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Abstract

Purpose

The pharmacokinetics of valproic acid have been evaluated in a variety of populations

however, the comparison in two different populations was yet to be reported. This study is

aimed to compare the pharmacokinetics of valproic acid in Pakistani and South Korean

patients.

Method

The therapeutic drug monitoring (TDM) data of valproic acid from 92 Pakistani patients with

218 samples was combined with the data of 99 South Korean patients with 335 samples in

order to form a pooled dataset of 191 patients with 553 samples. Population pharmacoki-

netic model was developed on NONMEM® software by using first order conditional estima-

tion method for estimation of pharmacokinetic parameters. The influence of different

covariates including ethnicity was evaluated the stepwise covariate modelling. The final

model was evaluated for predictive performance and robustness by using goodness of fit

plots and bootstrap analysis respectively.

Results

The data was better described by one compartment model with first order elimination. The

value for clearance (CL) of valproic in pooled data was 0.931 L/h with 43.4% interindividual

variability (IIV) while volume of distribution (Vd) was 16.6 L with 22.3% IIV. In covariate anal-

ysis, ethnicity and body weight were significant covariates for CL while body weight was

also significant for Vd.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0272622 August 24, 2022 1 / 11

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Usman M, Shaukat Q-u-A, Khokhar MI,

Bilal R, Khan RR, Saeed HA, et al. (2022)

Comparative pharmacokinetics of valproic acid

among Pakistani and South Korean patients: A

population pharmacokinetic study. PLoS ONE

17(8): e0272622. https://doi.org/10.1371/journal.

pone.0272622

Editor: Muhammad Hanif, Bahauddin Zakariya

University, PAKISTAN

Received: October 8, 2021

Accepted: July 23, 2022

Published: August 24, 2022

Copyright: © 2022 Usman et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data is neither

ethically nor legally restricted. All relevant data are

within the manuscript and its Supporting

Information files.

Funding: We have not received any financial

support for this study.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0001-8139-9890
https://doi.org/10.1371/journal.pone.0272622
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272622&domain=pdf&date_stamp=2022-08-24
https://doi.org/10.1371/journal.pone.0272622
https://doi.org/10.1371/journal.pone.0272622
http://creativecommons.org/licenses/by/4.0/


Conclusion

A significant difference in CL of valproic acid among Pakistani and South Korean patients

was observed. The model can be used for the dose tailoring of valproic acid based on eth-

nicity and body weight of Pakistani and South Korean patients.

Introduction

Valproic acid belongs to the class of broad spectrum anti-seizure drugs and is used for the

treatment of generalized as well as partial seizures [1–4]. It has been proposed that valproic

acid potentiates the effect of neurotransmitter gamma aminobutyric acid (GABA) in central

nervous system (CNS) [1] however, the exact mechanism is yet to be explored [5]. Valproic

acid is formulated in multiple dosage forms including oral tablets (simple tablet, sustained

release and enteric coated), oral solutions, capsules, as well as intravenous injections [2]. For

orally administered formulations, the time to achieve maximum plasma concentration (tmax)

is 10–12 h, 3–6 h and 1–2 h respectively for sustained release tablets, enteric coated tablets and

oral solutions [1]. Valproic acid, being a weak acidic drug has high tendency (approximately

90% to 95%) to bind with albumin which becomes saturated at plasma concentration of 50

mg/L leading to disproportionate rise in plasma concentration [2]. Valproic acid exhibits high

variability in volume of distribution (Vd) ranging from 0.1 to 0.5 L/kg [2, 6] due to interindi-

vidual variability in protein binding based on age, gender, renal and hepatic status of the

patient, co-morbidity, pregnancy and concomitantly administered drugs [1, 7]. Liver is the

major rout of elimination for valproic acid and it is metabolized by glucuronidation, β-oxida-

tion and metabolism through cytochrome P450 isoenzymes including CYP2C9, CYP2A6 and

CYP2B6 [8, 9]. It also inhibits CYP2C9 isoenzyme which may lead to increased plasma con-

centration of co-administered drugs which are substrate for this enzyme [10, 11].

Valproic acid, being a narrow therapeutic index drug, requires a vigilant therapeutic moni-

toring in order to achieve safe and effective outcomes. The recommended range for target

plasma concentration of valproic acid is 50 mg/L to 100 mg/L [5], however the upper level up

to 125 mg/L is also recommended for the treatment of bipolar depression [12]. The plasma

concentration of valproic acid below the recommended level may lead to therapeutic failure

and the concentration above the upper limit can cause gastrointestinal side effects while seri-

ous side effects such as thrombocytopenia and tremors occur at concentration above 175–200

mg/L [13]. Since valproic acid exhibit high inter-individual variability owing to its elimination

through hepatic rout, dose individualization can be achieved by population pharmacokinetic

modeling [5]. A number of population pharmacokinetic studies have been performed to iden-

tify the effect of different covariates as well as inter-individual variability on pharmacokinetics

of valproic acid [14–18] The effect of age has been specifically investigated on pharmacokinet-

ics of valproic acid through population pharmacokinetic modelling approach [19, 20]. Phar-

macokinetics of valproic acid have also been evaluated in population with different ethnicity

such as China [21, 22], Serbia [23] and South Korea [24]. Since the major rout for elimination

of valproic is hepatic, the genetic polymorphism may influence the elimination and ultimately

the dose requirement in different patients with different ethnic origins. However, no study has

been conducted to compare the population pharmacokinetics of valproic in different popula-

tions. This study is aimed to compare the pharmacokinetics of valproic acid in Pakistani and

South Korean patients through population pharmacokinetic modelling by using the pooled

dataset. In addition, this study was also aimed to identify the covariates responsible for inter-

individual variability in pharmacokinetics of valproic acid in both populations.
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Materials and methods

Study design and data collection

This was a multicenter, non-interventional comparative study performed by collecting the

therapeutic drug monitoring (TDM) data of valproic acid from Pakistani patients and its com-

parison with data of already published population pharmacokinetic (popPk) model in South

Korean patients [24]. The retrospective TDM data of 92 patients with 218 samples was received

from Aziz Fatima Hospital Faisalabad, Pakistan. The ethical approval was sought from the

institutional ethical committee of Aziz Fatima Medical & Dental College, Faisalabad, Pakistan

vide letter No. DME/715-19. As the data was collected retrospectively and the samples were

collected as their routine TDM process, there was no need to get the informed consent from

the patients or their close relative. Serum concentrations of valproic acid were measured by

immunoassay, Enzyme Linked Immunosorbent Assay (ELISA). The concentrations were mea-

sured at peak and trough concentration levels after the administration of standard dose which

was decided by the attending physicians. The daily dose of valproic acid ranged from 500 mg

to 1600 mg. The data of only those patients was included who received valproic acid intrave-

nously at the dose decided by attending physician. In addition to serum concentrations the

age, gender, body weight, height and body mass index (BMI) were also recorded. The data of

99 Korean patients was received from the corresponding author of already published article

[24]. The TDM data of 92 patients with 218 samples was combined with the data of Korean

patients in order to form a pooled dataset of 191 patients with 553 samples. The exploratory

analysis of data was performed before the start of PK modeling process to record the demo-

graphics of patients in both populations.

Population pharmacokinetic analysis

The actual process of popPK modelling was started by using Non-Linear Mixed Effect Model-

ling NONMEM1 software version 7.4.4 (provided by Icon clinical research LLC New York,

USA) with the aid of PsN toolkit [25]. The model management, execution, validation and

reports generations was performed with the help of Pirana [26]. Initially, a base model was

developed without introduction of any covariate. The data was analyzed by using a one-com-

partment as well as a two-compartment model and the suitable model was selected based on

the objective function value (OFV) of model and visual inspection of goodness-of-fit plots of

the base model. The inter-individual variability was evaluated by exponential model while the

sampling and analysis errors were evaluated by additive error, proportional error and com-

bined error models.

Covariate analysis

After development of a base model, the influence of different covariates was observed on the

pharmacokinetic parameters of valproic acid. This process was performed by stepwise covari-

ate modelling (scm) in which the available covariates such as age, body weight, height, body

surface area (BSA) and body mass index (BMI) as continuous covariates while gender and cen-

ter (Pakistan & South Korea) as categorical covariates were included in the base model one by

one and the drop in Objective Function Value (OFV) was observed with 0.05 level of signifi-

cance which means that the drop in OFV by 3.84 points after the inclusion of a particular fac-

tors was considered significant for inclusion of that covariate in the model. The process was

repeated again and again until no more factor was available for inclusion in full model. Then

backward elimination process was started in which all the added factors in full model were

removed one by one with a stricter criterion of level of significance (0.01) and the influence of
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that factor was considered significant for which the removal from full model resulted in

increase in OFV by 6.63 points. This process was also repeated again and again until no more

added factor remained available for elimination from full model and the obtained model was

considered as final model.

Comparison of Pharmacokinetic parameters

The pharmacokinetics parameters of valproic acid in Pakistani patients and South Korean

patients were compared by using center (CENT) as a categorical covariate. The PK parameters

of valproic acid are considered comparable if this covariate is proved non-significant during

stepwise covariate modeling process. The values for Vd and CL of vancomycin were also com-

pared in Pakistani and Korean patients through box and whisker plots.

Model evaluation

The model obtained after the inclusion of all the significant covariates was considered as final

model. The predictive performance of final model was evaluated by goodness-of-fit in which

visual inspection of scatterplots of observed concentration (DV) vs. population predictions

(PRED), DV vs. individual predictions (IPRED), Conditional Weighted Residuals (CWRES) vs.

PRED and CWRES vs. Time after the dose was done. The robustness and stability of final model

was assessed by using bootstrap analysis using PsN [25] in which final model was run for 1000

times. The datasets for bootstrap analysis were auto-generated in PsN by using different combi-

nation of the patients through repeated sampling. The pharmacokinetic parameter estimates of

final model were compared with the median values of bootstrap results along with 95% confi-

dence interval based on 2.5th and 97.5th percentile of distribution. The closeness of the final esti-

mates with the bootstrap estimates were considered as the indication of final model stability.

Results

Patients and sampling data

The population pharmacokinetic (popPK) model of valproic acid was developed by using the

pooled dataset comprising of 553 samples from 191 patients. Out of these 553 samples 218

(39.4%) samples were obtained from 92 Pakistani patients who were administered with val-

proic acid intravenously at Aziz Fatima Hospital Faisalabad. While the data of 335 samples

(60.6%) was obtained from 99 South Korean patients [24]. The patients’ demographics and

sampling data record is provided in Table 1. In pooled dataset of 191 patients, 127 (66.5%)

were male patients and 64 (33.5%) were female patients. The median age of population in

pooled dataset was 48 years with a range of 18 to 90 years while median body weight was 67 kg

ranging from 40 to 101 kg. The height and BMI of patients ranged from 144 cm to 190 cm

with median 167 cm and 15.6 to 37.6 kg/m2 with median of 23.2 kg/m2 respectively (Table 1).

Population PK modelling

The base model was developed by using both one compartment model and two compartment

model with first order elimination. The values for OFV and the visual observation of goodness

of fit plots revealed that the data is best described by one compartments model with first order

elimination (SUBROUTIN ADVAN1 TRANS2). The estimation method used for calculation

of PK parameters of valproic acid was first order conditional estimation with interaction

(FOCE-I) while interindividual variability (IIV) was described by exponential random effect.

The residual variability between predicted and observed concentration of valproic acid for esti-

mation of sampling error and analysis error was described by proportional error model.
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Covariate analysis

During stepwise covariate modelling, the ethnicity (CENT) and body weight were proved as

significant covariates for CL and reduced the OFV by 50.4 points after inclusion in the base

model. The influence of body weight was also significant on Vd of valproic acid and resulted

in further decrease in OFV by 32.8 points (S1 Table). The values for CL of valproic acid and

Vd in final model were 0.931 L/h and 16.6 L respectively. The Eqs 1 and 2 describe the influ-

ence of ethnicity on CL (CLCENT) of valproic acid in the final model.

IF CENT:EQ:0ð Þ CL ¼ 0:931; Most common ð1Þ

IF CENT:EQ:1ð Þ CL ¼ 0:931þ 0:386ð Þ ¼ 1:317 ð2Þ

Where; CENT.EQ.0 is for South Korean patients and CENT.EQ.1 is for Pakistani patients

The influence of body weight on CL can be described by Eq 3 as;

CLn ¼ 0:931� 1þ 0:0143� WTn � 67ð Þð Þ
η1

ð3Þ

Where; CLn is clearance for nth individual, η1 is the IIV for valproic acid CL and 0.931 is the

median value of valproic acid CL for this pooled population. WTn is the body weight of nth

individual and 67 is median body weight of pooled population.

The influence of body weight and age of the patients on Vd of valproic acid is quantified in

Eq 4.

Vn ¼ 16:6� 1þ 0:009� WTn � 67ð Þð Þ
η1

ð4Þ

Where; Vn is Vd of valproic acid for nth individual with body weight WTn in kg and age of

AGEn in years. While 16.6 and 67 are the median values of Vd and body weight of pooled pop-

ulation in liters and kg respectively.

Comparison of Pharmacokinetic parameters

Ethnicity (CENT) was proved as a significant covariate for CL of valproic in Pakistani and

South Korean patients which reveals that there is significant difference in CL of valproic in

both populations. The median value for CL along with range in Pakistani and South Korean

patients was 1.21 (0.55–2.96) L/h and 0.97 (0.39–3.38) L/h respectively while the median value

Table 1. Demographics and sampling data of patients.

Patients and sampling data Pakistani data South Korean data Pooled data

No. of Patients 92 99 191

Male (%) 64 (69.6%) 63 (63.6%) 127 (66.5%)

Female (%) 28 (30.4%) 36 (36.4%) 64 (33.5%)

Age (years) 54 (19–90) 44 (18–81) 48 (18–90)

Weight (kg) 71 (47–101) 60 (40–91) 67 (40–101)

Height (cm) 170 (148–190) 165 (144–187) 167 (144–190)

BMI (Kg/m2)0. 24.8 (20.1–37.6) 21.5 (15.6–31.6) 23.2 (15.6–37.6)

Sample Data

No. of Samples 218 335 553

Single dose (mg) 1000 (500–1800) 1000 (500–1500) 1000 (500–1800)

Concentration (mg/L) 4.78 to 97.1 3.38 to 106.4 3.38 to 106.4

Note: The values are given in Median (Range) unless otherwise specified.

https://doi.org/10.1371/journal.pone.0272622.t001
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of Vd along with range was 17.6 (10.4–27.5) L in Pakistani patients and 15.2 (8.36–25.1) L in

South Korean patients. The comparison of CL and Vd of valproic acid in Pakistani and South

Korean patients is given in (Fig 1A and 1B).

Model evaluation

The combined goodness of fit plots to evaluate the predictive performance of final model are

shown in Fig 2. A uniform distribution of observed concentrations versus individual predic-

tions as well as population prediction around the line of identity was observed in Fig 2A and

2B. The conditional weighted residuals (CWRES) were randomly distributed around zero line

in scatterplots of CWRES versus population predictions as well as time after dose and more

than 95% values were between the acceptable range of -2 to 2 as shown in Fig 2C and 2D). The

stability of final model was confirmed by bootstrap estimates compared with the parameter

estimates of final model. A close agreement was observed between parameter estimates of final

model when compared with median values of 1000 bootstrap estimates along with 95% confi-

dence interval (Table 2).

Discussion

The identification of patients’ characteristics and magnitude of variability among the individu-

als that influence the pharmacokinetics of a drug in a particular population can be helpful in

dose individualization. Valproic acid belongs to narrow therapeutic index drugs and vigilant

dosing strategy is essential for individual patients in order to ensure the safe and effective out-

come of therapy. Population pharmacokinetic modelling with analysis of covariates affecting

the pharmacokinetics help in identification of the factors which should be considered for dose

individualization. A number of population pharmacokinetic studies have been reported and

about 85% studies were performed by using TDM data [5]. The development of population

pharmacokinetic model by using sparse data is a unique feature of NONMEM offering a valu-

able advantage for pharmacokinetic analysis because the patients from whom sample collec-

tion is difficult are also the ones for whom the appropriate dose selection is critical [27].

The major rout for elimination of valproic acid is through hepatic biotransformation [8],

therefore, the genetic polymorphism in its metabolizing enzymes CYP2C9 and CYP2C19 can

also affect its CL and this has been observed in two studies [28, 29] however, only one study

reported the significant influence of these isoenzymes on valproic acid CL [28]. The other

Fig 1. Box-plots showing CL (a) and Vd (b) of valproic acid among Pakistani and South Korean patients.

https://doi.org/10.1371/journal.pone.0272622.g001
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covariates tested on pharmacokinetics of valproic acid in previous studies include age, gender,

body weight, co-administered medication and dose of valproic acid [5]. Since the ethnic origin

of the patients is a major factor for genetic polymorphism, therefore there was a need of evalu-

ating the ethnicity on the pharmacokinetics of valproic acid. To the best of our knowledge,

based on literature search, this is the first study of its kind to find the possible effect of ethnicity

on valproic acid CL through population pharmacokinetic modelling in Pakistani and South

Korean patients by using a pooled dataset.

The data was best described by compartment model which is in agreement with already

reported models of valproic acid with only few exceptions [14, 30, 31] where the data was

described by two compartment model. The estimated CL of valproic acid in our study was

0.931 L/h with IIV of 43.4% while the value of CL reported in previous studies is 0.206 L/h

to 1.154 L/h with IIV ranging from 13.4% to 35.9% [5]. Therefore, the CL of valproic acid in

our pooled dataset is similar to already values of CL however, IIV in our study is higher

than previously reported studies may be due to a variety of patients from two populations.

The value for Vd in our study was 16.6 L with IIV of 22.3% which is also in close agreement

with previously reported studies where value of Vd ranged from 8.4 L to 23.3 L with IIV of

2.1% to 49% [5].

Fig 2. Goodness-of-fit plots of final model showing observed concentrations vs. individual predictions (a), observed concentrations vs. population predictions (b),

CWRES vs. population predictions (c) and CWRES vs. time after dose (d).

https://doi.org/10.1371/journal.pone.0272622.g002
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In covariate analysis, ethnicity and body weight were the significant covariate for CL of val-

proic acid. The influence of body weight on CL has also been reported in majority of studies

[17, 21, 30, 32–34] however, no such study has been found which compares the pharmacoki-

netics of valproic acid in different ethnic groups through population pharmacokinetic model-

ing approach. The reason for variability in CL of valproic acid among Pakistani and Korean

patients might be the fact that valproic acid is primarily eliminated from liver and there is high

interindividual variability in metabolism based on the ethnicity. The Vd of valproic acid was

also significantly influenced by body weight of the patients. The effect of weight on CL and Vd

has also been reported in the Korean study the data of which has been added in this model for

comparison [24]. Body weight and age have also been reported collectively in Serbian popula-

tion [23]. The ethnicity was proved as significant covariate which reveals that the pharmacoki-

netics of valproic is significantly different among Pakistani and South Korean patients and the

median value of CL in Pakistani patients (1.21 L/h) was higher than South Korean patients

(0.97 L/h). The value for Vd was almost similar in both populations that is 17.6 L and 15.2 L in

Pakistani and Korean patients may be due to comparable values of body weight and age of the

populations which are the significant covariates.

The limitations in our study is that the less number of covariates have been tested because

only these covariates were available in the data of South Korean population received from

Prof. Dong-Seok Yim.

Conclusion

A population pharmacokinetic model of valproic acid was developed by using the pooled data-

set of Pakistani and South Korean patients with the aim to identify the possible difference in

pharmacokinetic parameters of valproic acid in these two ethnicities and to devise tailored

dosing. The clearance of valproic acid was influenced by body weight and ethnicity of the

patients while volume of distribution was influenced by body weight of the patient. A signifi-

cant difference in CL of valproic acid among Pakistani and South Korean patients was

observed. The model can be used for the dose tailoring of valproic acid based on ethnicity and

body weight of Pakistani and South Korean patients.

Table 2. Parameter estimates of final model compared with bootstrap estimates.

Parameter Final estimate RSE% Bootstrap estimate 95% CIa

OFV 3344.6 - 3331.1 3156.5–3499.1

CL (L/h)b 0.931 5 0.932 0.844–1.024

Vd (L)c 16.6 2 16.6 15.9–17.3

Proportional Error 0.148 7 0.147 0.128–0.167

CL-CENTd 0.386 28 0.382 0.295–0.456

CL-WTe 0.0143 17 0.014 0.0094–0.019

Vd-WTf 0.009 19 0.009 0.0056–0.0123

IIV CL (%) 43.4 13 42.7/ 37.4–48.6

IIV Vd (%) 22.3 16 22.1 18.5–25.5

a 95% Confidence interval of 1000 bootstrap estimates.
b Clearance of valproic acid in South Korean patients and body weight of 67 kg.
c Volume of distribution of valproic in patient with body weight 67 kg.
d Difference of CL between South Korean and Pakistani patients.
e Proportional change in CL with body weight.
f Proportional change in Vd with body weight.

https://doi.org/10.1371/journal.pone.0272622.t002

PLOS ONE Comparative Pharmacokinetics of valproic acid in Pakistan and South Korea

PLOS ONE | https://doi.org/10.1371/journal.pone.0272622 August 24, 2022 8 / 11

https://doi.org/10.1371/journal.pone.0272622.t002
https://doi.org/10.1371/journal.pone.0272622


Supporting information

S1 Table. Results of stepwise covariate modeling.

(TXT)

S1 Graphical abstract.

(TIF)

Acknowledgments

We are highly thankful to Prof. Dong-Seok Yim for providing us the dataset of valproic acid

from South Korean patients.

Author Contributions

Conceptualization: Muhammad Usman, Muhammad Imran Khokhar, Rizwan Rasul Khan,

Humaira Majeed Khan.

Data curation: Muhammad Usman, Qurrat-ul-Ain Shaukat, Muhammad Imran Khokhar,

Rabiea Bilal, Rizwan Rasul Khan, Hafiz Asad Saeed, Humaira Majeed Khan.

Formal analysis: Muhammad Usman, Qurrat-ul-Ain Shaukat.

Investigation: Muhammad Usman.

Methodology: Qurrat-ul-Ain Shaukat.

Project administration: Humaira Majeed Khan.

Resources: Qurrat-ul-Ain Shaukat, Rizwan Rasul Khan.

Writing – original draft: Muhammad Usman, Qurrat-ul-Ain Shaukat.

Writing – review & editing: Muhammad Imran Khokhar, Rabiea Bilal, Rizwan Rasul Khan,

Hafiz Asad Saeed, Mohsin Ali, Humaira Majeed Khan.

References
1. Johannessen CU, Johannessen SI. Valproate: past, present, and future. CNS drug reviews. 2003;

9:199–216. https://doi.org/10.1111/j.1527-3458.2003.tb00249.x PMID: 12847559

2. Winter ME. Basic clinical pharmacokinetics. 5th ed. 2010: Lippincott Williams & Wilkins Health.

3. Landmark CJ, Johannessen SI. Modifications of antiepileptic drugs for improved tolerability and effi-

cacy. Perspect Medicin Chem. 2008; 2:21–39. PMID: 19787095

4. Lagace DC, McLeod RS, Nachtigal MW. Valproic acid inhibits leptin secretion and reduces leptin mes-

senger ribonucleic acid levels in adipocytes. Endocrinol. 2004; 145:5493–5503. https://doi.org/10.

1210/en.2004-0877 PMID: 15331576

5. Methaneethorn J. A systematic review of population pharmacokinetics of valproic acid. British Journal

of Clinical Pharmacology. 2018; 84:816–834. https://doi.org/10.1111/bcp.13510 PMID: 29328514

6. Kodama Y, Kodama H, Kuranari M, Tsutsumi K, Ono S, Yukawa E, et al. Gender-or age-related binding

characteristics of valproic acid to serum proteins in adult patients with epilepsy. European journal of phar-

maceutics and biopharmaceutics. 2001; 52:57–63. https://doi.org/10.1016/s0939-6411(01)00151-5

PMID: 11438424

7. Lagace DC, O’Brien WT, Gurvich N, Nachtigal MW, Klein PS. Valproic acid: how it works. Or not. Clini-

cal Neuroscience Research. 2004; 4:215–225.

8. Ghodke-Puranik Y, Thorn CF, Lamba JK, Leeder JS, Song W, Birnbaum AK, et al. Valproic acid path-

way: pharmacokinetics and pharmacodynamics. Pharmacogenetics and genomics. 2013; 23:236.

https://doi.org/10.1097/FPC.0b013e32835ea0b2 PMID: 23407051

9. Perucca E. Clinically relevant drug interactions with antiepileptic drugs. British journal of clinical phar-

macology. 2006; 61:246–255. https://doi.org/10.1111/j.1365-2125.2005.02529.x PMID: 16487217

PLOS ONE Comparative Pharmacokinetics of valproic acid in Pakistan and South Korea

PLOS ONE | https://doi.org/10.1371/journal.pone.0272622 August 24, 2022 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272622.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272622.s002
https://doi.org/10.1111/j.1527-3458.2003.tb00249.x
http://www.ncbi.nlm.nih.gov/pubmed/12847559
http://www.ncbi.nlm.nih.gov/pubmed/19787095
https://doi.org/10.1210/en.2004-0877
https://doi.org/10.1210/en.2004-0877
http://www.ncbi.nlm.nih.gov/pubmed/15331576
https://doi.org/10.1111/bcp.13510
http://www.ncbi.nlm.nih.gov/pubmed/29328514
https://doi.org/10.1016/s0939-6411(01)00151-5
http://www.ncbi.nlm.nih.gov/pubmed/11438424
https://doi.org/10.1097/FPC.0b013e32835ea0b2
http://www.ncbi.nlm.nih.gov/pubmed/23407051
https://doi.org/10.1111/j.1365-2125.2005.02529.x
http://www.ncbi.nlm.nih.gov/pubmed/16487217
https://doi.org/10.1371/journal.pone.0272622


10. I Johannessen S, Johannessen Landmark C. Antiepileptic drug interactions-principles and clinical impli-

cations. Current neuropharmacology. 2010; 8:254–267. https://doi.org/10.2174/157015910792246254

PMID: 21358975

11. Patsalos PN, Perucca E. Clinically important drug interactions in epilepsy: general features and interac-

tions between antiepileptic drugs. The Lancet Neurology. 2003; 2:347–356. https://doi.org/10.1016/

s1474-4422(03)00409-5 PMID: 12849151

12. Leo RJ, Narendran R. Anticonvulsant use in the treatment of bipolar disorder: a primer for primary care

physicians. Primary care companion to the Journal of clinical psychiatry. 1999; 1:74. https://doi.org/10.

4088/pcc.v01n0304 PMID: 15014689

13. Murphy JE. Clinical pharmacokinetics. 2011: ASHP.

14. Methaneethorn J. Population pharmacokinetics of valproic acid in patients with mania: implication for

individualized dosing regimens. Clinical therapeutics. 2017; 39:1171–1181. https://doi.org/10.1016/j.

clinthera.2017.04.005 PMID: 28483293

15. Nakashima H, Oniki K, Nishimura M, Ogusu N, Shimomasuda M, Ono T, et al. Determination of the opti-

mal concentration of valproic acid in patients with epilepsy: a population pharmacokinetic-pharmacody-

namic analysis. Plos one. 2015; 10:e0141266. https://doi.org/10.1371/journal.pone.0141266 PMID:

26484865

16. Zandvliet AS, Schellens JH, Beijnen JH, Huitema AD. Population pharmacokinetics and pharmacody-

namics for treatment optimization in clinical oncology. Clinical pharmacokinetics. 2008; 47:487–513.

https://doi.org/10.2165/00003088-200847080-00001 PMID: 18611060

17. Blanco-Serrano B, Otero M, Santos-Buelga D, Garcı́a-Sánchez M, Serrano J, Domı́nguez-Gil A. Popu-

lation estimation of valproic acid clearance in adult patients using routine clinical pharmacokinetic data.

Biopharmaceutics & drug disposition. 1999; 20:233–240. https://doi.org/10.1002/(sici)1099-081x

(199907)20:5<233::aid-bdd179>3.0.co;2-5 PMID: 10594867

18. TANIKAWA K, MATSUMOTO Y, MATSUMOTO M, FUKUOKA M, YAMAMOTO R, ENDO K, et al.

Population pharmacokinetic parameters of valproic acid; conventional and slow release formulation.

Rinsho yakuri/Japanese Journal of Clinical Pharmacology and Therapeutics. 1998; 29:489–494.

19. Silva PT, Lopez MJO, Sánchez MJG, Buelga DS. Age as a Factor of Differentiation in Predictive Models

of Valproic Acid Pharmacokinetics. FarmaJournal. 2019; 4:242–243.

20. Cloyd JC, Fischer JH, Kriel RL, Kraus DM. Valproic acid pharmacokinetics in children. IV. Effects of age

and antiepileptic drugs on protein binding and intrinsic clearance. Clin Pharmacol Ther. 1993; 53:22–

29. https://doi.org/10.1038/clpt.1993.5 PMID: 8422737

21. Lin W-W, Jiao Z, Wang C-l, Wang H-Y, Ma C-l, Huang P-F, et al. Population pharmacokinetics of val-

proic acid in adult Chinese epileptic patients and its application in an individualized dosage regimen.

Therapeutic drug monitoring. 2015; 37:76–83. https://doi.org/10.1097/FTD.0000000000000100 PMID:

24831653

22. Jiang D-c, Wang L, Wang Y-q, Li L, Lu W, Bai X-r. Population pharmacokinetics of valproate in Chinese

children with epilepsy. Acta Pharmacol Sin. 2007; 28:1677. https://doi.org/10.1111/j.1745-7254.2007.

00704.x PMID: 17883957

23. Jankovic S, Milovanovic J. Pharmacokinetic modeling of valproate from clinical data in Serbian epileptic

patients. Methods and findings in experimental and clinical pharmacology. 2007; 29:673–680. https://

doi.org/10.1358/mf.2007.29.10.1116313 PMID: 18200330

24. Park HM, Kang SS, Lee YB, Shin DJ, Kim ON, Lee SB, et al. Population pharmacokinetics of intrave-

nous valproic acid in Korean patients. Journal of clinical pharmacy and therapeutics. 2002; 27:419–

425. https://doi.org/10.1046/j.1365-2710.2002.00440.x PMID: 12472981

25. Lindbom L, Pihlgren P, Jonsson N. PsN-Toolkit—a collection of computer intensive statistical methods

for non-linear mixed effect modeling using NONMEM. Computer methods and programs in biomedicine.

2005; 79:241–257. https://doi.org/10.1016/j.cmpb.2005.04.005 PMID: 16023764

26. Keizer RJ, Van Benten M, Beijnen JH, Schellens JH, Huitema AD. Pirana and PCluster: a modeling

environment and cluster infrastructure for NONMEM. Computer methods and programs in biomedicine.

2011; 101:72–79.

27. Muhammad Usman HR. Pharmacometrics and its application in clinical practice, in Encyclopedia of

Pharmacy Practice and Clinical Pharmacy. 2019, Oliver Walter. p. 227–238.

28. Jiang D, Bai X, Zhang Q, Lu W, Wang Y, Li L, et al. Effects of CYP2C19 and CYP2C9 genotypes on

pharmacokinetic variability of valproic acid in Chinese epileptic patients: nonlinear mixed-effect model-

ing. Eur J Clin Pharmacol. 2009; 65:1187–1193. https://doi.org/10.1007/s00228-009-0712-x PMID:

19756559

29. Ogusu N, Saruwatari J, Nakashima H, Noai M, Nishimura M, Deguchi M, et al. Impact of the superoxide

dismutase 2 Val16Ala polymorphism on the relationship between valproic acid exposure and elevation

PLOS ONE Comparative Pharmacokinetics of valproic acid in Pakistan and South Korea

PLOS ONE | https://doi.org/10.1371/journal.pone.0272622 August 24, 2022 10 / 11

https://doi.org/10.2174/157015910792246254
http://www.ncbi.nlm.nih.gov/pubmed/21358975
https://doi.org/10.1016/s1474-4422(03)00409-5
https://doi.org/10.1016/s1474-4422(03)00409-5
http://www.ncbi.nlm.nih.gov/pubmed/12849151
https://doi.org/10.4088/pcc.v01n0304
https://doi.org/10.4088/pcc.v01n0304
http://www.ncbi.nlm.nih.gov/pubmed/15014689
https://doi.org/10.1016/j.clinthera.2017.04.005
https://doi.org/10.1016/j.clinthera.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28483293
https://doi.org/10.1371/journal.pone.0141266
http://www.ncbi.nlm.nih.gov/pubmed/26484865
https://doi.org/10.2165/00003088-200847080-00001
http://www.ncbi.nlm.nih.gov/pubmed/18611060
https://doi.org/10.1002/(sici)1099-081x(199907)20:5<233::aid-bdd179>3.0.co;2-5
https://doi.org/10.1002/(sici)1099-081x(199907)20:5<233::aid-bdd179>3.0.co;2-5
http://www.ncbi.nlm.nih.gov/pubmed/10594867
https://doi.org/10.1038/clpt.1993.5
http://www.ncbi.nlm.nih.gov/pubmed/8422737
https://doi.org/10.1097/FTD.0000000000000100
http://www.ncbi.nlm.nih.gov/pubmed/24831653
https://doi.org/10.1111/j.1745-7254.2007.00704.x
https://doi.org/10.1111/j.1745-7254.2007.00704.x
http://www.ncbi.nlm.nih.gov/pubmed/17883957
https://doi.org/10.1358/mf.2007.29.10.1116313
https://doi.org/10.1358/mf.2007.29.10.1116313
http://www.ncbi.nlm.nih.gov/pubmed/18200330
https://doi.org/10.1046/j.1365-2710.2002.00440.x
http://www.ncbi.nlm.nih.gov/pubmed/12472981
https://doi.org/10.1016/j.cmpb.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16023764
https://doi.org/10.1007/s00228-009-0712-x
http://www.ncbi.nlm.nih.gov/pubmed/19756559
https://doi.org/10.1371/journal.pone.0272622


of gamma-glutamyltransferase in patients with epilepsy: a population pharmacokinetic-pharmacody-

namic analysis. PLoS One. 2014; 9:e111066.

30. Yukawa E, To H, Ohdo S, Higuchi S, Aoyama T. Population-based investigation of valproic acid relative

clearance using nonlinear mixed effects modeling: influence of drug-drug interaction and patient charac-

teristics. The Journal of Clinical Pharmacology. 1997; 37:1160–1167. https://doi.org/10.1002/j.1552-

4604.1997.tb04301.x PMID: 9506012

31. Yukawa E, Honda T, Ohdo S, Higuchi S, Aoyama T. Detection of carbamazepine-induced changes in

valproic acid relative clearance in man by simple pharmacokinetic screening. Journal of pharmacy and

pharmacology. 1997; 49:751–756. https://doi.org/10.1111/j.2042-7158.1997.tb06106.x PMID:

9379350

32. Botha JH, Gray AL, Miller R. A model for estimating individualized valproate clearance values in chil-

dren. J Clin Pharmacol. 1995; 35:1020–1024. https://doi.org/10.1002/j.1552-4604.1995.tb04020.x

PMID: 8568010

33. Correa T, Rodriguez I, Romano S. Population pharmacokinetics of valproate in Mexican children with

epilepsy. Biopharm Drug Dispos. 2008; 29:511–520. https://doi.org/10.1002/bdd.636 PMID: 19067436

34. Williams JH, Jayaraman B, Swoboda KJ, Barrett JS. Population pharmacokinetics of valproic acid in

pediatric patients with epilepsy: considerations for dosing spinal muscular atrophy patients. J Clin Phar-

macol. 2012; 52:1676–1688. https://doi.org/10.1177/0091270011428138 PMID: 22167565

PLOS ONE Comparative Pharmacokinetics of valproic acid in Pakistan and South Korea

PLOS ONE | https://doi.org/10.1371/journal.pone.0272622 August 24, 2022 11 / 11

https://doi.org/10.1002/j.1552-4604.1997.tb04301.x
https://doi.org/10.1002/j.1552-4604.1997.tb04301.x
http://www.ncbi.nlm.nih.gov/pubmed/9506012
https://doi.org/10.1111/j.2042-7158.1997.tb06106.x
http://www.ncbi.nlm.nih.gov/pubmed/9379350
https://doi.org/10.1002/j.1552-4604.1995.tb04020.x
http://www.ncbi.nlm.nih.gov/pubmed/8568010
https://doi.org/10.1002/bdd.636
http://www.ncbi.nlm.nih.gov/pubmed/19067436
https://doi.org/10.1177/0091270011428138
http://www.ncbi.nlm.nih.gov/pubmed/22167565
https://doi.org/10.1371/journal.pone.0272622

