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Objective: Isoniazid exposure in vivo is significantly affected by NAT2 genotypes and has ethnic differences. To optimize the 
sampling strategy for isoniazid in East Asian pediatric populations. We employed a model-informed optimization approach based on 
INH population pharmacokinetic (PopPK) models.
Methods: We selected PopPK models for children and East Asian adults and optimized the sampling strategy using PopED 
(Population Experimental Design), a method that helps identify the most efficient sampling points for maximizing parameter 
estimation accuracy. Virtual patients with varying NAT2 phenotypes were created, and real-world pediatric scenarios were evaluated 
using questionnaire data, sampling windows, and stochastic simulations.
Results: From eight analyzed models (four for East Asian adults and four for non-East Asian pediatrics), we simplified two over- 
parameterized models using lumping without loss of performance. The optimized clinical sampling strategy involved collecting 
samples at 0.25 [0–0.5], 1.5 [1–2], 6 [3–8], 12 [9–14], and 24 [22–24] hours post-dose. Simulation verification showed that re- 
estimated major PK parameters had acceptable relative biases and relative standard error (<30%).
Conclusion: Traditional adult sampling strategies are inadequate for East Asian pediatric populations. A tailored strategy involving 
up to five samples can accurately estimate INH PopPK parameters and should be considered for clinical implementation to optimize 
treatment and reduce patient sampling burden.
Keywords: isoniazid, optimal sampling design, population pharmacokinetics, stochastic simulation and estimation

Introduction
Tuberculosis (TB) is a highly infectious disease that ranks as the second leading cause of death worldwide, following 
COVID-19, according to the latest report by the World Health Organization (WHO) on global tuberculosis, and East 
Asia, Africa, and India are still classified as high-burden tuberculosis (TB) countries or regions.1 To combat TB, typically 
requires multidrug therapy, isoniazid (INH) stands out as the most critical first-line drug and is widely used for both the 
prevention and treatment of TB in adult and pediatric patients.2 Despite the significant advancements made in anti-TB 
drugs, there is still a considerable percentage of patients (more than 14%) who fail to respond to treatment. One of the 
major reasons for this is suboptimal exposure to anti-TB drugs.3
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In the case of INH, which is considered the most important first-line drug against TB, its efficacy relies heavily on its 
absorption rate in the human body.2 Fortunately, INH is rapidly and completely absorbed in humans (>90%) when taken 
orally. Once absorbed, INH distributes extensively throughout the body, including body fluids and tissues such as the 
cerebrospinal fluid and pleural fluid. Another advantage is that INH has a low binding rate with plasma proteins, ranging 
from 0% to 10%.4 This allows for better distribution and efficacy of the drug. To optimize the administration of INH, the 
WHO has developed consolidated guidelines that recommend different dosages based on age and body weight. For 
individuals aged 10 years and older, the normal daily dose is 300 mg, with a range of 4–5mg/kg. For those younger (<10 
years) it is 10 mg/kg, with a range of 7–15mg/kg. The guidelines also highlight the importance of considering body 
weight as a covariate for individualized anti-TB treatment.5

When evaluating the effectiveness of INH, the most significant predictors of treatment outcomes are the area under 
the concentration–time curve over a dosing interval (AUC0-24) and the peak concentration (Cmax) in relation to the 
minimal inhibitory concentration. These measures are especially critical for first-line TB drugs.6–8 In the case of INH, the 
target exposures are a Cmax range of 3–6mg/L and an AUC0-24 of 52 mg*h/L.8,9 However, it is frequently observed that 
the actual exposure of the body to INH falls below the presumed effective range. This leads to treatment failure and the 
continued spread of tuberculosis.3,10 Due to the narrow therapeutic window of INH, accurately predicting the in vivo 
exposure after administration of the drug is of utmost importance in order to ensure successful treatment outcomes. To 
address this challenge, therapeutic drug monitoring (TDM) has emerged as a vital tool.8,9 TDM typically employs high- 
performance liquid chromatography (HPLC) or liquid chromatography-tandem mass spectrometry (LC-MS/MS) to 
measure INH plasma concentrations. However, fixed-time point sampling in therapeutic drug monitoring (TDM) often 
overlooks inter-individual variability among patients, making the accurate assessment of individual drug exposure a 
persistent challenge in clinical practice.

One of the key factors contributing to this inter-individual variability in INH metabolism is genetic polymorphisms in 
the NAT2 gene, which encodes for the N-acetyltransferase 2 enzyme involved in the metabolism of INH. The distribution 
frequency of NAT2 genotype and phenotype is different in different regions of the world.11 In the Chinese population, the 
overall frequencies of NAT2 fast acetylator genotype, intermediate acetylator genotype, and slow acetylator genotype are 
25.79%, 50.87%, and 23.34%, respectively. In the broader Asian population, the frequencies are 28.54% for rapid 
acetylators (RA), 32.47% for intermediate acetylators (IA), and 34.42% for slow acetylators (SA).11,12 NAT2 SA patients 
may experience higher drug concentrations and an increased risk of toxicity, while RA may have lower drug concentra
tions, potentially leading to treatment failure. These genetic differences in drug metabolism are particularly important in 
pediatric populations, where age-related physiological differences further complicate dosing strategies. Children are not 
simply smaller versions of adults, and their growing bodies undergo continuous physiological changes, including 
fluctuations in enzyme levels and metabolic rates that affect drug metabolism. Understanding the distribution of NAT2 
phenotypes in East Asian children is crucial for developing accurate, personalized dosing regimens.11 Our previous 
research has confirmed that INH exposure is significantly influenced by NAT2 genotypes, body weight, and other factors, 
with notable differences observed across ethnic groups.13

The PopPK approach, based on the nonlinear mixed-effects model, is a powerful tool that can be used to achieve 
individualized drug therapy.14 By utilizing structural, error, and covariate models, PopPK enables the definition of 
pharmacokinetic (PK) characteristics for a population. One notable advantage of PopPK is its ability to make use of 
sparsely sampled data for modeling purposes, allowing for the identification of potential covariates that contribute to 
intra-individual or inter-individual variability. A high-quality PopPK model is able to predict individualized exposure in 
vivo through the utilization of Monte Carlo simulation techniques. However, in order to ensure accurate predictions, it is 
crucial to employ a reasonable sampling strategy. This is where the optimal experimental design (PopED) comes into 
play. PopED is an optimal method that selects a specific nonlinear mixed effect model to maximize the Fisher 
information matrix through D-optimal design and find the optimal experimental design.15 In our study, we further 
optimized the sampling scheme by simulating virtual populations, estimating drug concentrations based on the proposed 
sampling strategy, and re-estimating model parameters from the simulated results. From these simulations, we selected 
the sampling strategy that provided the highest confidence in parameter estimates and minimized estimation errors, 
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thereby identifying the optimal sampling combination for the study. By harnessing population pharmacokinetics, this 
approach significantly enhances the individualized prediction capability of anti-tuberculosis therapy.16

Numerous articles have been published that discuss and review PopPK models of isoniazid, however, based on our 
previous work and an examination of the extant literature, no PopPK model specific to the pediatric population in China 
has been reported for isoniazid thus far.3,13,17 Currently, the recommended sampling strategy for INH in adults is to 
collect blood samples at 1, 2, and 6 hours after administration, as these time points have been shown to accurately reflect 
INH exposure. However, it is unclear whether this same sampling scheme is applicable to the pediatric population.18 To 
address this knowledge gap, our study aims to optimize the sampling strategy for INH in pediatric patients using the 
PopED technique, hoping to provide valuable insights and guidance for future pediatric clinical studies involving INH 
and facilitate effective monitoring of blood drug concentrations in this specific population.

Methods
Model Selection and Extraction
This article is based on the findings of previous PopPK studies of INH systematic reviews.13,17 Published PopPK studies 
were excluded if they did not give full model parameters or did not use a nonlinear mixed-effects model to analyze INH 
PK parameters. To better understand the pharmacokinetics of INH in the East Asian pediatric population, only PopPK 
models developed for East Asian adults and foreign children were included in the analysis. The PopPK models developed 
for adults were optimized by incorporating an allometric scaling model and extrapolating the findings to children. In 
allometric growth model, body weight covariates are added to relevant parameters of clearance rate and volume of 
distribution. The allometric amplification ratio of clearance related Parameters (CL/Q) and volume of distribution 
correlation coefficient is different, which is generally set as 0.75 and 1.0.

Two authors independently extracted the following information from eligible articles: (1) study characteristics: 
country, sample number, number of patients, sampling schedule, NAT2 phenotype, age, weight (WT), daily dose and 
limit of quantitation (LOQ); (2) PopPK characteristics: model parameters and formula, structural models, covariates, 
covariates involved method, inter-individual variability (IIV), inter-occasion variability (IOV), and residual unexplained 
variability (RUV).

Model Assumption
To account for the variability in model stability and predictive performance, we incorporated IIV into the estimation of all 
the main PK model parameters, including clearance, volume of distribution, and absorption constants. The IIV for all 
parameters was fixed at a commonly accepted value of 30%, ensuring the model’s stability while maintaining clinical 
relevance.

In order to simulate different patient populations, we defined virtual patients representing neonates, infants, and 
children. The neonates had a weight of 3 kg and were 0 years old, the infants weighed 14 kg and were 2 years old, and 
the children weighed 28 kg and were 10 years old. Additionally, we investigated the impact of NAT2 phenotypes on the 
clearance of INH. These phenotypes, including SA, IA, and RA, were included in the optimization process to accurately 
estimate INH clearance. To determine the appropriate dosage for each virtual patient, we assigned 30, 120, and 270 mg of 
INH to the neonates, infants, and children, respectively. These dosages were based on the virtual typical population 
weight and the administration schedule recommended by the WHO. Due to the rapid absorption, distribution, and 
elimination of INH, there was no significant drug accumulation in the body, we only investigated the exposure after a 
single dose of INH in this study.

It is worth noting that some PopPK models can have a complex structure, resulting in potential overestimation of PK 
parameters. To address this issue and ensure accurate estimates, we employed a proper model lumping method. This 
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technique involves merging certain compartments of the model, thereby reducing its size and complexity.19 It can be 
accepted if the concentration–time curve is similar after lumping model.

Optimal Strategy
PopED package (version 0.6.0, https://andrewhooker.github.io/PopED/), is a D-optimal tool designed to automatically 
optimize experimental designs in both population and individual studies using nonlinear mixed-effect models. These 
models are often based on the Fisher Information Matrix (FIM), which plays a key role in optimizing the observation of a 
study. The Fisher Information Matrix (FIM) serves as an objective function to determine the optimal sampling scheme 
that maximizes the amount of information contained in the observations. By optimizing the sampling strategy based on 
FIM, researchers can ensure accurate estimation of parameter variance using the acquired data. Therefore, the FIM can be 
employed as a means to evaluate the accuracy of the parameter estimation in the sampling strategy. Ordinary differential 
equation (ODE) model is built using MrgSolve package (version 1.0.6, https://mrgsolve.org/). Regarding the composition 
of study cohorts, each group is stratified based on the NAT2 phenotype and weight of pediatric patients, with a total of 
100 virtual patients in each group. This stratification ensures that the study encompasses a diverse range of individuals, 
allowing for comprehensive analysis and generalizability of the results. In order to streamline the study design and ensure 
feasibility, the maximum number of sampling points in all studies is limited to no more than 5. These sampling points, 
identified as C1 to C5, serve as reference points for data collection and enable researchers to capture relevant information 
while minimizing the burden on study participants.

Optimal Comparison
In our study, we conducted an analysis and comparison of different sampling schemes. Firstly, we examined adult 
sampling strategies that have been previously reported in the literature. These strategies involved sampling at different 
time intervals after administration, specifically at 1, 2, and 6 hours. Next, we employed an automated optimization 
approach to determine the optimal sampling strategy. This involved considering various factors, such as the model 
parameters and the desired accuracy of parameter estimation. The aim was to find the sampling scheme that would yield 
the most precise results. In addition to the optimal sampling strategy, we also explored a near-optimal sampling strategy. 
This strategy was developed as a secondary optimization step, based on the best results obtained from the previous 
optimization process. However, it also took into consideration the practical aspects of clinical operability. This means that 
the near-optimal strategy was designed to be more feasible and easily implementable in a clinical setting.

To assess the performance of each sampling strategy, we analyzed two key indicators: the FIM and the relative 
standard error (%RSE) of model parameter estimation. These metrics provided insights into the reliability and precision 
of the parameter estimates obtained from each strategy. The near-optimal sampling strategy could be accepted when the 
parameter estimation %RSE was considered acceptable and the FIM did not show a significant decrease compared to 
other strategies. This criterion was used to determine the suitability of the near-optimal strategy for the study. For 
accurate parameter estimation, the FIM value should be as large as possible. Key pharmacokinetic parameters, such as 
CL and Vc, should have %RSE (Relative Standard Error) estimates less than 30%, indicating precise and reliable 
parameter estimation.

Finally, it is essential to recognize that the final sampling strategy should be formulated by integrating all optimization 
results while also considering clinical feasibility. Based on the PopED optimization outcomes, we recommend determin
ing the sampling time windows in a flexible, context-specific manner. Specifically, the selection of sampling times should 
be driven by clinical judgment and the particular needs of the study. This approach is intended to provide clinical 
researchers, including doctors and nurses, with a practical, adaptable sampling scheme that aligns with clinical practices. 
The final strategy, which includes these clinically tailored sampling windows, is referred to as the optimal clinical 
sampling strategy.

Stochastic Simulation and Estimation
To further verify the optimal clinical sampling strategy, we conduct external validation using Stochastic Simulation and 
Estimation (SSE), which is widely recognized as the gold standard for evaluating sampling strategies. There is no public 
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population database for East Asian children, we generated 100 virtual child patients using physiologically based 
pharmacokinetic (PBPK) modeling software PK-sim (Version 11, Bayer AG, Germany), the software has a built-in 
database of the physiological characteristics of the Japanese population. These virtual patients were created with a 
balanced male/female ratio of 1:1. To assign NAT2 phenotypes to our virtual patients, we referred to the distribution 
frequency (13/25/12) of NAT2 phenotypes in East Asian populations. This ensured that our simulated dataset accurately 
represented the variability observed in real patients. Administering the drug at 8:00 a.m., we randomly determined the 
sampling time for each patient within the predefined optimal clinical sampling strategy windows.

In order to appropriately assess the quality of each study, we calculated the weights based on the number of observed 
points and the number of patients included in each study. However, to ensure the robustness of our model, we decided to 
exclude models with a weight of less than 2. This meant that any models with fewer than 2 data points for a single patient 
were not included in SSE analysis. The SSE process involved the following steps: Firstly, we generated a series of 
simulated datasets (1000 times) using the included model. Next, we fitted the input model to these simulated datasets. 
Finally, we computed a set of statistical measures to assess the accuracy of the parameter estimates obtained from the 
simulated data in comparison to the true parameter values. By calculating the relative bias for these 1000 SSE results, we 
were able to evaluate the ability of the optimal sampling strategy to accurately estimate the model parameters. If the 
estimation of model parameters strategy to be acceptable, the relative bias was calculated from the following equation:

Based on the results of 1000 SSE using the optimal clinical sampling strategy, the relative bias for key pharmacokinetic 
parameters should be less than 30% for the majority of studies. This ensures that the sampling strategy consistently 
provides accurate estimations of critical pharmacokinetic parameters, reflecting its reliability and robustness.

Results
Study Characteristics
A total of 8 studies were included in this study, with 4 focusing on adult populations and 4 focusing on pediatric 
populations.20–27 The characteristics of the PopPK models included in this study are summarized in Table 1. For the adult 
models, studies conducted in China and South Korea were selected, while studies conducted in South Africa, Vietnam, 
and India were chosen for the pediatric models. All of the model data used in this analysis were prospective, and four of 
the studies were multi-center studies. Many of the studies used a sparse sampling strategy, meaning that only a limited 
number of blood samples were taken from each participant. The weight of three studies is less than 2.5, and the average 
sampling points of these studies are less than 2.21,22,26

Population Pharmacokinetic Characteristics
The PopPK parameters estimated by the included models are presented in Table 2. The most commonly used algorithm 
for estimating these parameters was first-order conditional estimation with the η–ε interaction. In most studies, the 
pharmacokinetics (PK) of INH were described using a two-compartment model with first-order absorption and elimina
tion. In the pediatric PopPK models, an allometric growth model was consistently used to account for age-related 
changes in drug disposition. Additionally, the absorption process in the children’s models was characterized using a 
transit model, which accounted for the time required for the drug to be absorbed into the bloodstream.20,24,27 To explain 
inter-individual variability in PK, exponential models were used in all of the included studies. The model optimization 
results for extrapolating from adults to children were generally consistent with those obtained from foreign pediatric 
populations. Some of the included models have a complex structure, involving multiple compartments and additional 
physiological parameters.24,25 After lumping models, the concentration–time performance is similar and shown in 
Supplementary Figure 1. The lumping process was described in detail in the Supplementary material.
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Table 1 Characteristics of Included INH popPK Studies

Study  
(Publication Year)

Country  
(Type of Study)

Number of 
Subjects (M/F)

NAT2 Phenotype 
(RA/IA/SA) [%]

Number of 
Observations

Study 
Weight

Sampling 
Schedule

Age (Years) 
Mean ± SD 

Median 
[Range]

Weight (Kg) 
Mean ± SD 

Median 
[Range]

Formulation Daily Dose 
Mean ± SD 

Median 
[Range]

Bioassay 
[LOQ] (ng/mL)

Jing (2022)26 China(Prospective) 89(59/30) 36.0/42.7/21.3 195 2.19 0.5–6 h post-dose 44.0[16.0–72.0] 58.0[35.0–100.0] Tablets 300/600 mg/d LC-MS/MS [100]

Gao (2020)23 China 
(Prospective/Multi-centre)

217(147/70) 46.0/32.0/22.0 1230 5.67 Predose and 1, 2, 4, 
6, 8 h post-dose

41.0±10.6 52.0±9.7 FDC tablets 225–300 mg/d LC-MS/MS [10]

Chen (2022)21 China 

(Prospective/Multi-centre)

202(134/68) 45.1/39.1/15.8 244 1.21 0–14 h post-dose 30.2[19.0–64.0] 61.4[39.0–78.0] Tablets 300–900 mg/d HPLC [120]

Cho (2021)22 Korea 

(Prospective/Multi-centre)

454(303/149) 40.5/46.7/11.71.1: 

unkown

477 1.05 Predose and 0–24 h 

post-dose

55.4±17.4 60.0±11.7 Tablets 100–400 mg/d LC-MS/MS [100]

Zvada (2014)27 South Africa 

(Prospective/Multi-centre)

76(40/36) 21.0/39.0/39.05: 

unkown

715 9.41 Steady state 2.17[0.417–10.7] 10.5[4.90–21.8] FDC tablets 5–10 mg/kg/d LC-MS/MS [100] 

HPLC [150]

Aruldhas (2018)20 India (Prospective) 41(29/12) 31.0*/69.0 290 7.07 Predose and 0.5, 1, 
1.5, 2, 2.5, 4, 6 h 

post-dose

7.0[3.5–13.0] 19.5[13.7–33.7] Tablets 75–300 mg/d LC-MS/MS [10]

Guiastrennec (2018)*24 India (Prospective) 161(91/70) 32.0*/68.0 805 5.00 Predose and 2, 4, 6, 
8 h post-dose

8.0[6.0–11.0] 17.5[13.9–22.5] Tablets 75–300 mg/d HPLC [250]

Horita (2018)*25 Ghana (Prospective) 113(63/50) 11.0/44.0/45.0 561 4.96 Predose and 1, 2, 4, 

8 h post-dose

5.0[2.17–8.25] 14.3[9.7–20.1] FDC tablets 7–15 mg/kg/d LC-MS/MS [97.7]

Notes: Study Weight: number of observation/ number of patients. *Lumped model: simplified model. 
Abbreviations: FDC, fixed-dose combination; LOQ, limits of quantitation; HPLC, high performance liquid chromatography; LC-MS/MS, liquid chromatography tandem mass spectrometry; NAT2, N-acetyltransferase-2; SA, slow 
acetylator, IA, intermediate acetylator; RA, rapid acetylator.
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Table 2 Parameters of Included INH popPK Studies

Study  
(Publication Year)

Software 
(Algorithm)

Structural Model Fixed Effect Parameters Between-Subject 
Variability  

(%CV)#

Residual Unexplained  
Variability Prop.err.sd 
(%) Add.err.sd(mg/L)

Jing(2022)26 NONMEM 
(FOCE-I)

Two-compartment with first-order absorption and elimination Ka =1.7 30 25.10%

CL =31.4*(BW/58)^0.93*NAT2 
NAT2:SA=0.378; IA=1; RA=1.36

30

Vc =21.1 30

Q =43.7 30

Vp =27.7 30

Gao(2020)23 Phoenix 
NLME 

(FOCE)

Two-compartment with first-order absorption and elimination Ka =0.68 30 0.178 mg/L

CL =NAT2*(BW/50)^0.55 
NAT2:SA=12.6; IA=16.0; RA=30.6

30

Vc =21.2 30

Q =8.7 30

Vp =125.8 30

Chen(2022)21 NONMEM 
(FOCE-I)

One-compartment with first-order absorption and elimination Ka =3.91 30 33.30%

CL =28.7*e^(−0.55*NAT2) 
NAT2:SA=2; IA=1; RA=0

30

Vc =54.1 30

Cho(2021)22 NONMEM 
(FOCE-I)

Two-compartment disposition model with absorption lag time and sequential 
zero-order (D0) with first-order absorption and elimination

Ka =1.21 30 29.2%0.134 mg/L

Tlag =0.02 FIX /

D0 =0.47 /

CL =22.2*(FFM/50)^0.75*(1-NAT2) 
NAT2:SA=0.646; IA=0.274; RA=0

30

Vc =16.5*(FFM/50) 30

Q =18.4 30

Vp =36.4 30

Zvada(2014)27 NONMEM 
(FOCE-I)

Two-compartment with transit absorption and first-order elimination Ka =2.47 30 Cohort 1: 20.6%Cohort 2: 
7.0%MTT =0.179 /

NN =4 FIX /

CL =NAT2*(BW/12.5)^0.75*1/[1+(PMA/49) 
^(−2.19)] 
NAT2:SA=4.44; IA=8.94; RA=11.3

30

Vc =11.0*(BW/12.5) 30

Q =2.0*(BW/12.5)^0.75 30

Vp =5.03*(BW/12.5) 30

F =1*NAT2 
NAT2:SA=1; IA/RA=0.772

/

(Continued)
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Table 2 (Continued). 

Study  
(Publication Year)

Software 
(Algorithm)

Structural Model Fixed Effect Parameters Between-Subject 
Variability  

(%CV)#

Residual Unexplained  
Variability Prop.err.sd 
(%) Add.err.sd(mg/L)

Aruldhas(2018)20 NONMEM 
(FOCE-I)

One-compartment disposition model with a transit absorption model MTT =0.547 / 0.0967 mg/L

NN =5 FIX /

Ka =(NN+1)/MTT /

F =1 /

CL =NAT2*(BW/19.4)^0.75 
NAT2:SA=2.59; IA/RA=7.79

30

Vc =29.7*(BW/19.4) 30

Guiastrennec(2018) 
*24

NONMEM 
(FOCE-I)

Two-compartment with transit absorption and linear elimination Ka =2.54 30 22.4%0.162 mg/L

MTT =1.08 /

NN =8.53 /

CL =(4.41*1/[1+((PMA)/49)^(−2.19)]*(1 
+NAT2*0.944)+1.61)*(BW/17.8)^0.75 
NAT2: SA=0; IA/RA=1

30

Vc =19.9*(BW/17.8) 30

F =1*(1–0.195*HIV)*(1-NAT2*0.214)* 
(BW/17.8)^0.711 
NAT2: SA=0; IA/RA=1

/

Horita(2018)*25 Monolix 
(SAEM)

Two-compartment with first-order absorption and elimination Ka =4.23 30 19.3%0.0393 mg/L

CL =(NAT2+8.46)*(BW/14.3)^0.75 
NAT2:SA=4.44; IA/RA=8.08

30

Vc =16.6*(BW/14.3) 30

Notes: The unit of PK parameters: Ka (h−1); CL or Q (L/h); Vc or Vp (V); MTT or Tlag (h); F (%). *Lumped model: simplified model; #IIV of main PK parameters were assuming as 30%. 
Abbreviations: Ka, absorption rate constant; CL, clearance of central compartment; Vc, distribution volume of central compartment; Q, clearance between central compartment and periphery compartment; Vp, distribution volume of 
periphery compartment; MTT, mean transition time; NN, number of transit compartment; F, bioavailability; Tlag, the lag time; Prop.err.sd, standard deviation of proportional residual error; Add.error.sd, standard deviation of additional 
residual error.
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Optimal Strategy
The comparison of current and optimal and near-optimal strategies was conducted to evaluate their parameters estimation 
performance, and the results were summarized in Table 3. Among the studies reviewed, except for two specific studies 
that reported high FIM under the adult sampling design,20,21 the remaining studies had extremely low FIM values, 
indicating that the current adult sampling strategy is unable to accurately estimate the parameter estimated %RSE.

To overcome these limitations, the PopED sampling design optimization was implemented, which significantly 
improved the parameter estimated FIM values for all models. Moreover, the %RSE values were significantly reduced, 
indicating a higher precision in the estimation process. Based on the findings from all included studies, it was determined 
that five times sampling was sufficient and yielded accurate results for the major pharmacokinetic parameters. The 
average %RSE values for these parameters, including CL (3.72%), Vc (23.77%), Ka (26.45%), Vp (24.48%), and Q 
(48.86%), were all lower than 50%. The average FIM value across all models was 3.27*1028.

For the models with higher weight, the near-optimal results showed similar FIM and %RSE values compared to the 
optimal results. This indicated a high level of accuracy in model estimation for these cases. The average %RSE values for 
the main PK parameters, including CL (3.92%), Vc (5.24%), Ka (6.63%), Vp (21.02%), and Q (13.37%), were all lower 
than 30%. The average FIM value for these models was 2.78*1028.

The near-optimal results were visually presented in Figure 1. The clinical questionnaire survey was collected and the 
sample strategies were shown in Supplementary material. However, it was recognized that sampling during lunchtime 
(12:00–14:00) and resting at night (22:00–6:00) might not be feasible in a clinical setting. Taking these factors into 
account, the final sampling strategy was determined to be collecting blood samples at 0.25 [0–0.5], 1.5 [1–2], 6 [3–8], 12 
[9–14], and 24 [22–24] hours after drug administration, as these time points were considered clinically acceptable.

Stochastic Simulation and Estimation
After performing 1000 times of SSE, the results obtained for the estimation of parameter values in high-weight INH 
PopPK models showed a relative bias that was deemed acceptable. Specifically, the estimation of major PK parameters 
demonstrated a lower bias, with the value being less than 25%. The graphical representation of these results showed in 
Figure 2.

Furthermore, the estimation %RSE of PK parameters were provided in Table 4. The analysis revealed that, 
considering the current sampling strategy, the estimated %RSE values for the entire PK model were less than 30%. 
However, when estimating the clearance values for two-compartment and one-compartment models, the %RSE values 
were found to be significantly larger. This discrepancy can be attributed to the influence of Gao’s (2020) study,23 which 
suggests that uncertainties arise when extrapolating PK parameters from adults to children. Overall, the devised sampling 
strategy, which involved the use of sampling windows, was deemed acceptable for this study.

Discussion
This study pioneers the optimization of sampling design based on a comprehensive isoniazid population pharmacokinetic 
(PopPK) model repository, successfully yielding a tailored sampling strategy for INH in East Asian pediatric populations, 
incorporating a convenient sampling time window for enhanced practicality in clinical sample collection. Addressing the 
challenges posed by over-parameterized PopPK models, lumping methods have been employed to simplify the model 
while maintaining model accuracy, thereby enhancing the efficiency of parameter estimation. Despite physiological 
differences between children and adults, allometric scaling has been utilized to approximate exposure profiles, enabling 
effective model optimization even across these age groups.

To more effectively accommodate the disparities between adult and pediatric populations, we integrated an allometric 
growth model into the adult-oriented PopPK framework. This adaptation enhanced the model’s predictive power, 
aligning it more closely with the empirical findings observed in pediatric cases. This outcome substantiated the feasibility 
of extrapolating from adult to pediatric populations under these circumstances. In conjunction with the application of the 
allometric growth model, the researchers meticulously examined the influence of covariates in both adult and pediatric 
models. It was revealed that postmenstrual age (PMA), NAT2 phenotype, and body weight played a principal role in 
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Table 3 Comparison of Optimal Sampling Strategy

Study Population Former 
Design

FIM Optimal Design FIM Evaluation Near 
Optimal 
Design

FIM Evaluation

Items Value Parameters %RSE Parameters %RSE

Jing (2022)26 NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 3 30 1, 2, 9 1.80E-26 0.00001, 0.4122, 

3.082, 12, 23.76

2.14E+21 CL 3.89 0.1, 0.5, 3, 

12, 24

4.29E+15 CL 4.86
Vc 26.54 Vc 61.27

Ka 28.74 Ka 76.59

Q 53.19 Q 149.11
Vp 10.6 Vp 18.53

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 14 

120

1, 2, 9 4.32E-24 1.001e-05, 0.3958, 

1.329, 4.326, 24

2.43E+17 CL 3.37 0.1, 0.4, 1.5, 

4, 24

3.92E+16 CL 3.35

Vc 48.12 Vc 53.5
Ka 48.25 Ka 55.34

Q 44.02 Q 53.33

Vp 20.7 Vp 22.46
NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 28 

240

1, 2, 9 −1.11E-22 1.001e-05, 0.5265, 

2.837, 12, 24

1.44E+16 CL 3.46 0.1, 0.5, 3, 

12, 24

4.19E+14 CL 3.85

Vc 162.38 Vc 545.58

Ka 162.48 Ka 549.6
Q 107.06 Q 360.09

Vp 78.28 Vp 257.42

NAT2 (Phenotype) 
BW (kg) Dose (mg)

IA 3 30 1, 2, 9 −1.78E-19 0.0004428, 0.8041, 
4, 11.79, 23.76

5.49E+25 CL 4.02 0.1, 1, 4, 12, 
24

6.56E+19 CL 3.78
Vc 14.55 Vc 7.18

Ka 14.12 Ka 10.98

Q 0.19 Q 49.74
Vp 7.45 Vp 21.33

NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 14 

120

1, 2, 9 −4.73E-19 0.08563, 0.6571, 

3.388, 12, 24

1.50E+23 CL 3.56 0.1, 0.5, 4, 

12, 24

9.62E+20 CL 3.21

Vc 6.85 Vc 21.81
Ka 6.59 Ka 20.03

Q 11.1 Q 23.89

Vp 5.59 Vp 4.98
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 28 

240

1, 2, 9 3.18E-19 0.03674, 0.5918, 

2.837, 12, 21.22

1.86E+20 CL 3.45 0.1, 0.5, 3, 

12, 24

1.74E+16 CL 4.32

Vc 13.19 Vc 218.73

Ka 14.27 Ka 220.65
Q 25.32 Q 249.79

Vp 5.53 Vp 6.22

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 3 30 1, 2, 9 8.30E-19 0.001284, 0.4122, 4, 
11.18, 21.31

1.39E+22 CL 3.81 0.1, 0.5, 4, 
12, 24

2.38E+20 CL 4.38
Vc 5.41 Vc 6.58

Ka 3.49 Ka 21.39
Q 6.74 Q 91.78

Vp 6.03 Vp 37.75
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NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 14 

120

1, 2, 9 −3.26E-18 0.0179, 0.4939, 

3.694, 12, 21.06

2.95E+27 CL 3.78 0.1, 0.5, 4, 

12, 24

1.85E+24 CL 3.72

Vc 13.63 Vc 12.37
Ka 12.59 Ka 9.43

Q 16.91 Q 7.61
Vp 0.0071 Vp 4.01

NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 28 

240

1, 2, 9 −2.46E-19 0.04797, 0.6245, 

3.449, 12, 23.97

1.01E+20 CL 3.56 0.1, 0.5, 3, 

12, 24

1.58E+19 CL 3.52

Vc 18.64 Vc 14.29
Ka 17.02 Ka 13.26

Q 19.58 Q 19.71

Vp 3.03 Vp 5.93
Gao (2020)23 NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 3 30 1, 2, 9 6.11E-11 0.2, 1, 3.309, 7.136, 

21.42

8.00E+24 CL 4.33 0.2, 1, 3, 8, 

24

6.45E+24 CL 4.36
Vc 5.33 Vc 5.17

Ka 4.93 Ka 4.75
Q 6.06 Q 5.77

Vp 13.14 Vp 13.58

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 14 
120

1, 2, 9 3.18E-12 0.2, 1, 4, 8.18, 24 3.15E+24 CL 4.75 0.2, 1, 4, 8, 
24

3.14E+24 CL 4.75
Vc 5.94 Vc 5.99

Ka 5.36 Ka 5.4

Q 5.89 Q 5.94
Vp 15.2 Vp 15.15

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 28 

240

1, 2, 9 −5.45E-12 0.2, 1, 4, 8.41, 24 1.88E+24 CL 4.94 0.2, 1, 4, 8, 

24

1.83E+24 CL 4.93

Vc 6.95 Vc 7.11
Ka 6.24 Ka 6.4

Q 5.91 Q 5.95

Vp 16.21 Vp 16.21
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 3 30 1, 2, 9 −3.03E-12 0.2, 1, 3.165, 6.787, 

19.89

6.69E+23 CL 4.69 0.2, 1, 3, 6, 

24

5.04E+23 CL 4.99

Vc 5.57 Vc 5.66

Ka 5.19 Ka 5.24
Q 7.98 Q 9.24

Vp 18.61 Vp 19.3
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 14 

120

1, 2, 9 −4.39E-13 0.2, 1, 3.939, 7.942, 

24

4.45E+23 CL 5.14 0.2, 1, 4, 8, 

24

4.45E+23 CL 5.15
Vc 5.64 Vc 5.66

Ka 5.14 Ka 5.17
Q 7.94 Q 7.94

Vp 20.88 Vp 20.91
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Table 3 (Continued). 

Study Population Former 
Design

FIM Optimal Design FIM Evaluation Near 
Optimal 
Design

FIM Evaluation

Items Value Parameters %RSE Parameters %RSE

NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 28 

240

1, 2, 9 −1.55E-12 0.2, 1, 4, 8.245, 24 4.12E+23 CL 5.27 0.2, 1, 4, 8, 

24

4.07E+23 CL 5.26

Vc 5.97 Vc 6.03
Ka 5.36 Ka 5.42

Q 7.84 Q 7.89

Vp 21.69 Vp 21.61
NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 3 30 1, 2, 9 2.27E-18 0.1674, 0.9163, 

2.876, 5.945, 17

5.36E+19 CL 6.46 0.2, 1, 3, 6, 

24

3.22E+19 CL 7.76

Vc 7.32 Vc 7.58

Ka 6.81 Ka 6.98
Q 21.38 Q 25.27

Vp 53.57 Vp 64.82

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 14 
120

1, 2, 9 −6.22E-17 0.2, 1, 3.49, 7.03, 
22.29

9.43E+19 CL 7.22 0.2, 1, 3.5, 8, 
24

8.15E+19 CL 7.24
Vc 6.1 Vc 5.98

Ka 5.65 Ka 5.54

Q 22.11 Q 21.41
Vp 59.12 Vp 60.26

NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 28 

240

1, 2, 9 −5.31E-16 0.2, 1, 3.816, 7.592, 

24

1.90E+20 CL 7.2 0.2, 1, 4, 8, 

24

1.85E+20 CL 7.21

Vc 5.66 Vc 5.79
Ka 5.24 Ka 5.39

Q 21.62 Q 21.32
Vp 58.35 Vp 58.9

Chen (2022)21 NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 3 30 1, 2, 9 2.84E+08 1.001e-05, 1.001e- 

05, 1.76, 1.774, 24

2.17E+15 CL 3.62 0.1, 2, 24 3.73E+13 CL 4.12
Vc 3.79 Vc 4.41
Ka 4.36 Ka 6.14

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 14 

120

1, 2, 9 6.76E+07 1.001e-05, 1.001e- 

05, 1.728, 1.728, 24

1.98E+15 CL 3.6 0.1, 2, 24 3.41E+13 CL 4.08

Vc 3.83 Vc 4.5
Ka 4.43 Ka 6.32

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 28 

240

1, 2, 9 4.10E+07 1.001e-05, 1.755, 

1.959, 23.51

4.40E+14 CL 3.6 0.1, 2, 24 3.23E+13 CL 4.06

Vc 3.84 Vc 4.52
Ka 4.99 Ka 6.36

NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 3 30 1, 2, 9 4.53E+09 0.09919, 0.2, 1.98, 

12, 23.76

5.64E+14 CL 3.96 0.1, 2, 12, 

24

2.75E+14 CL 3.98
Vc 4.28 Vc 3.41

Ka 5.63 Ka 5.94
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NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 14 

120

1, 2, 9 6.00E+08 1.423e-05, 0.2, 

1.857, 4, 24

6.06E+14 CL 3.7 0.1, 2, 4, 24 2.44E+14 CL 3.66

Vc 3.87 Vc 3.81
Ka 5.48 Ka 5.45

NAT2 (Phenotype) 
BW (kg) Dose (mg)

IA 28 
240

1, 2, 9 2.73E+08 1e-05, 1.758, 24 7.57E+13 CL 4.15 0.1, 2, 24 3.74E+13 CL 4.11
Vc 4.44 Vc 4.41

Ka 5.38 Ka 6.16

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 3 30 1, 2, 9 1.41E+11 1e-05, 0.2, 1.918, 
21.06

3.68E+18 CL 3.53 0.1, 2, 24 3.42E+15 CL 3.57
Vc 0.47 Vc 1.3

Ka 5.26 Ka 7.41

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 14 
120

1, 2, 9 1.19E+10 0.1537, 1.857, 12, 
23.51

2.49E+14 CL 2.98 0.2, 2, 12, 
24

8.84E+13 CL 3.94
Vc 3.49 Vc 4.12

Ka 6.11 Ka 6.19

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 28 
240

1, 2, 9 4.32E+09 0.04083, 0.2, 1.735, 
12, 23.27

7.12E+16 CL 3.25 0.1, 2, 12, 
24

9.35E+16 CL 2.69
Vc 1.34 Vc 1.47

Ka 4.34 Ka 5.39

Cho (2021)22 NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 3 30 1, 2, 9 −1.26E-33 0.05012, 0.677, 
2.351, 6.122, 16.18

7.26E+20 CL 3.45 0.1, 0.5, 2, 8, 
24

4.99E+18 CL 3.53
Vc 135.2 Vc 356.31

Ka 134.69 Ka 355.25

Q 114.93 Q 315.11
Vp 11.92 Vp 38.1

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 14 

120

1, 2, 9 2.08E-33 0.05913, 0.9023, 

2.754, 7.07, 22.65

7.24E+21 CL 3.48 0.1, 1, 3, 8, 

24

5.09E+21 CL 3.48

Vc 42.71 Vc 52.02
Ka 42.01 Ka 50.99

Q 20.55 Q 24.25

Vp 10.53 Vp 12.79
NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 28 

240

1, 2, 9 1.22E-33 0.06183, 1, 2.966, 

8.359, 24

7.78E+21 CL 3.43 0.1, 1, 3, 8, 

24

6.89E+21 CL 3.43

Vc 38.46 Vc 38.98

Ka 37.7 Ka 37.93
Q 13.26 Q 13.17

Vp 11.13 Vp 11.18
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 3 30 1, 2, 9 7.06E-34 0.05008, 0.6003, 

2.45, 6.111, 12

3.30E+20 CL 3.6 0.1, 0.5, 3, 6, 

12

1.06E+20 CL 4.38
Vc 215.97 Vc 251.95

Ka 215.51 Ka 250.75
Q 282.54 Q 327.77

Vp 66.39 Vp 80.48
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Table 3 (Continued). 

Study Population Former 
Design

FIM Optimal Design FIM Evaluation Near 
Optimal 
Design

FIM Evaluation

Items Value Parameters %RSE Parameters %RSE

NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 14 

120

1, 2, 9 1.71E-32 0.05738, 0.8472, 

2.703, 5.862, 12.2

2.36E+22 CL 3.46 0.1, 1, 3, 6, 

12

1.57E+22 CL 3.45

Vc 32.17 Vc 38.31
Ka 31.49 Ka 37.22

Q 27.09 Q 30.33

Vp 5.74 Vp 5.73
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 28 

240

1, 2, 9 −3.83E-32 0.05995, 0.9608, 

2.933, 6.458, 14.25

3.78E+22 CL 3.45 0.1, 1, 3, 6, 

12

1.90E+22 CL 3.42

Vc 26.84 Vc 28.66

Ka 26.11 Ka 27.62
Q 17.7 Q 18.13

Vp 5.94 Vp 5.79

NAT2 (Phenotype) 
BW (kg) Dose (mg)

RA 3 30 1, 2, 9 1.05E-33 0.05078, 0.5503, 
2.329, 5.833, 12

4.46E+19 CL 3.89 0.1, 1, 3, 6, 
12

7.36E+18 CL 3.55
Vc 431.8 Vc 611.92

Ka 431.1 Ka 604.28

Q 708.81 Q 948
Vp 257.34 Vp 351.66

NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 14 

120

1, 2, 9 2.15E-32 0.05605, 0.803, 

2.644, 5.521, 12

1.06E+22 CL 3.58 0.1, 1, 3, 6, 

12

6.09E+21 CL 3.55

Vc 33.4 Vc 44.53
Ka 32.79 Ka 43.3

Q 38.16 Q 47.51

Vp 8.15 Vp 9.33
NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 28 

240

1, 2, 9 −2.09E-34 0.05867, 0.9185, 

2.82, 5.79, 12
4.59E+22 CL 3.5 0.1, 1, 3, 6, 

12

3.55E+22 CL 3.5

Vc 23.41 Vc 26.27

Ka 22.67 Ka 25.25
Q 21.02 Q 22.76

Vp 6.24 Vp 6.23

Zvada (2014)27 NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 3 30 1, 2, 9 2.35E-14 1.001e-05, 1, 2.643, 
7.515, 24

9.57E+25 CL 3.19 0.1, 1, 3, 8, 
24

7.33E+25 CL 3.18
Vc 10.21 Vc 9.74

Ka 10.86 Ka 10.63
Q 34.05 Q 32.21

Vp 19.64 Vp 18.3

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 14 
120

1, 2, 9 −1.67E-15 1.001e-05, 1, 3.406, 
9.642, 24

1.75E+28 CL 3.21 0.1, 1, 3, 9, 
24

1.35E+28 CL 3.2
Vc 6.33 Vc 6.94

Ka 7.09 Ka 7.92

Q 14.69 Q 17.1
Vp 9.52 Vp 11.18
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NAT2 (Phenotype) 

BW (kg)Dose (mg)

SA28240 1, 2, 9 9.17E-17 1e-05, 1, 3.751, 

10.5, 24

2.09E+28 CL 3.22 0.1, 1, 3, 9, 

24

1.25E+28 CL 3.2
Vc 5.8 Vc 6.64

Ka 6.57 Ka 7.62

Q 13.2 Q 17.92
Vp 8.34 Vp 11.04

NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 3 30 1, 2, 9 −5.99E-15 1.001e-05, 1, 2.789, 

7.875, 24

8.06E+27 CL 3.2 0.1, 1, 3, 8, 

24

6.67E+27 CL 3.21

Vc 8.76 Vc 8.59
Ka 9.47 Ka 9.52

Q 20.36 Q 19.8

Vp 13.99 Vp 13.48
NAT2 (Phenotype) 

BW (kg) Dose (mg)

IA 14 

120

1, 2, 9 −2.88E-12 1e-05, 1, 3.352, 

9.197, 24

3.21E+29 CL 3.28 0.1, 1, 3, 9, 

24

2.60E+29 CL 3.25

Vc 5.96 Vc 6.49

Ka 6.74 Ka 7.47
Q 7.15 Q 7.73

Vp 5.63 Vp 6.2

NAT2 (Phenotype) 
BW (kg) Dose (mg)

IA 28 
240

1, 2, 9 −1.19E-12 1.001e-05, 1, 3.692, 
9.943, 24

4.52E+29 CL 3.31 0.1, 1, 3, 9, 
24

3.14E+29 CL 3.24
Vc 5.47 Vc 6.23

Ka 6.25 Ka 7.22

Q 6.56 Q 7.8
Vp 5.12 Vp 6.18

NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 3 30 1, 2, 9 2.92E-13 1.001e-05, 1, 2.779, 

7.988, 24

2.61E+28 CL 3.21 0.1, 1, 3, 9, 

24

2.04E+28 CL 3.23

Vc 8.46 Vc 8.18
Ka 9.18 Ka 9.12

Q 16.2 Q 15.4

Vp 11.89 Vp 11.2
NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 14 

120

1, 2, 9 −7.73E-11 1.001e-05, 1, 3.378, 

8.596, 24

4.75E+29 CL 3.33 0.1, 1, 3, 9, 

24

3.73E+29 CL 3.28

Vc 5.97 Vc 6.52

Ka 6.76 Ka 7.52
Q 6.02 Q 6.1

Vp 4.97 Vp 5.11
NAT2 (Phenotype) 

BW (kg) Dose (mg)

RA 28 

240

1, 2, 9 −1.81E-11 1.001e-05, 1, 3.68, 

9.264, 24

7.13E+29 CL 3.35 0.1, 1, 3, 9, 

24

5.01E+29 CL 3.27
Vc 5.46 Vc 6.22

Ka 6.25 Ka 7.21
Q 5.71 Q 5.91

Vp 4.7 Vp 4.95

(Continued)
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Table 3 (Continued). 

Study Population Former 
Design

FIM Optimal Design FIM Evaluation Near 
Optimal 
Design

FIM Evaluation

Items Value Parameters %RSE Parameters %RSE

Aruldhas 
(2018)20

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA330 1, 2, 9 4.68E+17 0.592, 1.421, 8.817, 
8.817, 8.817

1.34E+24 CL 3.01 0.5, 1.5, 9 7.85E+18 CL 3.03
Vc 3.01 Vc 3.01

MTT* 3 MTT 3.01
NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 14 

120

1, 2, 9 5.08E+17 0.5922, 1.504, 

12.25, 12.25, 12.3

1.33E+24 CL 3.01 0.5, 1.5, 12 8.52E+18 CL 3.04

Vc 3.01 Vc 3.01

MTT* 3.01 MTT 3.01
NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 28 

240

1, 2, 9 6.25E+17 0.07259, 0.4898, 

1.959, 12.73, 17.3

1.46E+24 CL 3.02 0.1, 0.5, 2, 

12, 24

1.33E+24 CL 3.01

Vc 2.85 Vc 2.99

MTT* 3.01 MTT 3.01
NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 3 

30

1, 2, 9 4.35E+17 0.5858, 1.234, 

1.237, 3.821, 3.821

1.33E+24 CL 3.01 0.5, 1, 4 3.96E+19 CL 3.03

Vc 3.01 Vc 3.01

MTT* 3.01 MTT 3.01
NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 14 

120

1, 2, 9 6.66E+17 0.5809, 1.305, 

5.097, 5.101, 5.101

1.32E+24 CL 3.01 0.5, 1, 5 5.46E+19 CL 3.04

Vc 3.01 Vc 3.02

MTT* 3.01 MTT 3.01
NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 28 

240

1, 2, 9 5.37E+17 0.5847, 1.338, 

5.762, 5.864, 5.876

1.32E+24 CL 3.01 0.5, 1.5, 6 3.82E+19 CL 3.04
Vc 3.01 Vc 3.01
MTT* 3.01 MTT 3.01
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Guiastrennec# 

(2018)24

NAT2 (Phenotype) 

BW (kg) Dose (mg)

SA 3 30 1, 2, 9 −5.14E-39 1.239, 3.362, 3.362, 

12.29, 12.29

3.16E+21 CL 3.56 1, 3, 12 2.78E+18 CL 4.06

Vc 3.69 Vc 4.23
Ka 6.65 Ka 8.32

NAT2 (Phenotype) 

BW (kg)Dose (mg)

SA14120 1, 2, 9 −6.03E-39 1.061, 3.201, 3.201, 

8.981, 16.21

2.26E+22 CL 3.32 1, 3, 9, 24 2.47E+21 CL 3.49

Vc 3.68 Vc 4.13
Ka 5.58 Ka 6.3

NAT2 (Phenotype) 

BW (kg)Dose (mg)

SA28240 1, 2, 9 −3.89E-42 0.5624, 0.9772, 

3.334, 3.334, 10.63

4.50E+22 CL 3.28 0.5, 1, 3, 12 4.70E+21 CL 3.52

Vc 3.59 Vc 3.96
Ka 5.16 Ka 5.86

NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 3 

30

1, 2, 9 4.14E-42 1.287, 2.837, 2.837, 

6.961, 6.961

5.43E+20 CL 3.67 1, 3, 6 8.92E+17 CL 4.05

Vc 4.25 Vc 5.56
Ka 8.03 Ka 10.46

NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 14 

120

1, 2, 9 5.03E-42 1.113, 2.772, 2.772, 

6.295, 6.295

7.43E+21 CL 3.34 1, 3, 6 4.20E+19 CL 3.54

Vc 4.06 Vc 5.07
Ka 6.27 Ka 7.36

NAT2 (Phenotype) 

BW (kg) Dose (mg)

USA 28 

240

1, 2, 9 −2.58E-41 1.026, 2.948, 2.948, 

7.426, 7.426

2.11E+22 CL 3.29 1, 3, 8 1.36E+20 CL 3.58
Vc 3.79 Vc 4.61

Ka 5.48 Ka 6.47

Horita (2018) 
#25

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 3 30 1, 2, 9 5.35E-41 0.02322, 1.039, 
1.039, 3.669, 17.63

3.85E+27 CL 3.19 0.1, 1, 4, 24 2.64E+26 CL 3.34
Vc 3.47 Vc 3.76

Ka 3.96 Ka 4.57

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 14 
120

1, 2, 9 −1.93E-43 0.0255, 1.152, 
1.152, 4.938, 24

4.16E+27 CL 3.2 0.1, 1, 5, 24 3.00E+26 CL 3.35
Vc 3.42 Vc 3.72

Ka 3.93 Ka 4.61

NAT2 (Phenotype) 
BW (kg) Dose (mg)

SA 28 
240

1, 2, 9 −4.95E-44 0.06842, 1.267, 
1.297, 5.388, 17.14

3.61E+27 CL 3.2 0.1, 1, 6, 24 3.05E+26 CL 3.36
Vc 3.44 Vc 3.69

Ka 4.05 Ka 4.61

NAT2 (Phenotype) 
BW (kg) Dose (mg)

USA 3 
30

1, 2, 9 4.04E-37 0.02337, 0.9545, 
0.9546, 2.996, 6.857

3.24E+27 CL 3.19 0.1, 1, 3, 8 2.52E+26 CL 3.31
Vc 3.55 Vc 3.89

Ka 4.04 Ka 4.67

NAT2 (Phenotype) 
BW (kg) Dose (mg)

USA 14 
120

1, 2, 9 −3.22E-39 0.02565, 1.068, 
1.068, 3.989, 22.04

3.84E+27 CL 3.19 0.1, 1, 4, 24 2.86E+26 CL 3.33
Vc 3.46 Vc 3.76

Ka 3.96 Ka 4.61

NAT2 (Phenotype) 
BW (kg) Dose (mg)

USA 28 
240

1, 2, 9 −3.03E-39 0.01682, 0.9863, 
1.138, 4.677, 22.53

3.90E+27 CL 3.2 0.1, 1, 5, 24 2.88E+26 CL 3.36
Vc 3.42 Vc 3.71

Ka 3.97 Ka 4.59

Notes: *This study assuming: Ka = KTR = (NN+1)/MTT; #Lumped model: simplified model. 
Abbreviations: CL, clearance of central compartment; Vc, distribution volume of central compartment; Q, clearance between central compartment and periphery compartment; Vp, distribution volume of periphery compartment; 
MTT, mean transition time; NAT2, N-acetyltransferase-2; SA, slow acetylator; IA, intermediate acetylator; RA, rapid acetylator.
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governing the clearance rate of INH. Of these factors, PMA had the most profound impact on infants and neonates, with 
its effect diminishing progressively as age advanced. The similarity observed between the sampling optimization 
outcomes derived from extrapolating adult models to pediatrics and those obtained directly from optimizing pediatric 
models serves as evidence supporting the feasibility of applying adult-derived parameters to inform the pediatric 
population in the context of isoniazid pharmacokinetics.

Recently, TDM of anti-tuberculous drugs has been implemented in specialized centers.9,28 However, the current 
recommendations for dosage adjustments of INH may not be optimal, as they solely focus on achieving a 2-hour post- 
dose concentration between 3 and 6 mg/L. This approach overlooks the considerable IIV in the absorption and 
disposition kinetics of INH. Relying solely on the 2-hour post-dose concentration may not accurately estimate drug 
exposure, especially for narrow therapeutic index (NTI) drugs. The misestimation of the Cmax may have serious 
consequences, such as an increased risk of treatment failure for individuals with rapid acetylators phenotypes and a 
higher likelihood of hepatotoxicity for slow acetylators.29 Our approach, using a PopPK model repository, optimizes the 
sampling time points, ensuring that fewer plasma samples are required while still providing accurate estimations of key 
pharmacokinetic parameters, such as clearance and volume of distribution. This more efficient strategy reduces the 
complexity and invasiveness of sampling in pediatric populations without compromising model accuracy.

Figure 1 Optimal sampling times of isoniazid popPK model. Point: near-optimal sampling strategy. (A) adult models; (B). pediatric models. NAT2 phenotype. 
Abbreviations: SA, slow acetylators; IA, intermediate acetylators; RA, rapid acetylators.
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It is important to note that children’s pharmacokinetics differ significantly from adults, including a shorter time to 
peak concentration. In children, the time to reach peak concentration (Tmax) is typically earlier than in adults. This 
means that existing sampling strategies—such as the widely used 1, 2, and 6 hours post-dose—are inadequate for 
pediatric populations.29 These fixed-time sampling strategies fail to adequately capture the drug’s absorption and 
distribution processes in children, as they cannot account for the earlier Tmax and the different pharmacokinetic 
characteristics of this population. Therefore, optimizing sampling strategies for children is essential to ensure more 
accurate measurement of INH exposure and improve treatment outcomes.

Most of retrieved studies were focused on a single population for modeling or validation, without considering inter- 
group differences and cross-validation.18,30 In our study, we found that the recommended sampling strategy from 
previous studies failed to accurately estimate all child model parameters, resulting in an extremely low FIM value and 
an inability to estimate %RSE. To overcome these problems, we optimized the sampling strategy based on PopED and 
fully considered clinical operation convenience. After adding specific sampling windows, we are able to accurately 
estimate the main pharmacokinetic parameters in most of the INH models. The simulation and estimation results from the 

Figure 2 Relative bias % of popPK parameters estimation. 
Notes: Black dot: discrete values; Box line: upper quartile, lower quartile and median value; Variable including: CL_SA: NAT2 slow acetylators clearance; CL_USA: non 
NAT2 slow acetylators clearance; CL_IA: NAT2 intermediate acetylators clearance; CL_RA: NAT2 rapid acetylators clearance; CL: apparent clearance; (Q) the 
intercompartment clearance; Vc: the apparent central compartment distribution volumes; Vp: the apparent peripheral compartment distribution volumes; Ka: absorption 
rate; MTT: mean transit absorption time; Prop: proportional residual error; Add: additive residual error. The more concentrated the box is towards 0, the smaller the 
relative bias.
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SSE showed that the final sampling strategy, using no more than 5 plasma concentrations, provided accurate and precise 
estimation of INH PK parameters.

PopPK model typically simplify the complex in vivo processes of drug disposition by partitioning them into 
interconnected compartments. The inter-compartmental distribution processes can be mathematically represented using 
ordinary differential equations. The more precise the description of the drug’s in vivo handling, the higher the complexity 
of both the system of equations and the model itself, which inherently introduces increased computational complexity.31 

Within the repository of INH PopPK models, some exhibit issues of overparameterization, potentially leading to model 
overfitting and thereby complicating model estimates. In such cases, lumping methods are employed to reduce overfitting 
by consolidating compartments and generating new compartmental and distribution parameters through matrix operations 
on the parameter space. This method facilitates practical application by simplifying overly complex models. In this study, 
the lumping approach was applied to streamline the model into a one-compartment model, significantly enhancing the 
efficiency of sampling optimization strategies. It is essential to consider the necessity of model refinement, and for 
scenarios where transfer rates between peripheral compartments are extremely rapid or the volume of distribution is 
minuscule, model simplification proves feasible. Lumping techniques have been previously utilized and are widely 
applied in the simplification of compartmental structures within physiological pharmacokinetic models, as evidenced in 
earlier literature.32,33

Additionally, while most previous studies have focused on sampling strategies for adults or single pediatric cohorts, 
our study integrates a more flexible strategy applicable to a broad range of pediatric patients, considering both 
physiological and pharmacokinetic variations. By optimizing the sampling windows, we significantly improve the 
precision of pharmacokinetic parameter estimation, ensuring more reliable dosing recommendations, particularly for 
children with diverse metabolic profiles, such as rapid and slow acetylators.

It is important to acknowledge the limitations of this study. This study has several limitations. First, parameter 
estimation was challenging for some models due to overparameterization, particularly in pediatrics. While lumping 
methods improved estimation, they may have missed some pharmacokinetic details. Future studies with larger datasets 
could help improve accuracy. Second, allometric scaling may not fully capture the physiological differences between 
adults and children, especially for drugs with variable pharmacokinetics. Third, the sample size was limited, and a more 
diverse cohort would improve generalizability. Including more covariates like genetics and comorbidities would also 
strengthen the findings. Lastly, the sampling strategy was designed for East Asian children, and its applicability to other 
populations needs further validation. This study’s methodology, however, has the potential to be generalized to other 
pediatric populations, particularly in regions with high pediatric TB prevalence and varying genetic profiles.

Table 4 Relative Standard Error of SSE Results

Study Subgroup Parameters

CL Vc Ka/MTT Q Vp Prop.err.sd Add.err.sd

Guiastrennec (2018)*24 / 12.33 19.11 38.24 NA NA 50.9 15.3

Zvada (2014)27 NAT2_SA 19.8 22.1 28.1 25.4 39.5 2.8E-12 NA
NAT2_IA 14.7

NAT2_RA 20.7

Aruldhas (2018)20 NAT2_SA 19.08 9.95 12.73 NA NA NA 15.15
NAT2_IA/RA 11.78

Horita (2018)*25 NAT2_SA 61.09 14.21 21.37 NA NA 54.6 15.71

NAT2_IA/RA 27.32
Gao (2020)23 NAT2_SA 26.30 28.28 26.48 25.54 104.21 16.38 88.97

NAT2_IA 21.17

NAT2_RA 23.79
Average 23.46 18.73 25.38 25.47 71.86 30.47 33.78

Note: *Lumped model: simplified model. 
Abbreviations: NAT2, N-acetyltransferase-2; SA, slow acetylator; IA, intermediate acetylator; RA, rapid acetylator; Prop.err.sd, standard 
deviation of proportional residual error; Add.error.sd, standard deviation of additional residual error; NA, no answer.

https://doi.org/10.2147/DDDT.S503987                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2025:19 3574

Ju et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)



Conclusion
This study demonstrates that the optimized sampling strategy for isoniazid (INH) developed for East Asian pediatric 
populations offers a more accurate representation of the pharmacokinetic (PK) characteristics specific to this group. This 
strategy, which is based on factors such as NAT2 phenotype, age, and body weight, ensures that PK estimates reflect the 
unique drug disposition in East Asian children. This approach is also highly applicable to drugs with strong pharmaco
kinetic-pharmacodynamic (PKPD) correlations and narrow therapeutic windows, similar to INH. Accurate estimation of 
pharmacokinetic parameters is crucial for precision dosing in high-burden countries such as China and Africa, where 
personalized treatment can significantly improve treatment outcomes. Given that tuberculosis treatment often involves 
multiple drug regimens, further research is necessary to optimize sampling strategies for other anti-tuberculosis drugs, as 
well as to identify the best sampling strategy that aligns with the therapeutic windows of INH and other anti-TB drugs, 
thereby enhancing the overall treatment regimen for tuberculosis.
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