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Abstract
Soticlestat (TAK- 935) is a first- in- class, selective inhibitor of cholesterol 
24- hydroxylase (CH24H) under phase III development for the treatment of the
developmental and epileptic encephalopathies (DEEs), Dravet syndrome (DS),
and Lennox–Gastaut syndrome (LGS). A previous model characterized the phar-
macokinetics (PKs), CH24H enzyme occupancy (EO), and pharmacodynamics
(PDs) of soticlestat in healthy volunteers. The present study extended this origi-
nal model for patients with DEEs and investigated sources of variability. Model- 
based simulations were carried out to optimize dosing strategies for use in clinical 
trials. Data from eight phase I and II trials of healthy volunteers or patients with
DEEs receiving oral soticlestat 15–1350 mg were included, encompassing 218
individuals for population PK (PopPK) analyses and 306 individuals for PK/PD
analyses. Dosing strategies were identified through model- based simulations.
The final mixed- effect PopPK/EO/PD model consisted of a two- compartment PK
model and an effect- site compartment in the PK/EO model; soticlestat concen-
trations at the effect site were linked to 24S- hydroxycholesterol plasma concen-
trations using a semimechanistic inhibitory indirect response model. Covariates
were included to account for sources of variability. Pediatric dosing strategies
were developed for four body weight bands (10 to <15, 15 to <30, 30 to <45, and
45–100 kg) to account for covariate effects by body weight. The final PopPK and
PK/EO/PD models accurately described PK, EO, and PD profiles of soticlestat in
healthy volunteers and patients with DEEs. Covariate analyses and model- based
simulations facilitated optimization of phase III trial dosing strategies for patients 
with DS or LGS.
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INTRODUCTION

Developmental and epileptic encephalopathies (DEEs) 
are a diverse group of severe epilepsies that include 
Dravet syndrome (DS) and Lennox–Gastaut syndrome 
(LGS). DEEs typically begin in childhood and are associ-
ated with seizures and developmental delay or regression. 
Treatments that specifically target pediatric- onset epilep-
sies are rare and DEEs are often resistant to conventional 
antiseizure medications (ASMs).1–3

Soticlestat (TAK- 935) is a first- in- class, selective inhib-
itor of cholesterol 24- hydroxylase (CH24H; also known as 
cytochrome P450 [CYP] 46A1).3,4 CH24H is the primary 
enzyme responsible for the catabolism of cholesterol to 
24S- hydroxycholesterol (24HC) in the brain.4–6 24HC is a 
positive allosteric modulator of the N- methyl- D- aspartate 
receptor that can contribute to neuronal hyperexcitabil-
ity.7,8 As such, a reduction in levels of 24HC in the brain 
could lead to decreased neuronal hyperexcitability and 
reduced seizure susceptibility. Phase III studies investi-
gating the efficacy, safety, and tolerability of adjunctive 
soticlestat in pediatric and adult participants with DS 
and LGS are ongoing (Clini calTr ials. gov: NCT04940624, 
NCT04938427, and NCT05163314).

Dosing strategies for two phase II trials of soticlestat 
treatment were developed using model- informed drug 
development (MIDD), as described in a previous pub-
lication.9 Briefly, a model was developed to describe the 
pharmacokinetic (PK), enzyme occupancy (EO), and 
pharmacodynamic (PD) profiles of soticlestat based on 
data from four phase I studies characterizing soticlestat 
treatment in healthy volunteers.9 Model- based simula-
tions indicated that soticlestat 100–300 mg twice- daily 
(b.i.d.) may be an optimal adult dosing regimen, with 
weight- adjusted pediatric dosing strategies identified for 
evaluation in phase II clinical trials.

The suggested model- based dosing strategies were ap-
plied in a phase Ib/IIa clinical trial in adults with DEEs3 
and a phase II clinical trial in children with DS or LGS 
(ELEKTRA, NCT03650452).10 In the phase Ib/IIa study, 
soticlestat dosages up to 300 mg b.i.d. were associated 
with primarily mild treatment- emergent adverse events. 
Exploratory efficacy evaluation suggested that soticlestat 
treatment led to a reduction in seizure frequency in the 
open- label study period.3 In ELEKTRA, soticlestat treat-
ment resulted in statistically significant and clinically 
meaningful reductions from baseline in median seizure 
frequency for the combined patient population, and in 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Soticlestat (TAK- 935), a selective inhibitor of cholesterol 24- hydroxylase, is in 
phase III development for the treatment of Dravet syndrome (DS) and Lennox–
Gastaut syndrome (LGS). A model was previously developed to characterize 
the pharmacokinetic (PK) and pharmacodynamic (PD) profiles of soticlestat in 
healthy volunteers.
WHAT QUESTION DID THIS STUDY ADDRESS?
What are the PK and PD profiles of soticlestat in pediatric and adult patients with 
developmental and epileptic encephalopathies (DEEs), which covariates affect 
the PK and PD profiles of soticlestat, and which dosing strategies are suggested 
for phase III clinical trials in pediatric patients with DS or LGS?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The observed data from healthy adults, and pediatric and adult patients with 
DEEs were adequately described by a population mixed- effects model in terms 
of PK and PD profiles. Bodyweight, ethnic background (for people of Chinese 
or Japanese descent), and patient status affected the PK profile of soticlestat. 
Weight- based dosing strategies were developed from model- based simulations 
for use in phase III clinical trials in children and adolescents with DS and LGS 
with a body weight of less than 60 kg.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
These findings illustrate the value of model- based simulations to select dosing 
strategies for clinical trials and to understand the impact of covariates on expo-
sure and PD profiles.
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convulsive seizure frequency for the DS cohort. Drop sei-
zure frequency was reduced in children with LGS; how-
ever, this change was not statistically significant. Safety 
findings were consistent with previous studies.10

In the present analyses, the PK/EO/PD model devel-
oped for healthy volunteers was extended to patients with 
DEEs. The aims were to: characterize the PKs of soticles-
tat in pediatric and adult patients with DEEs; characterize 
the PK/PD relationship between soticlestat concentrations 
and plasma 24HC concentrations in this population; and 
evaluate sources of variability, including covariates, that 
affect the PK and PD profiles of soticlestat. Additionally, 
model- based simulations were carried out with the aim of 
developing optimized weight- based dosing strategies for 
use in phase III clinical studies of soticlestat in children 
with DS or LGS.

METHODS

Study population and data collection

The present analyses used data from eight clinical trials 
(Table S1), including the four phase I studies in healthy 
adult volunteers that were used to develop the original PK/
EO/PD model.9 The additional four trials were the phase 
Ib/IIa clinical trial in adults with DEEs3 and the phase 
II ELEKTRA study10 discussed above, a phase I study in 
healthy Japanese adult volunteers (NCT04461483),11 and 
a phase II study in children with 15q duplication syn-
drome or cyclin- dependent kinase- like 5 (CDKL5) defi-
ciency disorder (ARCADE, NCT03694275).12 Soticlestat 
was administered as either an oral solution or as tablets 
with varying dosages across the studies.

Additional details and bioanalytical methods for 
plasma soticlestat and 24HC levels are provided in the 
supplementary information. Sampling schedules are sum-
marized in Table S1.

All studies were conducted in accordance with 
International Council for Harmonization Good Clinical 
Practice guidelines, applicable local regulations, and the 
ethical principles that have their origin in the Declaration 
of Helsinki. All participants gave written informed con-
sent prior to participation in the studies.

Modeling strategy

The modeling process is presented in Figure 1. The origi-
nal population PK (PopPK) and PK/EO/PD models fit 
the observed data well from the four healthy volunteer 
studies.9 In the present analysis, model refinements were 
considered to improve the fit to the expanded data set of 

all eight clinical trials, including data from healthy volun-
teers and patients with DEEs. Considerations for model 
refinements encompassed updates to the structural and 
error- term modeling; for example, optimization of the 
Omega matrix (restricted to a diagonal structure) for the 
PopPK model, testing the addition or removal of com-
partments, adjusting for nonlinear kinetics, and testing 
various residual error models and transformations of the 
between- subject variability (BSV) models. Interindividual 
variability was added for the model parameters with ran-
dom effects and covariate screening was carried out to 
identify factors that impact on model parameters.

Data

All data except for the high- fat meal arm of the bioavail-
ability study (TAK- 935- 1005) and the open- label exten-
sion of ELEKTRA (i.e., the ongoing ENDYMION 1 study 
NCT03635073) were included in the PopPK model refine-
ment. Overall, data were available from 218 participants, 
consisting of 3288 soticlestat PK observations and 8732 
dosing events.

Seven clinical trials were included in the PK/EO/PD 
model refinement. Data from the bioavailability study 
were excluded because 24HC concentrations were not 
collected. Data from the ongoing open- label extension of 
ELEKTRA were also excluded. Overall, data were avail-
able from 306 participants, consisting of 2621 plasma 
24HC concentrations and 8703 dosing events.

Apart from the exceptions listed above, no data were 
excluded. Missing data were not imputed except for the 
imputation of missing alpha- 1- acid glycoprotein (AGP) as 
the median of the observed values (20 mg/dL).

Software

The modeling was conducted using NONMEM version 
7.4.1 (ICON Development Solutions). Data processing and 
graph development were carried out with R version 3.2 or 
higher (R Core Team).

Model assessment and comparison

Model selection was based on evaluation of several initial 
structural models that were assessed against prespecified 
criteria, including those for goodness- of- fit (GOF). Models 
were assessed based on individual and population param-
eter estimates and their precision (relative standard error), 
numerical convergence properties, biological plausibility, 
diagnostic and GOF plots, shrinkage of BSV and residual 
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variability, and objective function values based on the 
likelihood of the model fit for nested models and Akaike's 
or Bayesian information criterion for non- nested models.

Base and final models were qualified using prediction- 
corrected visual predictive checks (with 1000 model- based 
simulations), which provide a simulation- based method 
to visually assess concordance of the model- based simula-
tions and observed data. In addition, a standard nonpara-
metric bootstrap with replacement (n = 1000) procedure 
was performed for the final PK/EO/PD model to assess 
model stability.

Covariate model development and 
application

Covariate screening was initially performed using F- tests 
for the reduction in the unexplained variability when add-
ing a covariate on a linear model for individual random 

effects. Subsequently, a forward inclusion (p < 0.05), back-
ward deletion (p < 0.01) procedure was applied to deter-
mine inclusion in the model. Screened variables were 
comedications (grouped by PK inducer status: inducer, 
neutral, or inhibitor), growth and maturation factors 
(body weight, body mass index [BMI], and age), individual 
characteristics (ethnic background, epileptic syndrome 
type, and sex), kidney function factors (creatinine clear-
ance and estimated glomerular filtration rate [eGFR]), 
liver function factors (alanine aminotransferase, alkaline 
phosphatase, aspartate aminotransferase, bilirubin, and 
gamma glutamyl transferase), and protein binding factors 
(AGP and albumin). Bilirubin and comedications were 
only screened for inclusion in the PopPK model. The ef-
fect of ethnic and regional background was first exam-
ined as covariate effects for race (Asian and Black) and 
then for country (Japanese and Chinese) within the Asian 
subpopulation, to address inquiries from local regulatory 
agencies.

F I G U R E  1  Key steps for model development and model- based simulations. Original model development described in Yin et al. 
(2023).9 The original PopPK model for soticlestat plasma concentrations in healthy volunteers was refined to reflect the data from patients 
with DEEs. Subsequently, plasma 24HC concentration data were included in the analysis data set and the final PK/EO/PD model was 
developed, informed by the final PopPK model and the original PK/EO/PD model, to characterize the PK/PD relationship between soticlestat 
concentrations and plasma 24HC concentrations. The PK/EO model was not updated because no additional EO data were available. 24HC, 
24S- hydroxycholesterol; DEE, developmental and epileptic encephalopathy; EO, enzyme occupancy; MRD, multiple- rising dose; PD, 
pharmacodynamic; PET, positron emission tomography; PK, pharmacokinetic; PopPK, population pharmacokinetic; SRD, single- rising dose.

Final model development Simulations

Original PK/EO/PD model

• Expected PK parameters in 
 healthy volunteers and patients 
 with DEEs
• Impact of dose levels and 
 covariates on PK parameters
• Optimal pediatric dosing 
 strategies based on doses that 
 achieve similar adult PK 
 parameters across a range 
 of pediatric body weights

• Expected PK, EO, and PD 
 parameters for different dose 
 levels
• Impact of dose levels and 
 covariates on EO and PD 
 parameters

Data from four studies
• SRD study (TAK-935_101)
• MRD study (TAK-935-1002)
• PET study (TAK-935-1003)
• Bioavailability study 
 (TAK-935-1005)a

Final PopPK model

Original PK/EO/PD model

Original PopPK model

Original model 
(developed previously)

Model refinement based on:
• structural model optimization
• variability model optimization
• covariate screening
• updates to PopPK sub-model (for PK/EO/PD model)

Additional data from four studies
• Phase Ib/IIa trial in adults with DEEs 
 (TAK-935-2001)
• ELEKTRA  study (TAK-935-2002)
• Japanese healthy adults study (TAK-935-1004)
• ARCADE (TAK-935-18-002)
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Categorical covariates were modeled to derive the per-
cent change between the typical value and the category 
level of interest.

Continuous covariate effects were scaled using a ref-
erence value and tested using a power function. For age, 
a hockey stick model was also tested to implement age- 
related changes only up to a given age level.

Model- based simulations were performed to quantify 
the effects of covariates on PK and PD parameters.

PK and PD parameters were simulated using the 
PopPK model and PK/EO/PD model, respectively, for 
a reference patient with characteristics based on the 
median (for continuous covariates) or most frequent 
(for categorical covariates) values in the data set, and 
the effect of different cohort levels was simulated by 
modifying covariate values one at a time. Simulated PK 
parameters were area under the plasma concentration–
time curve (AUC), maximum plasma drug concentra-
tion (Cmax), and trough plasma concentration (Ctrough), 
and simulated PD parameters were steady- state EO and 
change from baseline 24HC over 12 h at steady- state. 
Reference patient characteristics were: 200 mg soticles-
tat b.i.d. dosage, 24- year- old patient of non- Asian eth-
nic background with a DEE, with body weight 56.6 kg, 
BMI 21.8 kg/m2, eGFR 166.2 mL/min/1.73 m2, and AGP 
20 mg/dL. Continuous covariates were simulated at half 
and twice the reference value, and categorical covariates 
were simulated at each alternative value.

Simulations

A series of simulations were carried out to identify dos-
ing strategies for use in phase III clinical trials in children 
with DEEs that would achieve similar exposures and cor-
responding PD responses to those seen in previous studies 
with soticlestat.

First, PK, EO, and change from baseline 24HC pro-
files over time were simulated for 100, 200, and 300 mg 
b.i.d. soticlestat dosages using the final PK/EO/PD 
model. The hypothetical treatment schedule was con-
tinuous dosing for 21 days followed by a 7- day washout 
period in a reference patient with a DEE who was aged 
45 years, not of Asian descent, and with a body weight 
of 70 kg.

Second, the final PopPK model was used to simulate 
various dosing strategies for a range of body weights (10–
70 kg) in children aged 2–21 years, with the aim of defin-
ing weight- based pediatric dosing recommendations. For 
each body weight (1 kg steps) and dose strength, 10,000 
simulations of steady- state AUC were performed and 
the percentage of simulations above the reference AUC 
(based on equivalent adult dosing) were calculated. The 

reference AUC values for low, medium, and high dosing 
were 764, 1800, and 3000 ng·h/mL corresponding to val-
ues for 100, 200, and 300 b.i.d. dosing in adults, respec-
tively. Recommended doses were derived such that ~35% 
to 65% of the simulations at the suggested dose had higher 
AUC values than the respective reference AUC values, 
respectively.

RESULTS

Study population and demographics

For the PopPK model, data were provided on 218 indi-
viduals, of whom 110 (50%) were healthy individuals and 
108 (50%) were patients. Mean (standard deviation [SD]) 
age was 24.1 (14.5) years. For the PK/EO/PD model, data 
were provided on 306 individuals, of whom 132 (43%) 
were healthy individuals and 174 (57%) were patients. 
Mean (SD) age was 21.8 (14.6) years. For both models, 67% 
of included individuals were of White ethnic background 
(Table S2).

PopPK model

The final PopPK model consisted of a linear two- 
compartment model with delayed oral first- order absorp-
tion, with random effects for relative bioavailability (Frel), 
absorption rate constant (ka), inter- compartmental clear-
ance (Q), and peripheral volume (Vp). A combined addi-
tive and proportional error model was used to describe 
residual variability.

The structural and random effects modeling for the 
final PopPK model were similar to the original PopPK 
model. However, the final PopPK model included a co-
variate for formulation (oral vs. tablet) on absorption lag 
time and ka, which was originally implemented using a 
delay compartment in the original PopPK model.9 Other 
included covariate effects in the final PopPK model 
were: baseline AGP and baseline weight on Frel; dose 
on ka, Frel, Q, and Vp; patient status on linear elimina-
tion clearance; BMI on ka (only for participants younger 
than 18 years); comedication with anti- epileptic drugs 
grouped as strong CYP3A enzyme inducers (carbamaze-
pine, phenobarbital, and phenytoin) on ka; eGFR on Vp; 
Chinese ethnic background (dichotomized as yes or no) 
on ka; and ethnic background (categorized as Chinese, 
Japanese, or non- Asian) on Q. Black as race was not 
identified as a significant covariate for any of the PK 
parameters. The effect of body weight on PKs was esti-
mated as covariate effect on Frel. This resulted in a very 
precise parameter estimate and fit the data significantly 
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better than fixing the weight effect based on allometric 
principles. We also kept the estimated weight effects be-
cause we did not have other growth- related covariates 
(e.g., age), which would have correlated with weight and 
therefore might have interfered with the weight effect 
parameter estimation.

Table  1a lists the parameter estimates of the final 
PopPK model. All parameters, except the amount of ad-
ditional unexplained variability in case of missing AGP 
concentrations and the ka, could be estimated with good 
precision. The main purpose of this model was to char-
acterize the extent of the absorption (AUC), which, based 
on preclinical data, drives efficacy. Therefore, the low 
precision of the estimate for the ka was deemed accept-
able. Shrinkage for the random effect parameters was low 
to moderate (≤30%). The largest shrinkage value was for 
BSV on Q, which may be due to the lack of information 
for this parameter. Visual predictive checks and GOF plots 
indicated that the final model fit the observed data well 
(Figure 2, Figures S1 and S2). BSV plots for the continu-
ous and categorical variables examined as covariates are 
shown in Figure S3. NONMEM control streams codes for 
the final model are provided in the supplementary mate-
rial (Appendix S1).

Based on simulation analyses with the final PopPK 
model, steady- state (ss) exposure parameters with 300 mg 
soticlestat b.i.d. treatment were slightly lower for a pa-
tient with a DEE than a healthy volunteer, both with the 
same reference characteristics (defined in “Section 2”); 
simulated exposures for the reference patient and ref-
erence healthy volunteer, respectively, were 3848 and 
2967 ng·h/mL for AUCss,24, 1253 and 1168 ng/mL for 
Cmax,ss, and 27 and 16 ng/mL for Ctrough,ss. However, dif-
ferences between healthy volunteers in phase I studies 
and patients in phase II studies, as well as ethnic differ-
ences, are typically multivariate and better assessed by 
means of summary statistics on the predicted exposure 
parameters.

The univariate effects of dose and covariates on AUC, 
Cmax, and Ctrough in the final PopPK model are shown as 
tornado plots in Figure 3; covariate effects were included 
if there was a change from the reference value of at least 
5% based on the simulations (reference characteristics de-
fined in “Section 2”).

To address combined effects of multiple covariates, the 
respective univariate effects would need to be combined 
or derived using multivariate simulations. For example, 
Chinese pediatric patients in the ELEKTRA study were 
predicted to have a 33% higher Cmax than non- Chinese 
healthy adult volunteers, based on a multivariate simula-
tion (data not shown). This aligns well with the sum of 
the three univariate effects: Chinese, patient status, and 
body weight.

Similar comparison of Japanese participants was not 
possible because data were only available for healthy 
adults and not for Japanese patients with DEEs.

PK/EO/PD model

The structural model and random error modeling for the 
final PK/EO/PD model were unchanged from the origi-
nal model because no major model misspecifications were 
identified. The final PK/EO/PD model encompassed a 
turnover model to characterize changes in 24HC concen-
trations over time and a maximum inhibition (Imax) of 
24HC production model for the indirect exposure- effect, 
with inhibition of 24HC synthesis rates caused by soti-
clestat exposure. The model also included effect- site con-
centration (soticlestat exposure in the brain), which was 
estimated based on plasma soticlestat concentration and 
implemented as a delayed equilibrium, based on a plasma/
brain transit rate parameter estimated in the original 
model. Random effects were estimated on the baseline 
24HC level and half maximal inhibitory concentration. 
The BSV for major PK and PD parameters was estimated 
using an exponential error model, except for the Imax pa-
rameter, when an additive error model was used. During 
the model development process, 17 out of 2625 observa-
tions with conditional weighted residuals over the value of 
5 were excluded.

After covariate screening, the final model included 
baseline AGP, baseline weight, and age (only estimated 
for those aged under 17.5 years) as covariates on change 
from baseline 24HC level. The age cutoff was imple-
mented using a hockey stick covariate model. The model 
also inherited the covariates from the PopPK model that 
indirectly affected the PD parameters.

Table  1b lists the parameter estimates of the final 
model. Shrinkage for the random effect parameters 
was low to moderate, with a maximum value of 20.0%. 
Visual predictive check and GOF plots showed that 
the final model fit the observed data well (Figure  2 
and Figure  S4). BSV plots for continuous and cate-
gorical variables examined as covariates are shown 
in Figure  S3. NONMEM control stream codes for the 
final model are provided in the supplementary material 
(Appendix S1).

Based on simulation analyses using the final PK/EO/
PD model, the effects of covariates and dose on average 
EO and change from baseline 24HC are shown in Figure 3 
for all effects with at least 2.5% change from the reference 
value (defined in “Section 2”) for a patient. Most effects 
were small, with the largest changes (3.0–7.5% change 
from reference value) seen with variations in dose from 
100 mg to 300 mg. Baseline weight, baseline AGP, and 
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T A B L E  1  Parameter estimates and shrinkage estimates for the PopPK model (a) and PK/EO/PD (24HC) model (b).

(a) PopPK model

Parameter Role Estimate 95% CI Relative SE, %

Absorption rate (ka) TV, 1/h 8.39 (−5.68, 22.4) 85.6
Non- OS formulation effect, % −43.7 (−125, 37.6) 95.0
Dose effect, exponent −0.753 – Fixed
BMI effect, exponent 2.24 (2.23, 2.26) 0.3
Strong CYP3A enzyme inducer effect, % −66.2 (−87.8, −44.7) 16.6
Chinese descent effect, % −63.7 (−94.4, −32.9) 24.6
BSVa 1.02 (0.997, 1.04) 1.2

Elimination clearance (CL) TV, L/h 4.2 (3.85, 4.54) 4.2
Patient effect, % −22.8 (−40.2, −5.51) 38.7

Central volume (Vc) TV, L 3.01 (2.96, 3.05) 0.8
Distribution clearance (Q) TV, L/h 1.15 (0.777, 1.53) 16.7

Dose effect, exponent −0.218 – Fixed
Japanese descent effect, % −42.7 (−62.1, −23.2) 23.3
Chinese descent effect, % −75.7 (−94, −57.4) 12.3
BSVa 0.436 (0.433, 0.439) 0.4

Peripheral volume (Vp) TV, L 7.8 (7.12, 8.47) 4.4
Dose effect, exponent −0.214 – Fixed
eGFR effect, exponent −0.406 (−0.408, −0.404) 0.2
BSVa 0.625 (0.621, 0.629) 0.3

Lag time of the first compartment 
(ALAG1)

TV, h 0.133 (0.123, 0.142) 3.5
Non- OS formulation effect, % 23.8 (14.6, 32.9) 19.6

Bioavailability (F1) TV 0.0216 – Fixed
Dose effect, exponent 0.204 – Fixed
Body weight effect, exponent −0.593 (−0.596, −0.589) 0.3
AGP effect, exponent 0.544 (0.192, 0.896) 33.0
BSV explained by AGP, % 0.42 (−2.34, 3.18) 335.6
BSVa 0.527 (0.519, 0.536) 0.8

Residual variability Proportional, % 48.3 (44.2, 52.5) 4.4
Additive, ng/mL 0.001 – Fixed

Shrinkage SD shrinkage, %
BSV ka (eta) 20.9
BSV Q (eta) 29.9
BSV Vp (eta) 20.0
BSV F1 (eta) 4.0
Residuals (epsilon) 7.7

(b) PK/EO/PD (24HC) model

Parameter Role
Original 
estimate

Bootstrap

Mean 95% CI Relative SE, % Bias, %

Baseline 24HC 
(BL24HC)

TV, ng/mL 50.5 50.293 (47.2, 53) 2.9 −0.4
Age effect cutoff, years 17.5 17.970 (14.9, 23.3) 11.2 2.7
Age effect, exponent −0.511 −0.515 (−0.679, −0.37) 15.2 0.7
AGP effect, exponent 0.215 0.211 (0.0666, 0.347) 34.0 −1.7
Body weight effect, exponent −0.256 −0.248 (−0.382, −0.0902) 30.6 −3.2
BSVa 0.0811 0.080 (0.0628, 0.0991) 11.7 −1.6

24HC degradation rate 
(kout)

TV, 1/h 0.0199 0.020 (0.0181, 0.0215) 4.4 −0.3

(Continues)
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patient status were associated with less than 5% change 
from the reference value.

Simulations

Simulations using the PK/EO/PD model indicated that 
with soticlestat 100, 200, and 300 mg b.i.d. for 12 h at 
steady- state, respectively, average EO (median of indi-
vidual simulated 24- h average values) was 81.7%, 89.2%, 
and 92.2%, and average change from baseline 24HC was 
−71.6%, −80.6%, and −84.1% (Figure 4).

Minimal accumulation for PK and EO parameters 
based on a hypothetical treatment schedule of 100–300 mg 
b.i.d. for 21 days followed by a 7- day washout period. 
Steady- state levels for 24HC inhibition were achieved 
within a week of treatment and were maintained over 
time (Figure 4).

Recommended dosing strategies were developed for a 
study that included participants aged 2–21 years by iden-
tifying doses at which ~35% to 65% of the simulations at 
the doses suggested had higher AUCs than the reference 
AUC from three adult doses (764, 1800, and 3000 ng·h/
mL based on 100, 200, and 300 mg b.i.d. dosing in adults, 
respectively; Figure 5). Based on these analyses, recom-
mended doses were defined for four pediatric weight 
bands (10 to <15 kg, 15 to <30 kg, 30 to <45 kg, and 45–
100 kg; Table 2).

DISCUSSION

Here, we present the successful application of a modeling 
strategy to describe the PK and PD profiles of soticlestat 
in both healthy volunteers and the target patient popula-
tion of individuals with DEEs. The resulting PopPK and 
PK/EO/PD models were used to examine how PK and 
PD profiles are affected by individual characteristics and 
other covariates that may affect dosing recommenda-
tions. The final models were well- fitted to observed PK 
and PD data from healthy volunteers and patients with 
DEEs. Furthermore, model- based simulations were used 
to inform the drug development process for soticlestat by 
guiding weight- based dosing recommendations for use in 
phase III clinical trials.

The original PK/EO/PD model developed for 
healthy volunteers9 was found to be robust, with min-
imal changes required to the structural and error- term 
modeling to extend the PopPK and PK/EO/PD models 
to apply to patients with DEEs. In support of this, re-
sults from two clinical trials of patients with DEEs, in 
which dosing strategies were informed by the original 
PK/EO/PD model, indicated that the recommended 
dosing strategies were appropriate. In both studies, so-
ticlestat treatment led to a numerical reduction in sei-
zure frequency with safety findings that were consistent 
with previous studies in healthy volunteers.3,9,10 These 

(b) PK/EO/PD (24HC) model

Parameter Role
Original 
estimate

Bootstrap

Mean 95% CI Relative SE, % Bias, %

Maximum inhibition 
of 24HC production 
(Imax)

TV, % 92 91.825 (87.1, 98.1) 3.3 −0.2

Effect- site 
concentration for 
50% maximum 
effect (IC50)

TV, ng/mL 9.85 9.843 (7.26, 13) 15.0 −0.1
BSVa 0.636 0.633 (0.303, 1.06) 30.5 −0.4

Shape parameter (γ) TV 0.881 0.908 (0.706, 1.17) 13.5 3.1
Residual variability Additive, ng/mL 3.91 3.913 (3.61, 4.24) 4.1 0.1
Shrinkage SD shrinkage, %
BL24HC (eta) 2.3
IC50 (eta) 20.0
Epsilon 8.5

Note: Estimates, bootstrap means, and CIs were rounded to three significant digits, relative SE and bias were rounded to one decimal digit.
Abbreviations: 24HC, 24S- hydroxycholesterol; AGP, alpha- 1- acid glycoprotein; BMI, body mass index; BSV, between- subject variability; CI, confidence 
interval; CYP, cytochrome P450; eGFR, estimated glomerular filtration rate; EO, enzyme occupancy; OS, oral solution; PD, pharmacodynamic; PK, 
pharmacokinetic; PopPK, population pharmacokinetic; SD, standard deviation; SE, standard error; TV, typical value.
aReported on variance scale.

T A B L E  1  (Continued)
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findings support the value of MIDD for optimizing dos-
ing and study design strategies in clinical trials. The 
present study demonstrates the validity of the original 

model and describes the extension of the original model 
with data from patients, which permitted identification 
of covariates that may impact on dosing decisions and 

F I G U R E  2  Visual predictive checks based on the ELEKTRA study for the final PopPK model (a), for 24HC concentrations based on the 
final PK/EO/PD model (b), and for 24HC percentage change from baseline based on the final PK/EO/PD model (c). Lines and shaded areas 
represent median and 95% CI for simulations; dots represent median observations. 24HC, 24S- hydroxycholesterol; b.i.d., twice- daily; CI, 
confidence intervals; EO, enzyme occupancy; PD, pharmacodynamic; PK, pharmacokinetic; PopPK, population pharmacokinetic.
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evaluation of potential dosing strategies for phase III tri-
als of soticlestat.

The final PopPK model was a linear two- compartment 
model with delayed oral first- order absorption. Based on 

simulations with the final PopPK model, several covariates 
were found to be associated with soticlestat exposure lev-
els. Changes in body weight and baseline AGP level were 
associated with the largest changes in soticlestat exposure 

(a)

(c)

(d)

(e)

(b)
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out of all the examined covariates. The effect of body-
weight is reflected in the development of weight- based 
dosing recommendations for children, to ensure that ex-
posure levels are similar to those in adults. Although base-
line AGP level was added as a covariate on Frel to account 
for observed variability, it will not be used for dose adjust-
ment in practice given the high variability of this covariate 
in response to various factors, including infection. Other 
identified covariate effects were evaluated in relation to 
the need for adapted dosing requirements. For example, 
compared with patients of non- Asian background, pa-
tients of Chinese descent were predicted to have a lower 
Cmax and lower Ctrough, and patients of Japanese descent 
were predicted to have a lower Ctrough. Because patients of 
Chinese or Japanese descent were predicted to have sim-
ilar profiles to patients of other ethnic backgrounds for 
AUC, average EO, and change from baseline 24HC, dose 
adjustment for these patient populations was not consid-
ered to be necessary.

The use of strong CYP3A inducers alongside soticles-
tat and receiving soticlestat in a tablet formulation were 
both associated with a reduced Cmax. In clinical settings, 
use of soticlestat alongside ASMs that are strong CYP3A 
inducers is not expected to be a cause for clinical concern 
because no effects of strong CYP3A inducers were seen 
for other PK or PD parameters. Additionally, the covariate 
screening did not identify an impact for any other ASMs 
on soticlestat PK and PD profiles. In terms of dose itself, 
AUC was shown to increase in a slightly greater than dose- 
proportional manner, whereas Cmax and Ctrough increased 
in a dose- proportional manner within the range of soti-
clestat 100–300 mg b.i.d.

The final PK/PD model was an indirect link turnover 
model with an inhibitory effect of exposure on the 24HC 
production rate. Based on the final model, average EO 
during one dosing interval at steady- state was predicted 
to be 81–92% for 100–300 mg b.i.d. treatment. Average 
change from baseline 24HC during one dosing interval at 
steady- state was predicted to be ~71–81% after 100–300 mg 
b.i.d. treatment. Identified covariates had minor effects on 
the average EO and change from baseline 24HC. Further 
simulations indicated that soticlestat concentration and 
EO steady- states were almost instantaneously reached. 
A well maintained steady- state level for 24HC inhibition 

was achieved within a week of treatment and, after stop-
ping treatment, 24HC levels were simulated to return to 
baseline within 7 days.

Based on simulations with the final PK/EO/PD model, 
recommended dosing strategies were developed for four 
pediatric weight bands. These findings highlight the util-
ity of PK/EO/PD modeling and MIDD to expedite the 
development of therapies for rare conditions, such as DS 
and LGS, and is substantiated by the use of MIDD in other 
drug development scenarios.3,10,13 As shown in the pres-
ent study, clinical trial simulations allow quantification 
of uncertainty about dose selection and the effect of co-
variates, which can help to determine the required sample 
size and appropriate dosing strategies.14 This is particu-
larly important in conditions affecting children, given the 
differences between adults and children in body composi-
tion, physiology, and biochemistry that may alter dosing 
requirements.13

To address the urgent unmet needs of the DS and LGS 
patient population, we used a “learn- confirm- translate” 
approach, linking PK and PD with safety and efficacy. 
Initially, we assessed the safety and PK/PD/EO in 
healthy volunteers, focusing on changes in 24HC levels 
and EO as our primary PD measures. Nonclinical animal 
model studies helped to establish the required extent of 
EO for maximal efficacy. Together, these findings guided 
our study design for clinical trials in patients, beginning 
with adults with DEEs. We then leveraged insights from 
healthy volunteers and adult patients to ascertain ap-
propriate dosing regimens for pediatric patients with DS 
and LGS.

This process of development involved careful exposure 
matching to determine pediatric dosages, which were 
then validated in clinical trials. By using pharmacosta-
tistical methods and evaluating the translatability of bio-
marker responses alongside safety data, we were able to 
accelerate the development of soticlestat for the pediatric 
patient population, ensuring their unmet treatment need 
was addressed as quickly as possible.

Strengths of this study include the breadth of data and 
populations included in the model. Inclusion of healthy 
volunteers and patients, children and adults, and partici-
pants with various ethnic backgrounds led to a large sam-
ple size and allowed the effect of various covariates to be 

F I G U R E  3  Tornado plots to illustrate dose and univariate covariate effects on the final PopPK model parameters and on the final PK/
EO/PD model parameters; (a) effects on AUC, (b) effects on Cmax, (c) effects on Ctrough, (d) effects on EO, and (e) effects on average change 
from baseline 24HC. Each simulated covariate level is indicated as an orange dot indicating the typical covariate effect on the response 
variable. The label below each dot illustrates the simulated covariate level and the value above denotes the absolute change from reference. 
The black vertical lines indicate 80% PI for a reference subject. 24HC, 24S- hydroxycholesterol; AGP, alpha- 1- acid glycoprotein; AUC, area 
under the plasma concentration–time curve; Cmax, maximum plasma drug concentration; Ctrough, trough plasma concentration; eGFR, 
estimated glomerular filtration rate; EO, enzyme occupancy; PD, pharmacodynamic; PI, prediction interval; PK, pharmacokinetic; PopPK, 
population pharmacokinetic.
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evaluated in the models. Additionally, model- based sim-
ulations were successfully used to develop pediatric dose 
recommendations for use in phase III clinical trials along 
with consideration of other dosing strategy factors, such 

as ease of administration by caregivers. This MIDD ap-
proach to dose selection highlights the potential to expe-
dite drug development by using a data- driven approach to 
identify dosing strategies that achieve target PK, EO, and 

F I G U R E  4  Simulations of the dose–response relationship for average EO and percent change from baseline 24HC during 12 h at 
steady- state (a) and of soticlestat concentrations, EO, and percent change from baseline 24HC over time (b). Simulations were performed 
with BSV and summarized as median (solid line) and 90% PIs (shaded area). In panel (a), the left y- axis for the EO plots shows the results 
as percent of the maximum occupancy (Emax = 100%, dashed reference line) and for the change from baseline 24HC plots, it shows percent 
from maximum inhibition (Imax = −92%, dashed reference line). 24HC, 24S- hydroxycholesterol; b.i.d., twice- daily; BSV, between- subject 
variability; Emax, maximum EO; EO, enzyme occupancy; Imax, maximum inhibition of 24HC production; PI, prediction interval.
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F I G U R E  5  Percentage of simulated AUC values greater than the reference adult AUC values at different pediatric weights and dosages. 
The figures are color- coded and include a contour line, indicating the pediatric dosage (per kg body weight) not exceeding the reference 
AUC values in ~35% to 65% of all simulated children. AUC, area under the plasma concentration–time curve; b.i.d., twice- daily.
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100 mg b.i.d.
19.5%
2460 (1020, 5910)

≥15 to <30 kg 60 mg b.i.d.
47.3%
995 (409, 2410)

120 mg b.i.d.
47.3%
2290 (942, 5550)

200 mg b.i.d.
56.9%
4240 (1740, 10,300)

≥30 to <45 kg 80 mg b.i.d.
53.8%
1080 (449, 2590)

140 mg b.i.d.
41.4%
2120 (880, 5090)

200 mg b.i.d.
37.1%
3260 (1350, 7820)

≥45 to ≤100 kg 100 mg b.i.d.
49.6%
1030 (420, 2500)

200 mg b.i.d.
49.6%
2360 (968, 5760)

300 mg b.i.d.
49.6%
3850 (1580, 9380)

Note: Median (90% PI) AUC in h.ng/mL for adult reference dosages were 1030 (432, 2470), 2380 (995, 
5700), and 3870 (1620, 9280) for the 100 mg b.i.d., 200 mg b.i.d., and 300 mg b.i.d. dosages, respectively.
The top line of each cell provides the selected pediatric dosage, the second line provides the probability 
that individual pediatric AUC24 levels exceed the adult reference median AUC24, and the third line 
provides the median (90% PI) ng·h/mL.
Abbreviations: AUC24, area under the plasma concentration–time curve from 0 to 24 h; b.i.d., twice- daily; 
PI, prediction intervals.

T A B L E  2  Pediatric dosing 
recommendations based on simulations.
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PD profiles and are therefore expected to optimize efficacy 
and safety outcomes in the target population.

A key limitation of the study is that soticlestat exhibits 
complex absorption characteristics, which were only ap-
proximately characterized by the model because the focus 
was on the extent of absorption (AUC). Additionally, sparse 
samples in the patient population limited a full characteri-
zation of the absorption phase. The multiple modes of drug 
delivery that were used to help with treatment adherence 
(e.g., crushed vs. non- crushed tablets and via gastrostomy 
tube) also probably contributed to data variability.

In conclusion, the final model accurately described the 
PK, EO, and PD characteristics of soticlestat in healthy 
volunteers and patients with DEEs. Covariate analysis and 
model- based simulations were able to provide valuable in-
formation to guide dosing strategies in phase III clinical 
trials of soticlestat in patients with DS or LGS.
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