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Lamotrigine is a phenyltriazine anticonvulsant indicated for epilepsy as adjunctive therapy in those 2 years and older, and monotherapy in those 16 years and older (1). It is also indicated for bipolar disorder in patients 18 years and older as maintenance treatment to delay the time of occurrence of mood episodes for those taking standard therapy and experiencing acute mood episodes. Lamotrigine has a plasma half-life ranging from 22.8 to 59 hours with peak plasma concentrations occurring between 1.4 to 4.8 hours following administration (2, 3). 

Lamotrigine is available as compressed tablets (25 mg, 100 mg, 150 mg, and 200 mg), chewable dispersible tablets (2 mg, 5 mg, and 25 mg), and orally disintegrating tablets (25 mg, 50 mg, 100 mg, and 200 mg). The tablet is available in immediate release (IR), sustained release (SR), and extended release (ER) formulations. Classified as a BCS Class 2 drug, lamotrigine has high permeability and low solubility. Its oral bioavailability is high at 98 ± 0.05% (4, 5). 

The predominate route of lamotrigine elimination is through hepatic metabolism, with renal excretion accounting for <10% (6). The enzyme mainly responsible for its liver metabolism is UGT1A4, however, the role of further enzymes, UGT2B7 and UGT1A3, is less clear (7, 8). Total oral clearance (CL/F) was 0.44 mL/min/kg (range: 0.12-1.10 mL/min/kg) from healthy adults taking a single dose of lamotrigine (9). Following oral administration of 240 mg radiolabeled lamotrigine to 6 healthy volunteers, 94% of the drug and its metabolites were recovered in urine and 2% in the feces. The majority of radioactivity consisted of unchanged lamotrigine (7-10%) and its inactive metabolite, 2-N-glucuronide (76%) (5, 9, 10).

Studies in patients with epilepsy have shown a linear relationship between dose and lamotrigine plasma concentration at steady state, following doses of 50 to 350 mg twice daily (9). For ER formulations, an increase in systemic exposure to lamotrigine in healthy volunteers was dose proportional between 50 and 200 mg; however, at doses between 25 and 50 mg, the increase in exposure was less than dose proportional (1.6-fold increase in exposure due to a 2-fold increase in dose) (11). 

This appendix reports the building of a pediatric physiologically-based pharmacokinetic (PBPK) model for lamotrigine.
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PBPK modelling and simulation were performed using PK-Sim (version 8; Open Systems Pharmacology). The small molecule PBPK model structure includes fifteen organs connected through venous and arterial blood pools with each organ compartment divided into 4 sub-compartments (red blood cells, plasma, interstitial space, intracellular space). 

Pediatric PBPK model development followed a typical method as described in Maharaj, Barrett (12). First, model parameters were optimized to describe systemic disposition in an adult based on the PK following IV administration. Once solidified, PK data following single dose oral administration was used for optimization of model parameters specific to oral absorption in an adult. Model evaluation was completed using PK data following multiple administration regimens. An adult population was then used to assess the appropriateness of the virtual individuals in capturing PK variability as compared to observed PK data. Extrapolation to the pediatric age range took into account changes in anatomy and physiology relevant to describe PK of the medication while leaving all drug specific parameter as used in the adult model. Evaluation of the pediatric model was completed using PK data from children directly administered lamotrigine. The final pediatric model was used to simulate the dose exposure relationship in breastfeeding infants. 
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Table 1 presents the drug specific parameters of lamotrigine and the values used for the naïve model.

Table 1. Physicochemical properties and ADME of lamotrigine for IV model construction
	
	Used in naïve model
	Used in optimized model

	Physicochemical properties

	Lipophilicity (logP)
	1.19 (13, 14)
1.87 (ALOGPS) (15)
1.98 (ADMET Predictor)
	1.81

	Fraction unbound in plasma (fu)
	0.45 (9)
	0.45

	Molecular weight
	256.09 g/mol (2)
	256.09 g/mol

	pKa
	5.7 (base) (9)
5.5 (base) (2)
	5.7

	Water solubility
	0.17 mg/mL (9)
	0.17 mg/mL

	ADME

	Partition coefficient
	Rodgers and Rowland
Schmitt
Berezkhovskiy
PK-Sim Standard
	Rodgers and Rowland

	Cell permeability
	PK-Sim Standard
	PK-Sim Standard

	Total clearance (CL/F)
	0.44 (0.12 – 1.10) mL/min/kg (9)
	0.44 (0.12 – 1.10) mL/min/kg

	Renal clearance (CL/F)
	0.043 ± 0.012 mL/min/kg (16)
	0.043 ± 0.012 mL/min/kg

	UGT1A4 concentration
	1.0 µM
	1.0 µM

	UGT1A4 specific clearance
	0 1/min
	0.029 1/min

	UGT1A3 concentration
	1.0 µM
	1.0 µM

	UGT1A3 specific clearance
	0 1/min
	0.0032 1/min

	GFR fraction
	1.0
	0.05



Table 2 presents the lamotrigine dataset used for building the IV model. Local optimization was carried out in PK-Sim using a Monte Carlo approach for exploring the parameter space. 

Table 2. Pharmacokinetic dataset for lamotrigine IV model construction
	Study
	Dose and administration
	Cohort
	N
	Age (years)a
	Weight (kg)a

	Yuen & Peck 1988
	67.82 mg IV infusion over 30 min
	European males (75%) and females
	8
	27.5 [20-35]b
	71 [59-83]b


aMean ± SD reported, or range in square brackets if SD not reported. 
bMean not reported in study, therefore the median, an average of the range, or BMI of approximately 23 kg/m2 was used instead.

First, a naïve model was set up for a mean male individual weighing 71 kg. Clearance was partitioned as renal and hepatic. GFR fraction was fixed to 0.05 to account for glomerular reabsorption (GFR <1) to reach a fraction excreted unchanged in urine of 7.33% (10). Each of four partition coefficient calculation methods (Table 1) were evaluated with optimization of logP and non-specific hepatic enzymatic clearance using the IV dataset. The Rodgers and Rowland method for predicting partition coefficients and logP was selected on the basis of visual model performance for curve shape (Table 1). The optimized logP was similar to published values (Table 1).

The optimized non-specific enzyme clearance was 0.033 1/min as is a function of more than one enzyme. In a study with 240 mg administered orally to man, 94% of the dose was found in urine with 10% excreted unchanged (17). The study proposed the following metabolites and their abundance in urine: 2-N-glucuronide (76%), 5-N-glucuronide (10%), 2-N-methyl glucuronide (0.14%), and other minor metabolites (4%) (17). However, a more recent study by Beck, Ohman (18) found 2-N-glucuronide as the main metabolite, noting the weak evidence supporting the presence of the further metabolites. Based on Beck, Ohman (18), 2-N-glucuronide was considered the sole metabolite by UGT1A4 and UGT1A3 (8). Although previous in vitro studies in human liver microsomes have determined the involvement of UGT2B7 in lamotrigine to 2-N-glucuronide metabolism (7), these results could not be replicated by Argikar and Remmel (8), suggesting that further studies are required to assess the involvement of UGT2B7. Clearance was partitioned according to 2-N-glucuronide formation by UGT1A4 (90%) and UGT1A3 (10%). These relative contributions were determined from in vitro studies (8) with appropriate scaling as performed by Ladumor, Thakur (14). The organ-specific expressions of UGT1A4 and UGT1A3 were informed by the Human Protein Atlas (https://www.proteinatlas.org/) and specifically Kaivosaari, Toivonen (19) and Nakamura, Nakajima (20), and Strassburg, Oldhafer (21), respectively. 

The optimized values for the adult IV PBPK model are presented in Table 1. Figure 1 presents the outcome of the IV model optimization using the Yuen and Peck (5) dataset. 
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The same systemic parameters as developed for the mean male IV PBPK model were used for the model defining oral administration. Those drug/formulation-specific parameters needing definition included lamotrigine solubility, formulation dissolution and intestinal permeability.  The oral PBPK model for each lamotrigine dose for which observed PK data was available was created using the same mean male as in the IV model.  Lamotrigine water solubility was defined at 0.17 mg/mL at a reference pH of 7 and solubility gain per charge of 10 to describe pH-dependent solubility  (22). Dissolution was defined based on a Weibull function (inputs of curve shape and dissolution half-time). Dissolution half-time was an optimized parameter for each study of the same dose whereas intestinal permeability was a globally optimized parameter and therefore the same for each oral PK study. 

Table 3. Oral absorption parameters for lamotrigine oral model construction
	
	Used in naïve model
	Used in optimized model

	Dissolution half-life IR 25 mg
	10 min
	11.39 min

	Dissolution half-life IR 75 mg
	10 min
	30.93 min

	Dissolution half-life IR 100 mg
	10 min
	2.95 min

	Dissolution half-life IR 200 mg
	10 min
	43.97 min

	Dissolution half-life IR 300 mg
	10 min
	10.36 min

	Dissolution profile shape
	0.92
	0.92

	Water solubility
	0.17 mg/mL (9)
	0.17 mg/mL

	Specific intestinal permeability
	1.503E-5 cm/min
	2.269 cm/min



Table 4 shows the PK datasets used for oral model building. All are single dose administrations. The datasets used for optimization of dissolution half-time and specific intestinal permeability included the drug in a compressed tablet, capsule form, and chewable/dispersible tablet. Lamotrigine chewable/dispersible tablets, whether administered as dispersed in water, chewed, or swallowed whole, were found to be equivalent to the compressed tablet form in terms of rate and extent of absorption (9). Therefore, the datasets from one dose, regardless of formulation type, were used together for optimization purposes. 

Table 4. Pharmacokinetic dataset for lamotrigine oral model construction
	Study
	Dose and administration
	Cohort
	N
	Age (years)a
	Weight (kg)a

	Berg 2017
	25 mg PO IR tablet
	White (86%) American males (57%) and females
	49
	46 ± 16 
	80 ± 18

	Ebert 2000
	25 mg PO IR capsule
	European males
	10
	25 ± 4
	74.4 [63-100]b

	Gidal 2003
	25 mg PO IR tablet
	American males (19%) and females
	28
	34 ± 13
	78 ± 23

	Yuen & Peck 1988
	75 mg PO capsule
	European males (75%) and females
	8
	27.5 [20-35]b
	70.2 [59-83]b

	Birnbaum 2000
	100 mg PO IR tablet
	White American males
	12
	40.8 ± 11.5
	83.6b

	Birnbaum 2001
	100 mg PO IR chewable/dispersible tablet
	White American males (92%) and a female
	12
	32.1 ± 7.1
	81.0b

	Burger 2008
	100 mg PO capsule
	European males
	17
	35 [19-54]
	77 [65-92]

	Fillastre 1993
	100 mg PO tablet
	European males
	6
	27 ± 9
	69 ± 5

	Marcellin 2001
	100 mg PO solution
	European males (33%) and females
	12
	50 ± 8.9
	71.2 ± 9.9

	Srichaiya 2008
	100 mg PO IR tablet
	Southeast Asian males
	24
	20.5 ± 1.3
	62.5 ± 7.4

	van Luin 2009
	100 mg PO IR tablet
	European males
	24
	34 [20-52]
	79 [63-94]

	Hermann 2003
	200 mg PO IR tablet
	White (60%) American males
	15
	28 ± 8
	72.7 ± 9

	Incecayir 2007
	200 mg IR chewable/dispersible tablet
	European males (64%) and females 
	14
	23 ± 2
	65.1b

	Wootton 1997
	200 mg PO IR tablet
	European males (55%) and females
	11
	46 [35-57]b
	73.6b

	Depot 1990
	300 mg PO capsule
	White American males
	8
	28.5 [20-37]b
	77.7 ± 9.7


The adult population model was derived from the grey-shaded studies.
aMean ± SD reported, or range in square brackets if SD not reported. 
bMean not reported in study, therefore the median, an average of the range, or BMI of approximately 23 kg/m2 was used instead.

In vitro dissolution studies with lamotrigine IR tablets provided different dissolution half-times, ranging from 0.7-6.6 minutes when described with a Weibull function (23-25). Initially, dissolution half-time was set to 10 minutes. Given the variability in the observed Tmax likely due to the dissolution of the drug limited by low solubility, half-times were optimized individually per dosage. Optimization of specific intestinal permeability and the individual dissolution half-times was carried out using a Monte Carlo approach to explore the parameter space. The results are shown in Table 3. Dissolution half-time was not a value of interest for pediatric extrapolation since lamotrigine in breastmilk is in solution. This exercise was primarily a means to estimate intestinal permeability which is important in this pediatric context. Intestinal permeability was optimized to be very high and therefore is not rate limiting absorption. This is in line with its BCS II status.

A comparison of the observed PK from each study and the estimated plasma concentration vs. time profile following optimization are presented for each PK study in Figures 2–16. The aggregated results of the fits using the oral datasets is depicted in Figure 17 as model-fitted concentrations compared to observed concentrations. Calculated average fold error (AFE) was 0.95 and absolute AFE (AAFE) was 1.27 demonstrating almost no bias and good precision. 
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The optimized oral model was then evaluated for predicting multiple-dose and steady state kinetics using the observed data from the studies presented in Table 5. Model performance for the evaluation is presented in Figures 18-20. The evaluation produced acceptable average fold error (AFE) and absolute AFE (AAFE) values of 1.04 and 1.13, respectively.

Table 5. Pharmacokinetic datasets for lamotrigine oral model validation
	Study
	Dose and administration
	Cohort
	N
	Age (years)a
	Weight (kg)a

	Jann 2006
	50 mg PO daily for 10 days
	American males (86%) and females
	14
	24.4 ± 2.4
	78.9 ± 11.1

	Gastrup 2016
	100 mg PO daily for 8 days
	European males
	10
	25b [22-32]
	NR

	Theis 2005
	200 mg PO daily for 18 days
	White (87%) European males
	13
	[19-54]
	[80.2-83.2]


aMean ± SD reported, or range in square brackets if SD not reported. 
bReported as a median
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To assess the ability of the model to reproduce PK variability following oral administration, adult virtual populations (n=100) were created. These virtual populations were built based on the sex, age and weight distributions of each clinical study used to evaluate PK variability as presented in Table 4. Variability was incorporated based on anatomical and physiological differences between people for relevant model parameters in the software. The exception was any user-defined proteins including UGT1A4 and UGT1A3. The reference concentration of these enzymes was modelled as a log normal distribution with mean of 1 and a standard distribution of 1.6, based on assessment outlined below. The results of the population simulations are shown in Figures 21–24 and demonstrate that overall, variability was well captured. 
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The oral adult model was scaled to children to predict breastfed infant exposure to lamotrigine from mothers taking the medication at steady state. All drug-specific inputs were kept the same as in the adult model. The anatomy and physiology were scaled to that of neonates at different ages. Growth and maturation of different processes (metabolic capacity, glomerular filtration rate, protein binding, body composition, and transporter expression) were accounted for, and realistic variability around anatomy and physiology were applied to give a virtual infant population. 

The ontogeny profiles of UGT1A4 and UGT1A3 were modeled after in vitro studies by Badée, Qiu (26) and Miyagi and Collier (27). Enzyme activity levels were normalized to the adult activity and used to fit a Hill and linear function, for UGT1A4 and UGT1A3, respectively. 

For UGT1A4, the Hill function was described by the following parameters: A = kPMAn/(PMAn + A0.5n), where A is normalized enzyme activity, PMA is postmenstrual age, k is the vertical transformation factor, n is the Hill coefficient, and A0.5 is postmenstrual age at 50% activity. To perform the Hill function fitting, an L1 regression method was used to minimize the sum of absolute error. To assess variability in activity, a virtual population (n=5,000) was created across postmenstrual ages (>0 to 77 years old) and following a mean calculation of A from the Hill function, a geometric standard deviation was applied to capture the observed variability. Variability was not found to be age dependent and was set at a standard deviation of 1.6. For UGT1A3, activity was not-age dependent. A population of size 5,000 was similarly created and A was given a geometric mean of 1 and geometric SD of 1.6. The final ontogeny profiles used and their associate variability along with the observed data are presented in Figures 25 and 26. 

To verify the infant PBPK models, a population of children 1-6 years old were simulated with a single oral administration of 2 mg/kg. The results were compared with observed data from Vauzelle-KervroËDan, Rey (28) (capsules) and Chen, Casale (29) (chewable tablets) and are shown in Table 6 and Figure 27. Half-life was well predicted suggesting that the clearance to volume of distribution ratio was reasonable.  AUC0-48 predicted by the pediatric PBPK model (38.5 ± 11 ug*h/mL) was greater than the two studies (25.4 ± 6.8 and 27.4 ± 7.2 ug*h/mL). Based on a Tmax that may have been underpredicted, although not consistently, the absorption profile of the formulation seemed not to follow that in adults. The dose in breast milk is fully dissolved and therefore formulation effects are inconsequential. Based on a reasonable clearance to volume ratio and thus systemic PK, the pediatric PBPK model was deemed reasonable for use in the breastfeeding workflow.

Table 6. Infant PBPK model evaluation with mean infant data
	Study
	N
	Age (years)
	Tmax (hrs)
	Cmax (ug/mL)
	AUC0-48 (ug*h/mL)
	T1/2 (hrs)

	Vauzelle-Kervroeden 1996
	10
	2.5 ± 1.4
	6*
	1.11 ± 0.29
	25.4 ± 6.8
	21.9 ± 6.8

	Patient 28
	1
	1.17
	1.55
	1.55
	30.4
	36.5

	Patient 31
	1
	6
	0.93
	0.93
	20.9
	20.3

	Chen 1999
	4
	[3.8-5.9]
	4.5 ± 5.1
	1.1 ± 0.37
	27.4 ± 7.2
	30.5 ± 5.6

	This study
	100
	3.4 ± 1.5
	1.35 ± 0.47
	1.91 ± 0.36
	38.5 ± 11
	21.6 ± 8.7


*Median value
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The final lamotrigine PBPK model adequately describes the PK of lamotrigine in adults and children. The optimized IV and oral adult models produced AFE and AAFE values of 0.95 and 1.27, respectively. The oral models sufficiently predicted three pharmacokinetic datasets with adults administered multiple doses of lamotrigine. The evaluation produced acceptable AFE and AAFE values, 1.04 and 1.13, respectively. An evaluation of the pediatric PBPK model in children was supported by two small studies. Although there were no published studies in infants <1 years old, the results from this evaluation in 1-6 year olds provided insight on the model’s performance. Essentially, while the absorption kinetics appeared to be a function of the formulations used, the systemic PK appeared well estimated. As such, the pediatric model was deemed reasonable for use in the breastfeeding workflow. 
[bookmark: _Toc59970977]4 Figures

[image: ]
[bookmark: _Hlk66398149]Figure 1. IV model optimization using Yuen & Peck 1988, 67.82 mg infusion dataset.
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[bookmark: _Hlk66431690]Figure 2. Oral model optimization using Berg 2017, 25 mg IR formulation single dose dataset.
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Figure 3. Oral model optimization using Ebert 2000, 25 mg IR formulation single dose dataset.
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Figure 4. Oral model optimization using Gidal 2003, 25 mg IR formulation single dose dataset.
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Figure 5. Oral model optimization using Yuen and Peck 1988, 75 mg IR formulation single dose dataset.
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Figure 6. Oral model optimization using Birnbaum 2000, 100 mg IR formulation single dose dataset.
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Figure 7. Oral model optimization using Birnbaum 2001, 100 mg IR formulation single dose dataset.
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Figure 8. Oral model optimization using Burger 2008, 100 mg IR formulation single dose dataset.

[image: ]
Figure 9. Oral model optimization using Fillastre 1993, 100 mg IR formulation single dose dataset.
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Figure 10. Oral model optimization using Marcellin 2001, 100 mg IR formulation single dose dataset.
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Figure 11. Oral model optimization using Srichaiya 2008, 100 mg IR formulation single dose dataset.
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Figure 12. Oral model optimization using van Luin 2009, 100 mg IR formulation single dose dataset.
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Figure 13. Oral model optimization using Hermann 2003, 200 mg IR formulation single dose dataset.
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Figure 14. Oral model optimization using Incecayir 2007, 200 mg IR formulation single dose dataset.
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Figure 15. Oral model optimization using Wootton 1997, 200 mg IR formulation single dose dataset.
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Figure 16. Oral model optimization using Depot 1990, 300 mg IR formulation single dose dataset.
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Figure 17. Model-fitted vs observed concentrations of all model-building PO datasets. Dashed line represents the line of identity. Calculated average fold error (AFE) was 0.95 and absolute AFE was 1.27.
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[bookmark: _Hlk66432502]Figure 18. Simulation for model verification. Observed data reported as mean (circles) with standard deviation (error bars).
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Figure 19. Simulation for model verification. Observed data reported as mean (circles) with standard deviation (error bars).
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Figure 20. Simulation for model verification. Observed data reported as mean (circles) with standard deviation (error bars).
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Figure 21. Adult population PBPK simulation (line = mean; gray shaded area = 90th prediction interval) compared to observed data from Ebert 2000. 
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Figure 22. Adult population PBPK simulation (line = mean; gray shaded area = 90th prediction interval) compared to observed data from Birnbaum 2001.
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Figure 23. Adult population PBPK simulation (line = mean; gray shaded area = 90th prediction interval) compared to observed data from Incecayir 2007.

[image: ]
Figure 24. Adult population PBPK simulation (line = mean; gray shaded area = 90th prediction interval) compared to observed data from Hermann 2003.
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Figure 25. Ontogeny profile for UGT1A4 activity normalized to the adult value and described by a Hill function with the following parameters, mean ± SD: k = 1 ± 0.5 (lognormal), n = 4.54 ± 1.2 (lognormal), and A0.5 = 0.89 ± 0.05 (normal). PMA: postmenstrual age in years. 
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Figure 26. Ontogeny profile for UGT1A3 activity described by a linear function and not age-dependent. PMA: postmenstrual age in years. 
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Figure 27. Child population PBPK simulation (line = mean; gray shaded area = 90th prediction interval) compared with the Vauzelle-Kervroeden 1996 dataset (2 mg/kg, N = 10, 2.5 ± 1.4 yrs old) for model verification.
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Yuen and Peck 1988, PO single IR capsule 75 mg

Simulation: Plasma

Observed: Plasma
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Birnbaum 2000, PO single IR tablet 100 mg

Simulation: Plasma

Observed: Plasma
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Birnbaum 2001, PO single IR chewable 100 mg

Simulation: Plasma

Observed: Plasma
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Burger 2008, PO single IR capsule 100 mg

Simulated: Plasma

Observed: Plasma
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Fillastre 1993, PO single IR 100 mg

Simulation: Plasma

Observed: Plasma
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Marcellin 2001, PO solution 100 mg

Simulation: Plasma

Observed: Plasma
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Srichaiya 2008, PO single IR tablet 100 mg

Simulation: Plasma

Observed: Plasma


image12.emf
0 5 10 15 20 25 30 35 40 45 50

Time [h]

1

C

o

n

c

e

n

t

r

a

t

i

o

n

 

[

µ

g

/

m

l

]

van Luin 2009, PO single IR tablet 100 mg

Simulation: Plasma

Observed: Plasma
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Hermann 2003, PO single IR tablet 200 mg

Simulation: Plasma

Observed: Plasma


image14.emf
0 10 20 30 40 50 60 70 80 90 100

Time [h]

0.1

1

C

o

n

c

e

n

t

r

a

t

i

o

n

 

[

µ

g

/

m

l

]

Incecayir 2007, PO single IR dispersible 200 mg

Simulation: Plasma

Observed: Plasma
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Wootton 1997, PO single IR tablet 200 mg

Simulation: Plasma

Observed: Plasma
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Depot 1990, PO single IR capsule 300 mg

Simulated: Plasma

Observed: Plasma
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Jann 2006, 50 mg PO QD IR tablet

Simulation: Plasma

Observed: Plasma
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Gastrup 2016, 100 mg PO QD tablet

Simulation: Plasma

Observed: Plasma
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Theis 2005, 200 mg PO QD tablet

Simulation: Plasma

Simulation: Observed
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Ebert 2000

Simulated-Arithmetic Standard Deviation

Simulated-Arithmetic Mean
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Birnbaum 2001

Simulation-Arithmetic Standard Deviation
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Incecayir 2007

Simulation-Arithmetic Standard Deviation

Simulation-Arithmetic Mean
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Hermann 2003

Simulation-Arithmetic Standard Deviation

Simulation-Arithmetic Mean

Observed
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Yuen and Peck 1988, IV infusion 67.82 mg

Simulation: Plasma

Observed: Plasma

Simulation: Fraction excreted to urine

Observed: Fraction excreted to urine
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Berg 2017, PO single IR tablet 25 mg

Simulated: Plasma

Observed: Plasma
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Ebert 2000, PO single IR capsule 25 mg

Simulation: Plasma

Observed: Plasma
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Gidal 2003, PO single IR tablet 25 mg

Simulated: Plasma

Observed: Plasma, Group A

Observed: Plasma, Group B

Observed: Plasma, Group C

Observed: Plasma, Group D


