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Purpose: Teicoplanin (TEC) is widely used for treating invasive infections caused by Gram-positive bacteria. Due to its high
pharmacokinetic variability, several population pharmacokinetic (PPK) studies have been performed to identify factors contributing to
the variability. This review aims to provide a comprehensive overview of published PPK studies and explore potential covariates.
Patients and Methods: We systematically searched the PubMed, Web of Science, and Embase databases and compared study
characteristics, model parameters, and covariate effects. Visual predictive distributions were used to compare different models. Forest
plots and Monte Carlo simulations were used to assess the influence of covariates and probability of target attainment (PTA) against
methicillin-resistant Staphylococcus aureus (MRSA).

Results: A total of eight PPK studies involving preterm infants, neonates, infants, children, and adolescents were finally included. The
median weight-normalized clearance (CL) in adolescents was 0.0116 L/h/kg, 14.7% and 16.0% lower than that in infants and children,
respectively, and significantly approximately 22.7% lower than that in neonates. Key covariates impacting TEC clearance included
body weight, postmenstrual age (PMA), renal function parameters, albumin levels, and continuous kidney replacement therapy
(CKRT) status. Monte Carlo simulations indicated that current dosing regimens may be inadequate, particularly when treating
MRSA with minimum inhibitory concentration (MIC) = 2 mg/L, as the PTA for AUC,4/MIC>400 often fell below 90%.
Conclusion: TEC dosing in pediatric patients should be individualized, taking into account factors like age, weight, and renal
function. Moreover, further population studies are essential to be conducted to clarify the dose-exposure-response relationship of TEC.
PROSPERO Registration: CRD420251012884
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Introduction

Teicoplanin (TEC), a glycopeptide antibiotic, is widely used for treating invasive infections caused by Gram-positive
bacteria, including methicillin-resistant Staphylococcus aureus (MRSA), methicillin-sensitive Staphylococcus aureus
(MSSA), Streptococcus pneumoniae, and Enterococcus species.' Its mechanism of action involves binding to the
D-alanyl-D-alanine termini of peptidoglycan precursors, inhibiting bacterial cell wall synthesis.” Due to its broad-
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spectrum activity and favorable safety profile, TEC is commonly administered for pediatric infections such as blood-
stream infections, endocarditis, and osteomyelitis.3

Given its poor oral bioavailability, TEC is typically administered intravenously or intramuscularly in pediatric
patients. The drug exhibits a long half-life, enabling less frequent dosing; however, its high protein-binding
capacity (90-95%) may influence distribution and elimination.* The weight-normalized clearance (CL) of TEC
in children (0.21-1.99 L/h/70 kg) is generally higher than that in adults (0.45-6.33 L/h/70 kg, though mostly
concentrated at 0.5-1.0 L/h/70 kg). Additionally, the CL of TEC in children is more significantly influenced by
age (eg, differences between infants and older children), body weight, and renal function, whereas in adults, it is
mainly associated with renal function. Although TEC exhibits linear pharmacokinetics (PK) within the therapeutic
concentration range, pediatric patients face unique PK challenges due to developmental changes in renal/hepatic
function, body composition, and drug metabolism.” These factors contribute to significant interindividual varia-
bility in drug exposure, necessitating tailored dosing strategies to avoid subtherapeutic concentrations or toxicity.

The clinical efficacy of TEC is closely associated with pharmacokinetics/pharmacodynamics (PK/PD) indices,
particularly the ratio of the area under the concentration—time curve to the minimum inhibitory concentration (AUC,4
/MIC).6 The trough concentration (C,,;,) represents another critical efficacy parameter, with C,;;, >10 mg/L demonstrat-
ing improved clinical outcomes in invasive infections.”> However, achieving optimal PK/PD targets in pediatric
populations remains challenging due to limited exposure-response data and the impact of covariates such as age, weight,
and renal function.'®

Treatment failure in pediatric patients may result from bacterial resistance, inadequate dosing, or variability in drug
exposure.'’ Population pharmacokinetic (PPK) modeling provides a robust approach to identify covariates influencing TEC
pharmacokinetics and optimize dosing regimens.'* Despite its clinical significance, no systematic review had comprehen-
sively evaluated PPK studies of TEC in pediatric populations. Therefore, this review aims to: (1) summarize significant
predictors of teicoplanin PK parameters; (2) analyze the probability of target attainment (PTA) for primary PK/PD indices
across pediatric subgroups using model-based simulations; and (3) identify knowledge gaps requiring further investigation.

Materials and Methods

Study ldentifications

A systematic search was conducted for all PPK studies of TEC in the PubMed, Web of Science, and EMBASE
databases from their inception until 25 March 2025. The search terms used were: “Teicoplanin”, “Targocid”,
“Teichomycin”, “Teichomycin A2.” Additionally, we included terms related to pharmacokinetics such as “popula-
tion pharmacokinetic*”  “pharmacokinetic model*” “nonlinear mixed-effects model”, “NONMEM”,
“WINNONMIX”, “P-PHARM”, “MWPHARM”, “nlmixed”, “NLME”, or “MONOLIX.” Finally, we searched for
terms related to age groups: “Children”, “Child”, “Neonate*” “Neonatal”, “Infant*” “Newborn”, and “Pediatric*.”
The reference lists of all included studies were manually checked to retrieve potentially relevant studies. Detailed
search strategies were listed in Supplementary Table S1.

A study was deemed eligible if it met the following criteria: (1) the study population consisted of humans, (2) TEC
was the study drug, (3) a population-based analysis was employed, and (4) a nonlinear mixed-effect modeling approach
was adopted. A study was excluded if (1) it was a review, conference abstract, or focused on methodology/algorithm/
software, (2) it was published in a non-English language, (3) its data overlapped with an article published later, and (4)
the information on modeling was insufficient to reproduce.

Moreover, two investigators independently conducted the literature search and study selection process. For
discrepancies, consensus was achieved through consultation with a senior researcher. The systematic review meth-
odology adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines."?
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Data Extraction

The following information was extracted from the included articles: (1) the characteristics of the target population (eg
age, weight range, and sex); (2) the study design (eg type of study, number of participants and collected samples,
sampling design, and TEC formulations); and (3) the information on PPK analyses such as data analysis software,
structural models, between-subject variability (BSV), residual unexplained variability (RUV), parameter estimates,
covariates, and model evaluation approaches. The study characteristics and PPK analyses were summarized in

a tabular format.

Reporting Quality

The reporting quality of the included studies was assessed based on the reporting guidelines for PK studies.'*'”

A checklist containing 35 items was created to summarize the key points of the PK report (Supplementary Table S2).

All items were categorized into five sections: title/abstract, background, methods, results, and discussion/conclusion. If
an item in the checklist was reported in the study, one point was assigned; otherwise, no point was counted. The

compliance rate was used to evaluate the quality of each study, and the calculation formula was as follows (Equation 1):

Compliance rate (%) = sum of items reported / sum of all items x 100% (1)

Study Comparison

Assessment of Visual Predictive Distributions

Monte Carlo simulations of PK profiles were performed to provide visual predictive distributions (VPDs) based on the
established model and the study cohort in each included study.'® According to the classifications of patient characteristics

in the retrieved s‘tudies,”f24

we adapted the following 5 groups of virtual populations for Monte Carlo simulation:
preterm infants, neonates, infants, children, and adolescents. Differences in each profile were compared by visual
inspection because it was assumed that the predictive distribution of the simulated PK profile of TEC sufficiently
represented the features of each model and its original data.'® A total of 1000 virtual patients were simulated for each
scenario. All simulations were performed using NONMEM (version 7.4.1; ICON Development Solutions, Ellicott City,

MD, U.S.A). R software (version 4.3.1; www.r-project.org, accessed on 16 June 2023) was employed for data explora-

tion and visualization.

Assessment of the Covariates’ Impact
Clearance (CL) is the most critical PK parameter in long-term pharmacotherapy and has been comprehensively
investigated in previous studies. Therefore, the covariate effect on CL was explored. The effects of the included
covariates on PK parameters were assessed using forest plots. For continuous covariates, the maximum and minimum
values based on the demographic information in the included studies were extracted and scaled to the same range. For
binary covariates such as sex, 0 and 1 were used.

Based on the range of the identified covariate in each study, the minimum and maximum CL values were calculated.
The CL value, normalized to median covariate values in each study, was selected as the reference. Thus, the effect of the
identified covariate on CL in each study was displayed by the following equation (Equation 2):

Effect of covariate; in study; = The range of calculated CL / The CL reference in study; x 100% 2)

where study; means the ith study and covariate; means the jth identified covariates in study;.

Moreover, the change in CL within 80%-125%, a threshold widely used to assess bioequivalence,”® was not
considered clinically significant in our study. All data were analyzed and plotted using R software (version 4.3.1;
www.r-project.org, accessed on 16 June 2023).
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Monte Carlo Simulation for the Probability of Target Attainment

AUC,4/MIC > 400 and C,,;, > 10 mg/L are associated with effective bacterial suppression and reduced development of
antimicrobial resistance in the treatment of MRSA infections.!”2!?® Based on the EUCAST standard, the MIC break-
point for susceptibility against MRSA is defined as 2 mg/L.>’ These values are crucial for guiding the rational use of TEC
in clinical practice, facilitating the development of appropriate dosing regimens and the accurate assessment of bacterial
resistance.

Monte Carlo simulations were conducted to evaluate the rationality of a consistent dosing regimen across five age
groups: preterm infants, neonates, infants, children, and adolescents. The dosing protocol included a loading dose of
10 mg/kg every 12 hours for three doses, followed by a maintenance dose of 10 mg/kg once daily. For each age group,
1,000 virtual patients were simulated. Monte Carlo modeling provided the PK profiles used to determine AUC,, on day 4
by trapezoidal rule integration and C,,;, as trough concentrations.

Separate PTA calculations for AUC,4/MIC >400 and C,,;, >10 mg/L were performed across pediatric age groups,
with comparative analyses conducted for each target. We set the target that the PTA should be > 90% for determining the
optimal dosage for MRSA.

Results

Study ldentification

Figure 1 presents the PRISMA flowchart of study selection. A total of 148 records were initially identified through
database searches (PubMed: n=39; Embase: n=47; Web of Science: n=62). After duplicate removal (n=64) and
automated screening exclusion, 84 records underwent title/abstract screening. Following exclusion of irrelevant studies
(n=44), in vitro/animal studies (n=2), non-PPK studies (n=18), reviews (n=2), and conference abstracts (n=1), 17 full-text
articles were assessed. Six studies employing adult population models and three utilizing nonparametric approaches were
subsequently excluded, yielding eight eligible studies for final inclusion.

Reporting Quality

The reporting quality assessment of included studies is summarized in Table 1. The median compliance rate was 84.3%
(range: 82.9-94.3%), demonstrating generally satisfactory reporting quality. However, several reporting deficiencies were
identified: only 37.5% of studies adequately described co-administration or food-related aspects, and 62.5% failed to
report methods for handling missing data. Notably, base model evaluation methods were universally unreported, while
only 62.5% and 37.5% of studies provided schematic representations of the final model and summaries of model-building
processes, respectively. Despite these limitations, all studies maintained compliance rates exceeding 80%, indicating
overall methodological robustness.

Study Comparison
Study Characteristics
All included studies were single-center investigations, with characteristics detailed in Table 2. Only Yamada et al** and

17-19,21,22,24

Zhang et al*® employed retrospective designs, while the remaining studies were prospective. The studies

encompassed diverse pediatric populations: Lukas et al'” stratified participants by a 12-month age threshold; Zhao et al'®
Zhang et al,?® and Aulin et al** examined broader age ranges; Gao et al'® focused on younger subjects (median age: 1.25
years); Kontou et al*' specifically studied preterm infants and neonates (age range: 6—17.7 days); Yamada et al*®
differentiated neonates, infants, and children; and Laiseca et al** categorized patients by continuous kidney replacement
therapy status.

Quantification methods included high-performance liquid chromatography (HPLC), liquid chromatography-tandem
mass spectrometry (LC-MS/MS), ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS),
reverse-phase HPLC (RP-HPLC), fluorescence polarization immunoassay (FPIA), quantitative microsphere system
(QMYS), and latex turbidimetric immunoassay (LTIA). The lower limit of quantification (LLOQ) varied widely, ranging

from 25 ng/mL to 3 mg/L.
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Figure | PRISMA flow diagram used to identify teicoplanin (TEC) population pharmacokinetics studies.

A total of eight PPK models were identified across the included studies. The majority (7/8)'”'*2%2* employed NONMEM
software, with one study using NLME.'? Structural models (7/8) predominantly followed a two-compartment disposition, while

one study?® adopted a one-compartment approach. Parameter estimation primarily utilized first-order conditional estimation

22,24

(FOCE), with or without n-¢ interaction. Sampling strategies varied, with two studies employing intensive sampling and the

remaining'’ 2" relying on sparse data from therapeutic drug monitoring (TDM). Study sample sizes ranged from 20 to 214
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Table | Reporting Quality of Included Studies

Authors and Items Lukas Zhao Gao Zhang Kontou Aulin Yamada Laiseca Compliance
et al et al et al et al et al et al et al et al Rate (%)
(2004)"” (2015)'® (2020)"? (2020)*° (2020)*' (2020)* (2022)% (2025)**
Title/abstract
Drug and patient population + + + + + + + + 100
Name of the drug(s) studied + + + + + + + + 100
Route of administration + - - - - - - - 12.5
Population studied + + + + + + + + 100
Primary objective + + + + + + + + 100
Major findings + + + + + + + + 100
Background
Pharmacokinetic data + + + + + + + + 100
Study rationale + + + + + + + + 100
Specific objectives/hypotheses + + + + + + + + 100
Methods
Eligibility criteria + + + + + + + + 100
Co-administration or food - - - + + + - - 37.5
Dosing + + + + + + + + 100
Formulation + + + + + + + + 100
Sampling schedule + - - + + + - + 62.5
Bioanalytical methods + + + + + + + + 100
Methods for handling missing data - - - + + + - - 375
Modeling software + + + + + + + + 100
Statistical methods and software + + + + + + + + 100
Candidate structural models + + + + + + + + 100
Residual error structure + + + + + + + + 100
Methods for base model determination + + + + + + + + 100
Methods for base model evaluation - - - - - - - - 0
Covariates analysis strategy + + + + + + + + 100
Methods for final model evaluation + + + + + + + + 100
Distribution of individual model + + + + + + + + 100
parameters
Estimation method(s) used + + + + + + + + 100
Results
Population characteristic + + + + + + + + 100
No. of subjects and observations + + + + + + + + 100
Schematic of the final model - + + + + - + 62.5
Table of the final model parameters + + + + + + + + 100
Final model evaluation plots - + + + + + + + 87.5
Summary of the model-building process - - + + + - - - 37.5
and the derived final model
Plot of concentrations vs time + + + + - - + + 75
Discussion/conclusion
Study limitations + + + + + + + + 100
Study findings + + + + + + + + 100
Compliance rate (%) 82.9 82.9 85.7 94.3 91.4 85.7 82.9 82.9 !

Notes: +: Meet report requirements (record | score); -: Not reported (record 0 score).

participants, with total TEC observations per study spanning 143-399. Detailed modeling approaches and final PK parameters
are summarized in Table 3.

Population Pharmacokinetic Studies

Virtual patients spanning from preterm infants to adolescents were stratified into five demographic groups for VPDs. All
simulated cohorts comprised male subjects receiving TEC at steady-state conditions. Population characteristics for five
representative groups were detailed in Supplementary Table S3. Monte Carlo simulations generated 1,000 virtual patients

per cohort, with results visualized in Figure 2.
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Table 2 Characteristics of Included Studies

Study Country Type of Number | Number of Sampling Age (Years) Weight (kg) Formulation | Bioanalytical

Publication Single/ Stud of Observations Design Mean = SD Mean = SD Method
( g y g
Year) Multiple Subjects Median [Range] Median [Range] [LLOQ]

Centers) (Male/
Female)
Lukas et al Greece Prospective 20 180 Ss? Age < I2months:7.5 [4-9] Age Age < |2months:5.5 [4-8] Injection FPIA
(2004)'7 (Single) (11/9) 2|2months:33 [12-120] Age 2 |12months:14.5 [1.18 mg/L]
[11-28]
Zhao et al France Prospective 85 143 SS 8.1 27.1 Injection QMS
p |
(2015)'8 (Single) (53/32) [0.5-16.9] [7.7-90.6] [3 mg/L]
Gao et al China Prospective 136 155 SS 1.25 10 Injection HPLC
p |
(2020)"° (Single) (79/57) [0.17-9.42] [3.5-38] [2 mg/L]
Zhang et al China Retrospective 159 236 ssP 4.1 16.7 Injection HPLC
(2020)* (Single) (87/72) [0.2-14] [2.9-69] [2.5 mg/L]
Kontou et al Greece Prospective 60 243 Ss© 10 1.645 Injection UPLC-MS/MS
(2020)*' (Single) (25/35) [6-17.7]d [1.262-2.215] [25 ng/mL]
Aulin et al Belgium Prospective 42 250 1S9 1.4 9.2 Injection RP-HPLC
(2020)* (Single) (25/17) [0.17-15.6] [3.74-56] [0.5 mg/L]
Yamada et al apan Retrospective 214 399 SS Neonates: 13.1 [1-27] d Neonates: 1.6 [0.3-3.9 Injection LTIA
p P
(2022)% (Single) (116/98) Infants: 0.7 [0.1-1.8] Infants: 5.5 [0.4-10.9] [3 mg/L]
Children: 7.6 [2-16.3] Children: 23.7 [6.6-71.8]
Laiseca et al Spain Prospective 26 172 N Without CKRT: 7 [3-60] months Without CKRT: 8 [4.3—40 Injection LC-MS/MS
P P
2025)** Single 1719 With CKRT: 20 [4-156] months With CKRT: 9.11 [5.7—44 I mg/L
8 8

Notes:*Sparse sampling: before and after the Ist, 3rd, and 5th maintenance dose (I h before, | and 3 h after each dose). ®Sparse sampling: 30 minutes before steady-state dosing. “Sparse sampling: 3 h and 20 h after the loading dose, and
0.5 h, 5 h, and 16 h after the fifth dose. “Intensive sampling: just before dosing, immediately after dosing and a flush, a distribution sample between 5 and 360 min after the start of infusion, a mid dose sample, and a trough sample just

prior to the next dose. “Intensive sampling: predose and |, 6, 12, 24 h after dose following the receipt of at least 3 doses including both before and after the filter simultaneously.

Abbreviations: CKRT, continuous kidney replacement therapy; FPIA, fluorescence polarization immunoassay; HPLC, high-performance liquid chromatography; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LTIA, latex
turbidimetric immunoassay; LLOQ, lower limit of quantitation; QMS, quantitative microsphere system; RP-HPLC, reverse phase high-performance liquid chromatography; SD, standard deviation; UPLC-MS/MS, ultra-performance liquid

chromatography-tandem mass spectrometry.
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Table 3 Modeling Strategies and Final Parameters of Included Studies

Study Software/ | Structural PK/PD Parameters and Formulas Between Residual Internal External Model Application
(Publication Algorithm Model -Subject Unexplained Validation Validation
Year) Variability Variability (N = Number of
Samples)
Lukas et al NONMEM 2 CMT CL 0.09* 0.29° 37% 23%° 34% 32%° GOF NR Simulations to derive a model-
(2004)'7 Laplacian \ 1.05% 3.90° based dosing
Ki2 | 0.35%0.23° regimen
Ky | 0.10% 0.03°
Zhao et al NONMEM 2 CMT CL | 0491 x (WT27.1)°75 x (CLcr/179)%4% 31.8% 1.10 mg/L GOF, 15 Simulations to derive a model-
(2015)'8 FOCE A 12.9 x (WT/27.1) 22.2% 14.8% pcVPC, based dosing
Q 0.341 x (WT/27.1)°7® 131.5% NPDE, regimen
\A 25.2 x (WT/27.1) Bootstrap
Gao et al NLME 2 CMT CL | 0.13 x (WT/10)°7* x (eGFR/118.99)*¢ 44.67% 0.46 mg/L GOF, VPC, NR Simulations to derive a model-
(2020)"° FOCE Ve | 231 x (InWT/2.3)%" 105.43% NPDE, based dosing
Q 0.23 42.86% Bootstrap regimen
V, | 1619 x (WT/10)*"° 19.58%
Zhang et al NONMEM | CMT CL | 0.0694 x (1+2.82 x (WT/16.71)) x 0.882(<"27975) 65.9% 0.602mg/L GOF, 89 Simulations to derive a model-
(2020)%° FOCE-I v 1.39 x |.75WT/1e70) 61.0% pcVPC, based dosing
NPDE, regimen
Bootstrap
Kontou et al NONMEM 2 CMT CL | 0.0227 x (WT/1.765)°7 x (CLer/22)*7 36.5% 27.20% GOF, NR Model-based probability target
(2020)*' FOCE-| Ve 0.283 x (WT/1.765) 45.7% pcVPC, attainment analysis
Q 0.151 x (WT/1.765)°7® Bootstrap
V, | 0541 x (WT/1.765) 51.4%
Aulin et al NONMEM 2 CMT CL | 1.95 x (WT/70)°7* 34.4% 4.15% GOF, NR Model-based probability target
(2020)*2 FOCE-I Ve 6.37 x (WT/70) 56.3% pcVPC, attainment analysis
Q 6.89 x (WT/70)°7° 46.4% Bootstrap
V, | 335 x (WT/70) 36.3%
Yamada et al NONMEM 2 CMT CL® | 0.99 x (WT/70)°7° x (PMA3#/(PMA3*+47.73%)) x (eGFR/90)*¢” 342% 72% GOF, NR Simulations to derive a model-
(2022) FOCE CLY | 0.99 x (WT/70)°7° x (PMA3*/(PMA3*+47.73%)) pcVPC, based dosing
X (Scr/0.6)( 07X PNAMIIOMEPNAM)) o (ALB/3) 08 Bootstrap regimen
\ 18.1 x (WT/70) 25.2%
Ki2 | 0.49 x (WT/70) %%
Ky | 021 x (WT/70) *%
Laiseca et al NONMEM 2 CMT CL® | 0.169%x(WT/8)°7® 30.4% 2 mg/mL GOF, pcVPC NR Simulations to derive a model-
(2025)** FOCE CL" | 0.119 x | (if FSA is small) x 3.58 (if FSA is medium) 14.1% based dosing
% 5.04 (if FSA is large) regimen
V. 1.56 x (WT/8) 39.2%
Q | 0292
v, 3.03

Notes: *If age < 12 months. °If age = 12 months. “Postmenstrual age = 48weeks. ®Postmenstrual age < 48weeks. “Modeled population without receiving continuous kidney replacement therapy. Modeled population receiving continuous

kidney replacement therapy.

Abbreviations: ALB, albumin; CL, clearance (L/h); CMT, compartment; Clcr, creatinine clearance rate; eGFR, estimated glomerular filtration rate; FOCE, first-order conditional estimation method; FOCE-I, first-order conditional
estimation method with the interaction option; FSA, filter surface area; GOF, goodness-of-fit plot; K,,, inter-compartment rate constants from central to peripheral compartment (1/h); Ky, inter-compartment rate constants from
peripheral to central compartment (1/h); NONMEM, nonlinear mixed-effects modeling; NPDE, normalized prediction distribution errors; NR, not reported; pcVPC, prediction-corrected visual predictive checks; PK, pharmacokinetic;
PK/PD, pharmacokinetic/pharmacodynamic; PMA, postmenstrual age; PNA, postnatal age; Q, inter-compartmental (central-peripheral) clearance (L/h); Scr, serum creatinine; V, volume of distribution (L); V., the central volume of

distribution (L); V,, the peripheral volume of distribution (L); VPC, visual predictive check; WT, body weight (kg).
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Figure 2 Concentration—time profiles of TEC in (A) preterm infants, (B) neonates, (C) infants, (D) children, (E) adolescents in retrieved studies. The solid line represents
the median of the simulated concentration—time profile, and the light shadows represent the 10™"-90%" percentiles of those profiles. All patients were assumed to be male
and received TEC at a 10 mg/kg weight-normalized dosage.
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At therapeutic doses, adolescents exhibited lower median weight-normalized CL values compared to other popula-
tions, while neonates showed higher median CL values than infants and children. The estimated median CL of TEC
varied by age group: 0.0131 L/h/kg for preterm infants (1.5 kg, 10 days), 0.0150 L/h/kg (range: 0.0114-0.0185) for
neonates (3.5 kg, 10 days), 0.0136 L/h/kg (range: 0.0110-0.0488) for infants (7 kg, 0.5 years), 0.0138 L/h/kg (range:
0.00946-0.0370) for children (21 kg, 6 years), and 0.0116 L/h/kg (range: 0.00855—0.0285) for adolescents (60 kg, 14
years). Additionally, no significant population differences were found in the median volume of distribution (V) values of
TEC. The median values of V per kilogram (L/kg) were similar for neonates, infants, and children, though higher than
those for preterm infants. Specifically, the median values were: 0.159 L/kg for preterm infants, 0.208 L/kg (range:
0.159-0.257) for neonates, 0.248 L/kg (range: 0.0871-0.476) for infants, 0.186 L/kg (range: 0.0871-0.476) for children,
and 0.171 L/kg (range: 0.0871-0.476) for adolescents.

The steady-state AUC,,4 at day 4 (72-96 h post-dose) across age groups is presented in Figure 3. Preterm infants
demonstrated the highest median AUC,4 (740 mg-h/L), exceeding the 540—690 mg-h/L range observed in neonates.
Infants showed substantial between-study variability (median AUC,4 range: 206-715 mg-h/L), while children exhibited
similar heterogeneity (273-835 mg-h/L). Adolescents displayed the most pronounced variability (350-1110 mg-h/L).

All tested covariates that affected CL, and the distribution volume of the central compartment (V) are summarized in
Table 4. The stepwise covariate screening included forward inclusion and backward elimination. A comparison of
identified and investigated covariates is presented in Figure 4.

All included PPK studies of TEC aimed to identify potential covariates explaining between-subject variability (BSV)
in drug exposure. The most frequently screened covariates were: weight (investigated in 7 studies), age (6 studies), serum
creatinine (Scr; 6 studies), estimated glomerular filtration rate (¢GFR; 4 studies), creatinine clearance (CLcr; 3 studies),
albumin (ALB; 3 studies), body surface area (BSA; 3 studies), and sex (3 studies). Among these, weight was consistently
identified as a significant covariate in all 7 studies that examined it. Other covariates showing statistical significance in
final models included: CLcr (2/3 studies), eGFR (2/4 studies), Scr (2/6 studies), postmenstrual age (PMA; 1/1 study),
postnatal age (PNA; 1/2 studies), filter surface area (FSA; 1/1 study), age (1/6 studies), ALB (1/3 studies), and
continuous kidney replacement therapy (CKRT; 1/1 study). Notably, despite being frequently investigated, covariates
such as sex and BSA were not retained in any final models, possibly due to collinearity with stronger predictors or limited
sample sizes in individual studies.

The effect of identified covariates on CL was presented in the forest plot (Figure 5). Seven of the 8 studies indicated
that body weight was associated with the CL of TEC."®* In contrast, one study'’ found no relationship between body
weight and CL, but it did find an association between weight and CL when conducting population-wide modeling.
Weight significantly affected CL changes across all age groups. One study” revealed that PMA significantly influenced
the CL of TEC in a threshold-dependent manner: for patients with PMA >48 weeks, eGFR was the primary covariate
affecting CL; whereas in those with PMA <48 weeks, CL was determined by PMA itself, PNA, Scr, and ALB. Moreover,
the eGFR could explain the BSV of CL in two studies,'** all of which showed a clinically significant influence on CL,
with absolute changes exceeding 20%.

Two studies'®?! reported CLcr significantly influenced TEC clearance. One study'® demonstrated that when CLcr ranged
from 25 to 464.1 mL/min, CL varied by 0.30-to 1.78-fold relative to baseline. The other study,?' for the same range of CLcr

values, showed a much larger variation, from 0.99 to 7.04 times. Two independent studies**

identified Scr as a significant
CL determinant. ALB showed particular clinical relevance for CL in neonates and infants with PMA < 48 weeks.>> One
study®® revealed CKRT reduced the CL of TEC by approximately 30% compared to non-CKRT patients. Notably, filter
surface area significantly affected CL in CKRT patients: medium and large filters increased CL by 2.58-fold and 4.04-fold,
respectively.

All included studies characterized between-subject variability (BSV) using exponential models. The median BSV was
33.1% (range: 14.1%—-65.9%; n=8) for CL and 45.7% (range: 22.2%-105.4%; n=7) for V. Residual unexplained
variability (RUV) was predominantly modeled using proportional error models, demonstrating a range of 4.15-34%
(n=4). Notably, Zhang et al*® reported significantly higher BSV for CL (65.9%) in pediatric populations compared to

other studies.
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Figure 3 TEC main pharmacokinetic parameter (AUC) at steady state for various typical populations. All simulated patients were assumed to be male. They received TEC
with an initial regimen of 10 mg/kg administered every |2 hours for three doses, followed by a maintenance dose of 10 mg/kg once every 24 hours.
Notes: The text in different colors in the figure corresponds to each population pharmacokinetic (PPK) study included in this research, with each color uniquely identifying

one of the eight studies.
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Table 4 List of Tested and Significant Covariates in the Models

tu ested Covariates ovariate Selection ignificant
Study Tested C i C iate Selecti Signifi
(Publication Covariates
Year
) Demographic Laboratory Tests Co- Forward Backward CL v
Administration | Inclusion | Elimination
Lukas et al Age NR NR p < 0.005 p < 0.005 Age Age
(2004)"7
Zhao et al Age, Weight Scr, Cler NR p < 0.05 p < 0.0l Weight, CLer | Weight
(2015)'®
ao et al ge, Weight, cr, N 8 , p<O0. p <0. eight, e eight
G | Age, Weigh Scr, BUN, CYSC, UA NR 0.05 0.0l Weight, eGFR | Weigh
(2020)"° Height, BSA AST, TBIL, y-GT, eGFR
ang et a e, Sex, , Scr, Cler eftriaxone, <0. <0. eight, Scr eight
Zhang | Age, S BUN, Scr, CLi Cef p < 0.05 p < 0.001 Weight, S Weigh
(2020)*° Weight Meropenem,
Imipenem-
cilastatin,
Cefoperazone-
sulbactam,
Loop diuretic
Kontou et al Weight, GA, Cler NR < 0.001 NR Weight, CLcr | Weight
g P g g
(2020)*' PNA, BSA
Aulin et al Sex, Age, CREP, Scr, Nephrotoxic p < 0.05 p <0.001 Weight Weight
(2020)* Weight, Height, CYSC, eGFR drugs,
PELOD, PRISM Il High protein
binding drugs,
Vasoactive drugs
Yamada et al Sex, Weight, eGFR, Scr, ALB NR < 0.05 < 0.001 Weight, PMA, | Weight
g P P g g
(2022)% PMA, PNA eGFR, PNA,
Scr, ALB
Laiseca et al Age, Weight, eGFR, Haemoglobin, NR p < 0.05 p < 0.0l Weight, FSA | Weight
(2025)** BSA Haematocrit, ALB, Scr,
Hemofilter Parameters,
FSA, Blood Flow,
Replacement Fluid Flow,
Citrate Flow,
Dialysate Flow,
Extraction Flow

Abbreviations: ALB, Albumin; AST, aspartate aminotransferase; BSA, body surface area; BUN, blood urea nitrogen; CYSC, cystatin c; Clcr, the creatinine clearance rate;
CREP, c-reactive protein; eGFR, estimated glomerular filtration Rate; FSA, filter surface area; GA, gestational age; NR, not reported; PNA, postnatal age; PMA, postmenstrual
age; PELOD, pediatric logistic organ dysfunction score; PRISM I, pediatric risk of mortality Il score; y-GT, gamma-glutamyltransferase; Scr, serum creatinine; TBIL, total
bilirubin; UA, uric acid.

Internal evaluations were conducted for all pharmacokinetic (PK) models. Goodness-of-fit (GOF) plots, demonstrat-

ing predicted versus observed value correlations, were the most frequently employed validation method. All studies'” 2

17-20,23,24

incorporated model-based simulations to characterize the PK profiles of TEC. Furthermore, six studies extended

simulations to quantify covariate effects and derive optimized dosing regimens.

Analysis of Probability of Target Attainment
The simulations in the included studies were based on two PK/PD targets: AUC,4/MIC and C,;,. PTA simulations focused
solely on MRSA, with each PPK model evaluated using strain-specific MIC data (Figure 6). This study found that MIC and
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Figure 4 A histogram of the amount of investigated and identified covariates in included studies.

Chin values significantly affected drug efficacy in different pediatric populations. When the MIC was 2 mg/L, the PTA of all
populations did not exceed 90%, indicating that existing standard treatment regimens were ineffective and medication
strategies needed adjustment. When the C,,,;, was 10 mg/L, there were differences in attainment rates among populations. The
attainment rates for preterm infants, neonates, infants, children, and adolescents were 100% (with a sample size of 1 study),
50% (from 2 studies), 42.86% (from 7 studies), 28.57% (from 7 studies), and 33.33% (from 3 studies), respectively. The PTA
results suggested that for pediatric patients, drug dosages should be determined by combining the target C,,;, and MIC values.
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Figure 5 Covariate effect on the clearance (CL) of TEC. The horizontal bars represent the effect of covariates on the CL according to each study. The typical CL in each
study was considered to be |. The x-axis refers to the effect of each identified covariate on CL, expressed as the ratio of the value of CL in the range of each covariate to
the typical value of CL. The shaded area ranges from 0.8 to 1.25. N, no; Y, yes.

Discussion

Teicoplanin, a glycopeptide antibiotic, is widely used for methicillin-resistant Staphylococcus aureus (MRSA) infections.
Although numerous PK studies on TEC existed, few had systematically evaluated the physiological and pathological
factors contributing to its exposure variability. To our knowledge, this study represented the first systematic evaluation of
PPK models for TEC, specifically addressing the need for dose adjustment in pediatric populations.

The PK of TEC exhibited significant differences among pediatric patients at different age stages. The median CL
values for children were similar to those of preterm infants and infants. However, the median CL in neonates was
significantly higher than in adolescents. The difference in CL between neonates and adolescents could be explained by
several key factors. Studies?® >° had shown that neonates exhibited nearly twice the glomerular filtration rate per unit
body weight compared to adolescents. This was accompanied by significantly increased expression of renal tubular
transporters, including organic anion transporters (OATs) and organic anion transporting polypeptides (OATPs), which
markedly enhanced drug excretion. Moreover, neonates have only about 50% of the al-acid glycoprotein (AAG) levels
observed in adolescents. This lower AAG concentration leads to higher free drug fractions, which are more readily
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Figure 6 The probability target achievement of TEC in included studies. The gray dashed lines represent a 90% target attainment rate, while the green vertically oriented
dashed lines correspond to the respective clinical breakpoints for MIC specific to MRSA and C,;, of TEC.
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cleared by the kidneys.>'* Of equal importance, neonates exhibit a larger volume of distribution and higher extra-
cellular fluid ratio, which enhances initial drug clearance. In contrast, adolescents show lower clearance as metabolic

enzymes mature toward hepatic dominance.**>¢

The elimination of TEC was influenced by the maturity of renal function and body composition. Studies**~® show
that CL increased significantly with PMA growth. In neonates (PMA: 23.7-42.4 weeks), the CL increased 4.7-fold, rising
from 0.00473 to 0.0223 L/h. In infants (PMA: 30.6—136.4 weeks), the CL escalated 5.4-fold, from 0.0299 to 0.161 L/h.
While in children (PMA: 134-878 weeks), it stabilized at a level ranging from 0.520 to 0.536 L/h. This PMA-related
pattern correlated with glomerular filtration rate and muscle mass development.*”*® Thus, critically ill neonates with
lower PMA require dosage adjustment to avoid accumulation, while infants nearing 1 year may need higher weight-
normalized doses to maintain therapeutic levels.

The study by Yamada et al*® demonstrated that PNA significantly affected the CL of TEC in pediatrics with PMA <
48 weeks. During the first 27 days of life, the CL of TEC remained at a low level of 0.0126-0.0141 L/h, only 1.3-1.4%
of the reference value (0.990 L/h), confirming immature renal elimination pathways in the first month of life. In contrast,
during infancy (36.5-657 days), CL increased markedly to 0.134 L/h, representing 13.5% of the values. This 10.6-fold
rise from neonatal levels reflected rapid renal maturation in this developmental stage. These results indicated that PNA
was a critical determinant of TEC dosing, particularly during the transition from neonates to infants, where clearance
capacity undergoes a dramatic surge.”’ Consequently, dose adjustments were essential for neonates due to their
substantially lower clearance capacity. The nonlinear relationship between CL and PNA necessitates age-stratified dosing
regimens for this special population.

The CL of TEC was influenced by ALB levels, particularly in neonates and infants.>® Yamada et al*> demonstrated
that higher ALB values were associated with reduced the CL of TEC in these populations. In neonates with ALB levels
ranging from 1.1 to 5.5 g/dL, the CL decreased from 0.0370 to 0.00650 L/h, representing an approximately 5.7-fold
reduction. Similarly, in infants (ALB: 2-5.1 g/dL), the CL declined from 0.245 to 0.0892 L/h, with a 2.8-fold difference.
This inverse correlation suggested that albumin binding may limit the free fraction of TEC, thereby reducing its
clearance.’® Consequently, dose adjustment may be required for neonates and infants with elevated ALB levels to ensure
the attainment of effective therapeutic concentrations.

The CL of TEC was significantly influenced by renal function parameters. In pediatric populations, both ¢GFR and
CLcr had been independently incorporated into PPK models as key covariates affecting TEC elimination.
Studies'®'?"*3 demonstrated that the developmental stage of renal function substantially impacted TEC clearance.
Results'??

0.949 times the reference value. In comparison, CLcr variations exerted a more pronounced effect on clearance, showing

indicated that variations in eGFR could lead to a 6.3-fold fluctuation in TEC clearance, ranging from 0.151 to

up to a 7.1-fold difference, from 98.8% to 703.9% of the reference value.'®?' This discrepancy mainly arose because
CLcr more directly reflected glomerular filtration function and was independent of muscle metabolism interference, thus
showing greater sensitivity to changes in renal function.*

Multiple studies?*** had demonstrated a significant inverse correlation between Scr levels and TEC clearance.
Specifically, when neonatal Scr concentrations increased from 17.68 to 159.12 umol/L, TEC clearance decreased from
0.0250 to 0.00792 L/h, representing a 3.1-fold reduction. Notably, in infant populations, as Scr rose from 8.84 to
150.3 umol/L, TEC clearance showed a more pronounced decline from 0.357 to 0.0491 L/h, reflecting a 7.3-fold
difference. This Scr-dependent clearance pattern was particularly pronounced in early infancy, showing a close correla-
tion with the rapid developmental changes in renal function that were characteristic of this period.*'

One study24 reported that during continuous kidney replacement therapy (CKRT), the 30% reduction in TEC
clearance was mainly attributed to the drug being adsorbed onto the dialysis membrane and the convective loss of the
unbound fraction during ultrafiltration.*? Notably, the study further revealed that the surface area of the filter had
a significant impact on the CL of TEC in patients undergoing CKRT. Medium and large filters could notably enhance
the CL of TEC by 2.58-fold and 4.04-fold, respectively. This effect was likely attributed to their larger surface areas,
which facilitated more efficient drug clearance.*

In this study, the notable influence of MIC and C,,;, on drug efficacy in various pediatric groups stemmed from
multiple factors. Literature indicated that preterm infants and neonates had immature metabolism and clearance
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mechanisms, which resulted in unique PK profiles.** Their reduced drug-processing ability leads to diverse drug
concentrations, affecting the achievement of PK/PD targets like C,;,. When C,,;, was set at 10 mg/L, the significant
variation in probability of target attainment (PTA) across pediatric age groups revealed the key role of age-related
physiology.*’ Preterm infants, with less-developed drug-elimination pathways, more easily reached the C,,;, target in the
single included study. In contrast, older children and adolescents have more active metabolisms, leading to lower
attainment rates. When MIC was 2 mg/L, all age groups failed to achieve a PTA above 90%, which suggested that
current standard treatments may be inadequate. The reduced efficacy across all pediatric groups likely stemmed from
elevated MRSA resistance (MIC = 2 mg/L) to TEC, which compromised its growth-inhibitory capacity.*®

In summary, these results highlighted the need for personalized dosing in pediatric patients. Considering both target
Cmin and AUC,4/MIC, healthcare providers could optimize drug treatment, factoring in the distinct physiology and
resistance patterns of different pediatric age groups.

The establishment of the 90% PTA threshold as a standard is based on several key considerations. First, populations
such as children and patients with renal impairment exhibit significant pharmacokinetic variability. Monte Carlo
simulations quantify this variability to assess the robustness of dosing regimens, with the >90% threshold ensuring
coverage of the vast majority of patients and reducing treatment failures caused by individual differences. Second,
although therapeutic drug monitoring (TDM) is the gold standard, its immediate implementation in medical institutions
remains limited. A dosing regimen validated by Monte Carlo simulations with >90% PTA can provide the optimal choice
for initial treatment before TDM results are available; if PTA is below 90%, it indicates the need for dosage adjustment
or early initiation of TDM. Finally, relevant studies have also set PTA at >90%, demonstrating that this standard ensures
most pediatric patients achieve drug exposures associated with effective bacterial suppression, thereby indirectly
reducing the risk of drug resistance.*”**

It is important to note that despite the consistent core findings across most included studies, certain conclusions
regarding TEC pharmacokinetic covariates remain inconsistent. For instance, discrepancies exist regarding the impact of
ALB on TEC clearance: Yamada et al** reported a 5.7-fold reduction in CL with increasing ALB in neonates, whereas
Aulin et al** did not identify ALB as a significant covariate—potentially attributed to differences in study populations
(neonates vs broader pediatric cohorts) and ALB measurement ranges (1.1-5.5 g/dL vs 2-5.1 g/dL). Similarly, variations
in the effect of PNA on CL were noted between Kontou et al*' (no significant association) and Yamada et al** (10.6-fold
CL increase in infancy vs neonates), likely driven by differences in PNA stratification (6—17.7 days vs 1-657 days) and
concurrent adjustment for PMA in the latter.

To date, PK/PD studies on TEC remain limited, particularly those focusing on pediatric patients. A critical gap exists
in clarifying the quantitative relationship between pharmacodynamic indicators and adverse effects. Therefore, larger
prospective PK/PD studies in pediatric populations are essential to better characterize the associations among dose, drug
exposure, and therapeutic response.

This review is subject to a number of limitations. First, we only included English-language literature, which may have
led to the omission of potentially valuable studies from non-English-speaking regions. Second, we did not incorporate
nonparametric PPK models, a choice that may result in an incomplete interpretation of certain analytical approaches.
Third, the absence of external validation using an independent dataset, which may limit the generalizability of the models
to other clinical settings. Notably, plasma exposure is a surrogate marker for the infection site. This discrepancy may
cause deviations between the predicted PTA and actual clinical outcomes. Treatment failure cannot be assumed based
solely on PTA targets, which are derived from combining drug concentrations in the central compartment and micro-
biological MICs over time.

Conclusion

This systematic review of published PPK studies on TEC highlights significant PK variability of TEC across pediatric
populations, with neonates exhibiting a higher weight-normalized CL than adolescents. Methodologically, this review
incorporates a distinct innovative approach through the integrated application of VPD and Monte Carlo Simulations
(MCS). This combined framework enables systematic comparison of PK parameters across pediatric age cohorts and
rigorous evaluation of the PTA, thereby furnishing a robust technical underpinning for the key findings presented herein.
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The key covariates influencing TEC pharmacokinetics include body weight, PMA, renal function parameters (eGFR,
CLecr, Scr), ALB levels, and CKRT status. Furthermore, dosage regimen adjustments should be considered based on
pediatric age subgroups and pathogen-specific MICs, particularly for infections caused by MRSA with an MIC of 2 mg/
L. Notably, this analysis establishes a practical framework for optimizing future clinical dosing regimens of TEC. For
example, preterm infants may require lower maintenance doses to prevent excessive drug exposure, whereas neonates
and children may need higher weight-normalized doses to achieve therapeutic targets. Additionally, further large-scale
prospective population studies are essential to clarify the dose-exposure-response relationship of TEC in pediatric
populations. Nevertheless, significant external validation will be required before clinical implementation.
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