis revealed a 
diverse distribution: 35.1% (13/37) normal metabolizers, 48.6% (18/37) intermediate, and 16.2% (6/37) poor 
metabolizers. Merging data from blood samples with a larger previous study (Supplementary Table 1)13, we 
observed a distinct trend in lacosamide concentrations across CYP2C19 phenotypes (Fig. 1D and E). Both saliva 

Fig. 1.  Analysis of lacosamide Levels in blood and saliva in relation to dosage and genotype. (A, B) The linear 
correlation was shown between BSA-normalized daily dose of lacosamide (mg/m2/day) and its concentration 
in (A) blood (n = 86) and (B) saliva (n = 109), respectively. (C) A linear regression model described the 
relationship between blood and saliva lacosamide levels (n = 74) (Csaliva = 4.932 + 0.652 × Cblood, adjusted 
R2 = 0.38). (D, E) Boxplots represent the dose-normalized (D) blood (n = 146) and (E) saliva (n = 37) levels 
of lacosamide across three CYP2C19 genotype group, respectively, with significance determined using the 
Jonckheere-Terpstra test (blood level: P < 0.001, saliva level: P = 0.029). Dose normalization was calculated as 
concentration × 300 mg/day/daily dose (mg/day). Data in blood sample were merged with the previous study 
(Supplementary Table 1). BSA body surface area.
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and blood samples showed significantly gradient concentrations, with the highest in poor metabolizers, followed 
by intermediate and normal metabolizers (Blood: P < 0.001, Saliva: P = 0.029). This result also underscores the 
effective use of saliva samples in representing lacosamide concentration compared to blood samples.

Population pharmacokinetic model of lacosamide
In the development of the lacosamide PK model, we incorporated not only 109 spot saliva and 102 spot blood 
samples but also 59 follow-up saliva samples that were self-collected by patients during their subsequent outpatient 
visits (Supplementary Fig.  1). The lacosamide PK model in epilepsy patients was appropriately described 
with a one-compartment model, first-order absorption, and linear elimination with scaling factor for plasma 
to saliva distribution (Fig. 2A). The scaling factor of 1.44 well explained the saliva lacosamide concentration 
(Supplementary Table 2). The lacosamide CL/F was explained by following equation, having inter-individual 

Fig. 2.  Development of the population PK model for lacosamide. (A) Structure of lacosamide PK model, 
including a scale factor for plasma-to-saliva distribution of lacosamide. Ka, first order rate constant; CL/F, 
apparent clearance. (B) Goodness-of-fit-plots for the PK model of lacosamide, comparing observations with 
population and individual predictions, and displaying CWRES versus population predictions and time after 
last dose. (C) A prediction corrected visual predictive check of lacosamide model, stratified by blood and 
saliva groups. This part includes 500 simulated datasets. The observed concentrations are indicated by closed 
circles, with solid lines representing the 5th (blue), median (red), and 95th (blue) percentiles of the observed 
concentrations. The shaded blue and red areas highlight the 95% confidence intervals of the simulated 
concentrations for each percentile. CWRES conditional weighted residuals; PK pharmacokinetics.
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variability of 23.8%: CL/F (L/h) = θ1 × (1 + 0.771 × carbamazepine + 0.467 × phenobarbital) × (CLcr/107)0.579 
L/h, where θ1 was 1.78 L/h in CYP2C19 normal and intermediate metabolizer, and 1.43 in CYP2C19 poor 
metabolizer. Concomitant use of carbamazepine and phenobarbital increased the typical value of lacosamide 
CL/F with 77.1% and 46.7%, respectively (Supplementary Table 2). The goodness of fit plots showed adequate 
model structure to predict the lacosamide concentration in saliva and blood sample (Fig. 2B). The prediction-
corrected visual predictive check plots, stratified by saliva and blood sample, also showed that the observed 
lacosamide levels were within the 95% prediction intervals (Fig. 2C). The final parameter estimates were similar 
to the median bootstrap estimates, showing a reasonably narrow range within the 95% confidence interval of the 
bootstrap analysis (Supplementary Table 2). Overall, the model was robust and adequate with good precision to 
characterize the blood and saliva PK properties of lacosamide in epilepsy patients.

Based on our pharmacokinetic model, we estimated the individual patients’ peak (Cmax) and trough 
concentrations of lacosamide in both saliva and blood with their dose regimen (Saliva: Cmax, 12.8 ± 4.65 mg/L, 
Trough, 7.56 ± 2.90 mg/L; Blood: Cmax, 8.89 ± 3.23 mg/L, Trough, 5.25 ± 2.02 mg/L) (Table 1 and Supplementary 
Table 3).

The prediction of the anti-seizure effect with saliva level of lacosamide in high seizure burden 
group
Subsequently, to explore the predictive capability of estimated saliva concentration for the anti-seizure effect of 
lacosamide, we classified patients based on their seizure burden over a minimum six-month period, as outlined 
in the method section. The low seizure burden group consisted of 95 patients experiencing fewer than one seizure 
event day per month, while the high seizure burden group comprised 28 patients with more than one seizure 
event day per month (Table 1). Notably, the high seizure burden group exhibited a younger age (P = 0.029), a 
higher daily dose of lacosamide (P = 0.018), a greater number of ASM prescribed (P < 0.001), more structural 
brain lesions in MRI (P = 0.045), and demonstrated poorer compliance to blood sample collection (P = 0.032) 
compared to the low seizure burden group. Detailed characteristics of the two groups were described in Table 1.

Given that the anti-seizure response within the low seizure burden group and lacosamide monotherapy 
group was already saturated with low concentrations of lacosamide (Supplementary Fig.  3), we focused on 
the high seizure burden group, which exhibited a higher demand for ASMs in both dose and number. Then, 
we analyzed the predictive factors for well-controlled seizure status in the high seizure burden group. In the 
multivariate analysis, the estimated saliva concentrations of lacosamide in Cmax, trough, and area under curve 
(AUC) remained significantly associated with well-controlled seizure status after accounting for age, sex, and 
the number of ASMs prescribed (Cmax: Odds ratio [OR] = 1.440, 95% confidence interval [CI] = 0.242–2.568, 
P = 0.024, Trough: OR = 1.398, 95% CI = 0.038–0.720, P = 0.046; AUC: OR = 1.029, 95% CI = 0.007–0.061, 
P = 0.027) (Supplementary Table 4). Based on the results, we identified optimal cutoff saliva concentrations for 
well-controlled seizure status in lacosamide, determining values of 15.94 mg/L for Cmax and 9.056 mg/L for 
trough, with a sensitivity of 72.7% and specificity of 88.2% (Fig. 3A and D).

Longitudinal analysis of PK estimates and well-controlled seizure status in the high seizure 
burden group
To validate these saliva lacosamide cutoff values in real-world scenarios, we analyzed longitudinal data over two 
years from the 28 participants in the high seizure burden group (Fig. 3 and Supplementary Table 5). Almost 
all patients, except two (92.9%), had a follow-up of at least one year, with 16 (57.1%) followed for one year 
and a half, and 4 (14.3%) for the full two years. A total of 1104 out of 1456 (75.8%) clinical data points were 
successfully collected at 13 different time points. Based on the clinical data, we estimated Cmax and trough saliva 
concentration at each time points by our developed PK model.

At the time of study enrollment, only 39.3% (11/28) of the patients were in a well-controlled seizure status, 
but within a mean duration of 4.75 ± 5.74  months (range 0–18), 85.75% (24/27) of the high seizure burden 
group eventually achieved a well-controlled seizure status (Supplementary Table 5). The median daily dose of 
lacosamide was 400 mg [IQR 337.5–500], and the median number of ASMs prescribed was 3 [IQR 2–4]. The 
estimated Cmax and trough saliva concentrations of lacosamide were 16.51 ± 4.24 mg/L (range 7.44–24.3) and 
10.32 ± 3.18 mg/L (3–16.3), respectively, surpassing the predicted optimal cutoff values (15.94 mg/L for Cmax 
and 9.056 mg/L for trough).

According to visual inspection of the LOESS curves, the actual achievement of a well-controlled seizure 
status closely aligned with the time points when the estimated Cmax (Fig. 3B) and trough (Fig. 3E) surpassed 
their respective predicted cutoff values. Notably, the estimated saliva concentration within 4  months before 
achieving a well-controlled seizure status showed a significant difference compared to the post-achievement 
periods (Cmax: 13.72 mg/L vs 16.51 mg/L, P < 0.001; Trough: 8.65 mg/L vs 10.32 mg/L, P = 0.001, corrected for 
multiple comparisons using Tukey’s method) (Fig. 3C and F). These findings illustrate that the optimal cutoff 
values for lacosamide saliva concentration, obtained through the PK model, can reliably predict the anti-seizure 
effect in real-world scenarios.

Subgroup analysis showed greater influence of lacosamide dose than ASM polytherapy for 
seizure control in the high seizure burden group
In the results of the multivariate analysis (Supplementary Table 4), we confirmed that well-controlled seizure 
status had a significant association not only with the estimated saliva concentration of lacosamide but also 
with the number of ASMs prescribed. This prompted the need to ascertain whether seizure control was more 
influenced by lacosamide concentration in the body or by the impact of ASM polytherapy. To explore this, we 
conducted a subgroup analysis within the high seizure burden group (Fig. 4, Supplementary Table 3, 5, and 6). 
Within the high seizure burden group, 9 patients (32.1%) were categorized as the severe seizure burden group, 
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experiencing more than one event day every two weeks, while the other 19 patients were in the less-severe 
seizure burden group.

At the time point of the study enrollment, lacosamide saliva concentrations in spot, Cmax, and trough exhibited 
significant trends, with the highest levels observed in patients experiencing more than one seizure event day per 
month and the lowest in those with one seizure event day every two weeks (spot level: P = 0.033; Cmax: P = 0.041; 
Trough: P = 0.033) (Fig. 4A and Supplementary Table 3). These findings suggest a positive correlation between 
higher lacosamide saliva concentration and improved seizure control.

Subsequently, we analyzed the longitudinal data of seizure frequency, lacosamide dose, and ASM prescription 
number for the severe and less-severe seizure burden groups. It was observed that the seizure frequency in the 

Fig. 3.  Determination and validation of optimal cutoff values for saliva lacosamide concentration in the high 
seizure burden group. (A) In this group (n = 28), the optimal cutoff for peak saliva lacosamide concentration 
(Cmax) for achieving well-controlled seizure status was 15.94 mg/L, with a sensitivity of 72% and specificity of 
88.2%. (B) The longitudinal analysis revealed a temporal correlation between achieving well-controlled seizure 
status and instances where Cmax exceeded 15.9 mg/L. The solid lines represent corresponding LOESS regression 
lines, with shaded areas indicating 95% CIs. The various colored spaghetti plots represent the longitudinal 
data for individual patients, tracking the changes in their lacosamide levels over time. (C) Comparison of 
estimated peak saliva concentrations before and after achieving seizure control showed significant differences 
(pre-4 months: 13.72 mg/L, at achievement: 16.51 mg/L, post-4 months: 15.87 mg/L, multiple comparison 
correction by Tukey’s method). (D) The optimal trough level cutoff was 9.056 mg/L, with the same sensitivity 
and specificity. (E) Well-controlled seizure status achievement times corresponded with trough levels above 
9.06 mg/L. The solid lines represent corresponding LOESS regression lines, with shaded areas indicating 95% 
CIs. The various colored spaghetti plots represent the longitudinal data for individual patients, tracking the 
changes in their lacosamide levels over time. (F) Notable differences were observed in trough concentrations 
before and after seizure control (pre-4 months: 8.65 mg/L, at achievement: 10.32 mg/L, post-4 months: 
9.92 mg/L, multiple comparison correction by Tukey’s method). CI confidence interval; LOESS locally 
estimated scatterplot smoothing.
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Fig. 4.  Subgroup analysis in the high seizure burden group assessing the impact of lacosamide dosage 
increments on seizure control. (A) Saliva concentrations of lacosamide (spot, Cmax, and trough) in the high 
seizure burden group exhibited significant trends in the Jonckheere-Terpstra test, with the highest levels in 
patients having more than one seizure event per day and the lowest in those with one event every two weeks 
(spot level: P = 0.033; Cmax: P = 0.041; Trough: P = 0.033). (B) A longitudinal analysis comparing the severe 
(n = 9) and less-severe (n = 19) seizure burden groups showed a significantly faster decline in seizure frequency 
in the severe group (β =  − 0.234, 95% CI, − 0.376 to − 0.090, P = 0.002). (C) In the same comparison, the 
lacosamide dose increased more rapidly in the severe group (β = 2.043, 95% CI, 0.315 to 3.816, P = 0.023). (D) 
There was no significant time-dependent difference in the number of ASM prescribed between the two groups 
(β =  − 0.009, 95% CI, − 0.020 to 0.002, P = 0.126). The solid lines of (B), (C), and (D) represent corresponding 
LOESS regression lines, with shaded areas indicating 95% CIs. (E) The heatmaps illustrate the time-dependent 
changes in lacosamide dose and ASM number, highlighting a more intense augmentation of lacosamide dose 
in the severe seizure burden group compared to the less-severe group, without significant differences in ASM 
number. ASM antiseizure medication; CI confidence interval; LOESS locally estimated scatterplot smoothing.
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severe group significantly declined at a faster rate over time compared to the less-severe group (β =  − 0.234, 
95% CI, − 0.376 to − 0.090, P = 0.002) (Fig.  4B and Supplementary Table 6). Additionally, the lacosamide 
dose increased significantly faster in the severe group (β = 2.043, 95% CI, 0.315 to 3.816, P = 0.023) (Fig.  4C 
and Supplementary Table 6). However, the ASM number prescribed did not show a significant difference in 
time-dependent change between both groups (β =  − 0.009, 95% CI, − 0.020 to 0.002, P = 0.126) (Fig.  4D and 
Supplementary Table 6). These trends were visually confirmed through a heatmap illustrating the changes 
in individual lacosamide dose and ASM number over time (Fig. 4E). Consequently, we obtained a clue that 
within the high seizure burden group, seizure control was influenced more towards supplementing insufficient 
concentrations through increasing lacosamide dose rather than via ASM polytherapy.

Discussion
This prospective study involved 123 participants to investigate the correlation between lacosamide’s saliva 
concentration and blood concentration. Additionally, we developed a population PK model that incorporates 
individual Cytochrome P450 genetic polymorphism information to estimate both saliva and blood 
concentrations. Through this approach, we determined optimal lacosamide cutoff values for saliva concentration 
that demonstrate an anti-seizure effect in the high seizure burden group: 15.94 mg/L for Cmax and 9.056 mg/L 
for trough. These values were further confirmed with longitudinal data to establish their validity in real-world 
scenarios.

Saliva sampling presents several advantages over blood in measuring ASM concentrations19. Notably, saliva 
sampling is associated with higher patient adherence compared to blood9,10. Indeed, in our study, while only 86 
out of 123 enrolled participants provided blood samples, all 123 participated in saliva sampling. This is significant 
considering the 30.1% (37/123) non-adherence rate for blood sampling, much higher than the 11.4% (14/123) 
failure rate due to saliva quality control issues. Furthermore, in the high seizure burden group, there was a 
significantly higher non-adherence rate compared to the low seizure burden group (46.4% vs. 25.3%, P = 0.032), 
highlighting the usefulness of saliva samples, especially for TDM in patients with high seizure burden.

Building on the advantages of saliva sampling, saliva-based TDM presents a non-invasive, patient-
friendly alternative, especially beneficial for those requiring optimized care amidst ASM polytherapy19. The 
optimal lacosamide cutoff values in saliva we propose can serve as a pivotal reference for deciding on dose 
augmentation or adjustments in add-on therapy for patients with poorly controlled seizures. Moreover, saliva-
based monitoring enables the frequent tracking of ASM concentrations without the constraints of location 
and time8,19. This flexibility is particularly valuable for patients experiencing breakthrough seizures or those 
undergoing continuous dose adjustments, as it allows for TDM through home self-sampling. In fact, our 
developed PK model incorporated 59 self-collected follow-up samples from patients’ homes, demonstrating its 
practical application in real-world settings.

To address variability in sampling times, we applied a population PK approach to estimate individual 
trough, peak concentrations, and systemic exposure, considering CYP genotypes and concomitant medications 
as covariates. The model well described lacosamide distribution, with a saliva-to-plasma concentration ratio 
of 1.44, indicating preferential excretion into saliva. According to the salivary excretion classification system, 
lacosamide can be classified as a Class I compound, characterized by high intestinal permeability and low plasma 
protein binding (< 15%)20,21. This classification suggests that lacosamide is likely to undergo salivary excretion, 
which is consistent with our findings and supports the feasibility of saliva-based TDM. Although an empirical 
PK model was used, a physiologically based pharmacokinetic model approach could be considered in future 
research to mechanistically simulate salivary distribution and further validate our findings.

Our study faced the challenge of assessing the high seizure burden group, who were receiving ASM polytherapy 
alongside lacosamide, which made it difficult to isolate the sole effects of lacosamide monotherapy. Nevertheless, 
the lacosamide concentrations we identified—15.94 mg/L for Cmax and 9.056 mg/L for trough—are consistent 
with the therapeutic ranges reported in other studies6,13. Subgroup analysis within the high seizure burden group 
indicated that dosage increases of lacosamide were more influential in controlling seizure frequency than the 
augmentation of ASM polytherapy, underscoring the substantial role of lacosamide concentration in its anti-
seizure activity. Yet, this analysis provides indirect evidence, and further well-designed studies are needed to 
confirm these findings through actual saliva-based TDM.

Our invesigation has several limitations; Our longitudinal data collection focused only on lacosamide doses, 
leaving open the possibility that the observed anti-seizure effects might have been influenced by dose adjustments 
in other ASMs. Adverse events were also intertwined with ASM polytherapy, complicating the assessment of an 
upper lacosamide threshold without other drug interactions. Furthermore, the classification of patients’ seizure 
burden was based on self-reporting, which could introduce recall bias. Future research should involve larger and 
more diverse patient populations and include a range of ASMs to be monitored via saliva sampling. Saliva-based 
TDM holds particular promise for pediatric research, where blood collection poses a greater challenge. The 
findings from this study lay the groundwork for such progressive research, moving towards more patient-centric 
and less invasive monitoring methods in epilepsy pharmacotherapy.

Conclusion
The primary objective of our study was to explore personalized pharmacotherapy with lacosamide. We validated 
the utility of saliva as a convenient and adherent sampling method for patients. By developing a population PK 
model that incorporates individual patient characteristics, our study not only established a therapeutic range for 
lacosamide levels in saliva among patients with a high demand for TDM but also demonstrated the practical 
feasibility of implementing saliva-based TDM in clinical practice.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on rea-
sonable request upon reasonable request of any qualified investigator for purposes of replicating procedures 
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recognized authorship rules should be applied.
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