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Abstract

Background: Narrow therapeutic index (NTI) antiepileptic drugs require precise dosing to balance
efficacy and safety, particularly in special populations where physiological variability alters
pharmacokinetic behavior. Conventional approaches often fail to account for interindividual differences
in drug metabolism and clearance, leading to suboptimal outcomes. Physiologically based
pharmacokinetic (PBPK) modeling offers a mechanistic framework for predicting exposure across
diverse patient groups and guiding dose individualization.

Objective: This study aimed to develop and validate a PBPK model for an NTI antiepileptic drug and
to predict optimal dosing adjustments in elderly, pregnant, hepatic-impaired, and pediatric populations,
ensuring plasma concentrations remain within the therapeutic window.

Methods: A validated PBPK model was constructed using physicochemical, biopharmaceutical, and
physiological data derived from literature and regulatory databases. The adult model was calibrated
against clinical pharmacokinetic data and extrapolated to special populations by modifying relevant
physiological parameters, including hepatic enzyme activity, renal clearance, plasma protein binding,
and organ blood flow. Model performance was evaluated by comparing predicted versus observed
pharmacokinetic parameters (AUC, Cmax, Tmax), and statistical analyses, including ANOVA and
sensitivity testing, were used to quantify variability.

Results: The adult model reproduced observed pharmacokinetic profiles within a +25% prediction
error margin, confirming model reliability. Simulation outcomes revealed increased systemic exposure
in elderly (+28%) and hepatic-impaired (+54%) subjects, modest elevation in pregnancy (+18%), and
decreased exposure in pediatrics (-32%). Model-informed dose adjustments reducing to 65% (hepatic
impairment), 80% (elderly), 90% (pregnancy), and increasing to 130% (pediatric) normalized exposure
within the NTI bioequivalence limits (0.8-1.25). Sensitivity analysis identified hepatic intrinsic
clearance, plasma protein binding, and hepatic blood flow as primary determinants of interindividual
variability.

Conclusion: PBPK modeling accurately predicted pharmacokinetic behavior and optimal dose
modifications for an NTI antiepileptic across special populations, validating its utility in precision
dosing. Model-informed dose adjustments can reduce adverse event risk and enhance therapeutic
efficacy, providing a scientifically robust and ethically sound alternative to empirical dosing.
Integrating PBPK-guided dosing with therapeutic drug monitoring may strengthen clinical decision-
making, regulatory evaluation, and personalized pharmacotherapy in NTI drug management.

Keywords: Physiologically based pharmacokinetic modeling, Narrow therapeutic index, Antiepileptic
drugs, Dose individualization, Special populations, Pharmacokinetic variability

Introduction

Antiepileptic drugs (AEDs) continue to pose a major clinical challenge due to their often
narrow therapeutic index (NTI) and the high inter-individual variability in pharmacokinetics,
particularly when used in special populations such as pediatrics, the elderly, pregnant women
or patients with organ dysfunction (%l The concept of NTI drugs encompasses those for
which small differences in dose or blood concentration may lead to serious therapeutic
failures or adverse drug reactions, and for which therapeutic drug monitoring (TDM) is often
indicated 11, In the context of epilepsy, AEDs with NTI require careful individualised
dosing to maintain efficacy while avoiding toxicity or breakthrough seizures, yet standard
dosing regimens seldom account for the alterations in absorption, distribution, metabolism
and excretion (ADME) characteristic of special populations ["°1. Conventional population-
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pharmacokinetic (pop-PK) approaches, though valuable,
may not always capture mechanistic physiological changes
(e.g., altered hepatic enzyme ontogeny, changes in renal
clearance, plasma protein binding, body composition) that
pertain to special populations [0 In recent years,
physiologically-based pharmacokinetic (PBPK) modelling
has emerged as a promising approach to simulate ‘what-if’
scenarios, extrapolate to special populations, and support
precision dosing strategies for NTI drugs 1351, However,
despite regulatory encouragement for use of model-
informed dosing in special populations 118, there remains a
paucity of studies applying PBPK to narrow therapeutic
index antiepileptics, and an unmet need to robustly predict
dose adjustments required in populations with altered
physiology or comorbidity. Therefore, the present study
aims to use a PBPK modelling framework to predict optimal
dosing of a narrow therapeutic index antiepileptic drug in
one or more special populations, evaluate model
performance against known clinical data, and propose
model-informed dose recommendations. The central
hypothesis is that PBPK modelling can accurately predict
exposure in special populations of this NTI antiepileptic and

thereby enable safer and more effective dose
individualization compared to standard dosing-based
paradigms.

Materials and Methods

Materials

This modeling-based study utilized a physiologically based
pharmacokinetic (PBPK) simulation framework to
investigate dosing predictions for a narrow therapeutic index
(NTI) antiepileptic drug in various special populations. The
drug was selected based on its extensive clinical use, well-
defined pharmacokinetic characteristics, and documented
narrow  therapeutic  range [ Comprehensive
physicochemical and  biopharmaceutical — parameters
including molecular weight, lipophilicity (logP), pKa,
plasma protein binding, and permeability coefficients were
extracted from peer-reviewed literature and validated
pharmacokinetic databases such as DrugBank and FDA
submissions [ 81, Physiological system data, including organ
weights, blood flow rates, tissue composition, enzyme
ontogeny, and renal clearance functions, were obtained from
established population PBPK models for adults, elderly,
pediatric, and pregnant subjects [-*4), The software platform
Simeyp® Simulator (Certara, UK) and PK-Sim® (Open

Systems Pharmacology Suite) were used for model
development, virtual trial generation, and parameter
sensitivity ~ analyses ~ [1215, Published clinical

pharmacokinetic studies describing single and multiple-dose
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profiles for the selected NTI antiepileptic were used for
model calibration and validation [® 13 14, 16],

Methods

Model construction was performed according to standard
PBPK modeling principles, integrating drug-specific
parameters with system-dependent physiological inputs to
simulate plasma concentration-time profiles across
populations 1% 1% 151 The model was first developed and
validated using adult data under standard dosing conditions,
followed by extrapolation to special populations (e.g.,
elderly, pregnant, and hepatic-impaired individuals) by
modifying physiological parameters such as hepatic enzyme
activity, renal clearance, plasma protein levels, and organ
volumes [ 10. 12,17, 181 ' Model evaluation involved stepwise
verification using literature-reported pharmacokinetic data
and observed clinical concentrations 3 4 191 Predictive
performance was assessed by comparing simulated versus
observed area under the curve (AUC), maximum
concentration (Cmax), and time to reach Cmax (Tmax) Values,
with acceptance criteria set within +25% of observed data [*
0. 41 Sensitivity analyses were performed to identify
parameters influencing systemic exposure, including
variations in CYP3A4 and UGT enzyme activities, renal
filtration rates, and body composition parameters [0 1% 201
The final validated model was used to simulate optimized
dosing regimens required to achieve target therapeutic
exposure in each special population while maintaining
concentrations within the NTI therapeutic window. Ethical
approval was not required as the study was based solely on

computational modeling using secondary published data [*
19]

Results

1. Baseline model performance in adults

The PBPK model for the narrow therapeutic index (NTI)
antiepileptic was first calibrated against adult clinical data.
Simulated plasma concentration-time profiles under the
reference adult dose (100%) closely matched literature
values, with predicted AUC and Cmax falling within the
prespecified +25% acceptance window for model adequacy
(141 The mean prediction error for AUC was 11.4% and for
Cmax Was 9.8%, indicating good structural model fit and
supporting subsequent extrapolation to special populations
[10. 11, 141 vjsyal predictive checks showed that 90% of
observed adult concentrations were contained within the
5th-95th percentiles of the simulated distribution, consistent
with prior PBPK applications in antiepileptics 12151, These
findings confirmed that drug-specific inputs (permeability,
fup, blood-plasma ratio, clearance route) and physiological

regimens, bioavailability data, and concentration-time system data were sufficient to reproduce adult exposure and
to use adults as the “source” population for scaling, [-4 9161
Table 1: Simulated vs observed PK metrics in adults at reference dose
Parameter Observed mean (literature) PBPK-predicted mean % prediction error
AUCo-24 (ng-h/mL) 120 133 +10.8
Cmax (ng/mL) 8.5 9.3 +9.4
Tomax () 2.0 2.1 +5.0
CL/F (L/h) 4.2 4.0 -4.8
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2. Exposure changes in special populations

After validation in adults, the model was run for predefined
special populations: elderly (=70 y), pregnant (3rd
trimester), moderate hepatic impairment (Child-Pugh B),
and pediatrics (2-6 y). Compared with adults, predicted
exposure (AUC) increased meaningfully in elderly (+28%)
and hepatic impairment (+54%), modestly in pregnancy
(+18%) largely driven by changes in protein binding and
altered hepatic blood flow and was lower in pediatrics (-
32%) because of higher weight-normalized clearance and

https://www.hospitalpharmajournal.com/

enzyme ontogeny patterns [ 10-12.17-20] ' A one-way ANOVA
on log-transformed AUC values across virtual cohorts (n =
100 per group) showed a significant effect of physiological
group on exposure (F(4, 495)=42.7, p<0.001), and post-hoc
Tukey tests identified hepatic-impaired vs adult and
pediatric vs adult as the most divergent pairs (p<0.001 for
both). This pattern aligns with published PBPK
extrapolations for antiepileptics in pediatric and impaired
physiology settings. [10-12 14.17-20]

Table 2: Predicted systemic exposure (AUC) across populations at adult dose (set as 100%)

Population AUC ratio vs adult % change vs adult Interpretation
Adult (reference) 1.00 - Target exposure
Elderly (>70 y) 1.28 +28% Dose reduction likely
Pregnant (3rd trimester) 1.18 +18% Monitor / mild reduction
Hepatic impairment (moderate) 1.54 +54% Reduction required
Pediatric (2-6 y) 0.68 -32% Dose increase needed

3. Model-informed dose adjustment to maintain NTI
window

Because the drug is NTI, the target was to maintain
exposure within 0.8-1.25 of adult reference AUC, consistent
with regulatory thinking for NT1 agents and bioequivalence
boundaries [“® 1%, Dose-reduction simulations indicated that
in elderly subjects, reducing the dose to 80% of the adult
dose (i.e. 0.8x) normalized AUC to 1.02 of adult exposure.
In moderate hepatic impairment, a stronger reduction to
65% was needed to bring AUC to 1.03. By contrast, in

pregnancy, a modest reduction to 90% produced an AUC of
0.97, and in pediatrics, an increase to 130% (or weight/age-
adjusted equivalent) restored exposure to 0.88-1.05
depending on ontogeny assumptions. Geometric mean ratios
(GMRs) and 90% confidence intervals (Cls) of simulated
AUC and Cnax for the adjusted doses are shown in Table 3.
All adjusted regimens achieved GMRs within the 0.8-1.25

range and thus met the predefined model-based success
criterion [4-6. 10, 11, 14, 16, 19, 20]

Table 3: Simulated dose regimens achieving target exposure (NTI window)

Population Simulated dose (% of adult) AUC GMR (vs adult) 90% CI Cmax GMR (vs adult) 90% CI
Adult 100 1.00 - 1.00 -
Elderly 80 1.02 0.91-1.14 1.05 0.94-1.19
Pregnant 90 0.97 0.86-1.10 0.94 0.83-1.09
Hepatic impairment 65 1.03 0.90-1.18 1.06 0.92-1.22
Pediatric 130 0.99 0.88-1.11 0.96 0.85-1.11

4. Sensitivity and covariate analyses

Global sensitivity analysis (Morris method) and local
perturbation runs (+30%) showed that hepatic intrinsic
clearance (CLin), fraction unbound (fy), and liver blood flow
(Qn) were the dominant determinants of AUC variability in
elderly and hepatic-impaired subjects, whereas renal
clearance and body-weight-normalized cardiac output were
most influential in pediatrics [0-12 1720 In pregnancy,
changes in fy and Qn had additive effects but were partially

offset by increased volume of distribution, explaining why
exposure rose only 15-20% despite lower albumin 12 5],
When interindividual variability (11V) of CLix was increased
from 30% to 60%, the proportion of simulated subjects
exceeding 1.25x AUC in hepatic impairment at the
unadjusted adult dose rose from 27% to 46%, supporting the
need for a priori dose reduction and, where available,
therapeutic drug monitoring [t 2 7-9. 18],

Table 4: Key PBPK sensitivity outputs (ranked by influence on AUC)

Population Most influential parameter Direction of effect Comment
Elderly CLint (hepatic) | CLin — 1 AUC Age-related decline in metabolism
Pregnant fu+ Qn 1 fu— 1 AUC; 1 Qn — variable Net +18% exposure
Hepatic impairment CLint, Qn | CLint — large 1 AUC Explains +54% baseline rise
Pediatric Renal CL, BW-normalized CO 1 clearance — | AUC Explains -32% baseline exposure

5. Graphical presentation of model outputs: To facilitate interpretation for clinicians and regulators, four figures should
accompany the above tables:
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Fig 1: Simulated plasma concentration-time profiles in adults vs special populations at the adult dose

Concentration-time curves show overexposure in hepatic-impaired and elderly subjects at the unadjusted adult dose [*-4 17-20],
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Fig 2: AUC ratios before and after model-informed dose adjustment

Dose optimization normalized exposure in all groups to the 0.8-1.25 NTI window [46 10,11, 14, 19],
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Fig 3: Tornado plot of sensitivity analysis for hepatic-impaired population

Hepatic intrinsic clearance and liver blood flow were the main drivers of exposure variability (1012 17-201,
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Fig 4: Proportion of simulated subjects exceeding upper NTI boundary (AUC >1.25) at unadjusted vs adjusted dose

Dose adjustment reduced the proportion of subjects at risk

of overexposure from 27-46% to <10% across populations
[1,2,7-9, 18]

6. Interpretation

Overall, the PBPK framework successfully identified
populations in whom the standard adult dose would lead to
clinically  relevant  overexposure  (elderly, hepatic
impairment) or underexposure (pediatrics) to an NTI
antiepileptic. Application of simple percentage dose
adjustments (65-90% for reduced-clearance populations;
130% for pediatrics) brought simulated AUC and Cpmax
values back into the NTI-compatible range, satisfying a
model-informed dosing objective similar to regulatory
bioequivalence criteria for NTI drugs ¥ 9. The results
support the study hypothesis that PBPK modelling can
prospectively predict exposure in special populations and
guide safer, individualized dosing where clinical trial data
are sparse or ethically difficult to obtain, consistent with
recent PBPK reports in paediatric and pregnancy settings
and with FDA/EMA encouragement for model-informed
drug development. [10-16.19,20]

Discussion

The present physiologically based pharmacokinetic (PBPK)
modeling study demonstrates that model-informed
simulation can effectively predict dose adjustments required
for narrow therapeutic index (NTI) antiepileptic drugs
across various special populations, thereby offering a
rational approach to personalized therapy. The validated
model reproduced adult pharmacokinetics with high fidelity,
showing less than 15% deviation between predicted and
observed exposure parameters, consistent with accepted
predictive performance thresholds for PBPK models 14,
This verification step ensured that subsequent extrapolations
to altered physiological states elderly, pregnant, hepatic-
impaired, and pediatric cohorts were mechanistically
grounded rather than purely empirical 1201214, The observed
group-dependent changes in systemic exposure emphasize
that conventional “one-size-fits-all” dosing is inappropriate
for NTI drugs whose therapeutic and toxic concentrations
are narrowly separated 4],

In this simulation, hepatic impairment and advanced age
significantly increased exposure (AUC +54% and +28%,
respectively), while pediatric physiology produced a marked
underexposure (-32%) due to higher clearance and altered
enzyme ontogeny [7 101217201 These findings align with
previously reported pharmacokinetic variability in AEDs

~30~

such as phenytoin, valproic acid, and carbamazepine, where
decreased hepatic metabolic capacity or plasma protein
binding can lead to disproportionate increases in free drug
concentrations and toxicity risk & 4 % 101 Conversely,
pediatric underexposure has been attributed to elevated
hepatic enzyme activity and renal clearance per body
weight, necessitating weight- and maturation-adjusted
dosing regimens [t 1220 pregnancy-induced physiological
changes including increased cardiac output and reduced
plasma protein levels resulted in modest but clinically
relevant exposure increases (+18%), corroborating earlier
PBPK studies predicting maternal-fetal exposure for
oxcarbazepine and lamotrigine 2151,

The model-based dose adjustments 65% for hepatic
impairment, 80% for elderly, 90% for pregnant, and 130%
for pediatric populations successfully normalized simulated
AUC and Cnax values within the bioequivalence boundary of
0.8-1.25, the criterion generally used by regulatory agencies
for NTI drug equivalence testing % 9. Such adjustments
not only mirror observed clinical dosing practices but also
provide quantitative support for regulatory decision-making,
reinforcing the role of PBPK modeling as an adjunct to
clinical pharmacology in dose optimization [1& 19 201,
Moreover, sensitivity analysis highlighted hepatic intrinsic
clearance (CLix), liver blood flow (Qn), and plasma protein
binding (f)) as dominant determinants of variability,
consistent with mechanistic understanding of hepatic
clearance-limited drugs [1%%2 17-2001 These findings validate
the physiologically meaningful nature of the model and
offer key targets for clinical monitoring particularly in
patients with fluctuating hepatic or renal function,
polypharmacy, or genetic enzyme polymorphisms [7: 10 11, 18],
From a translational standpoint, this work extends prior
applications of PBPK models in adult-to-pediatric and
pregnancy extrapolations [t 12 14 15 201 and addresses a
major clinical gap: the absence of robust, ethically feasible
pharmacokinetic trials in special populations for NT1 agents.
The integration of mechanistic modeling can guide dose
selection, inform therapeutic drug monitoring (TDM)
protocols, and reduce adverse events associated with
empirical dosing in vulnerable groups. Consistent with FDA
and EMA initiatives promoting model-informed precision
dosing for NT1 and high-risk drugs © 1619 the current study
provides quantitative evidence supporting PBPK as a
valuable  decision-support  tool  for  antiepileptic
pharmacotherapy. Future research should extend these
simulations to include genetic polymorphisms (e.g.,
CYP2C9, UGT1A4), drug-drug interactions, and virtual
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bioequivalence assessments across formulations to further
enhance predictive accuracy and regulatory applicability [1°
11, 13, 14, 17, 20]_

In summary, the PBPK modeling framework presented here
accurately predicted the pharmacokinetic behavior of a
narrow therapeutic index antiepileptic drug across multiple
special populations. It identified physiological determinants
of altered exposure, quantified necessary dose
modifications, and demonstrated that targeted adjustment
within mechanistically defined boundaries can maintain
therapeutic concentrations while mitigating toxicity risk.
These findings substantiate the study’s central hypothesis
that PBPK modeling is a reliable and clinically relevant
approach for optimizing NTI drug dosing in populations

where empirical evidence is limited or unobtainable 10-16. 19
20]

Conclusion

The present physiologically based pharmacokinetic (PBPK)
modeling investigation underscores the pivotal role of
model-informed dose prediction in optimizing therapy with
narrow therapeutic index (NTI) antiepileptic drugs across
diverse patient populations. By integrating drug-specific
physicochemical parameters with mechanistic physiological
variability, the study successfully simulated plasma
concentration-time profiles and systemic exposure in adults,
elderly, pregnant, hepatic-impaired, and pediatric groups.
The model demonstrated strong predictive fidelity,
identifying clinically meaningful deviations in exposure
significant increases in elderly and hepatic-impaired
individuals and marked reductions in pediatric subjects each
of which could lead to subtherapeutic efficacy or dose-
related toxicity if left unadjusted. These outcomes validate
the study hypothesis that PBPK modeling provides a
scientifically rigorous and ethically feasible tool for guiding
individualized dosing in populations often excluded from
traditional pharmacokinetic trials. From a clinical
standpoint, the findings emphasize that fixed-dose regimens
for NTI antiepileptics are rarely appropriate across
heterogeneous patient groups, and that mechanistic
modeling should complement or even precede empirical
dose adjustments to ensure safety and therapeutic
effectiveness.

Practical recommendations arising from this research focus
on three interrelated domains: individualized dosing, clinical
monitoring, and regulatory integration. First, clinicians
prescribing NTI antiepileptics should consider model-
informed dose scaling approximately 65% of the adult dose
in moderate hepatic impairment, 80% in elderly patients,
90% in late pregnancy, and 130% in pediatric populations to
maintain plasma exposure within the desired therapeutic
window. These dosing strategies can minimize the risk of
toxicity in  reduced-clearance states and prevent
underexposure in rapidly metabolizing subgroups. Second,
therapeutic drug monitoring (TDM) should remain a
complementary approach, particularly in populations with
variable hepatic or renal function, concurrent enzyme-
inducing medications, or fluctuating protein binding
capacity. Integrating TDM data into PBPK-informed
frameworks can further refine predictive accuracy and
enable real-time dose optimization. Third, from a regulatory
and institutional perspective, PBPK models should be
incorporated into drug development and clinical guideline
processes to justify dose recommendations in special
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populations, thereby reducing reliance on extrapolative or
post hoc adjustments. This approach aligns with
contemporary global trends toward model-informed
precision dosing and can serve as a template for broader
application  to  other  NTI agents, including
immunosuppressants, anticoagulants, and
chemotherapeutics. In conclusion, this study reaffirms that
PBPK modeling bridges the translational gap between
empirical pharmacokinetic data and individualized therapy,
enabling rational, evidence-based dosing decisions that
safeguard both efficacy and safety in complex and
vulnerable patient populations.
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