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Abstract: Vancomycin remains an important treatment for severe Gram-positive infections in the intensive care unit (ICU), but
critically ill adults show highly variable pharmacokinetics, making conventional dosing unreliable. This review aimed to summarize
Nonlinear Mixed-Effects Modeling (NONMEM)-based population pharmacokinetic studies of vancomycin in critically ill adults and
identify clinically relevant covariates associated with exposure variability. PubMed, Embase, and Google Scholar were searched from
inception to January 2026. Twelve original studies met the inclusion criteria. All focused on adult ICU populations and used nonlinear
mixed-effects modeling with NONMEM. One-compartment models were most commonly used, although parameter estimates varied
substantially across populations. Typical clearance ranged from 1.19 to 5.15 L/h. Excluding volume estimates that needed to be
normalized to actual body weight, reported typical values ranged from 29.2 to 107 L. Covariate analyses consistently identified renal
function and body weight as important determinants of clearance, whereas continuous renal replacement therapy (CRRT)/high-volume
hemofiltration (HVHF) intensity and residual renal function were particularly relevant in patients receiving extracorporeal support.
Mechanical ventilation was retained as a covariate on clearance in some models. Overall, these findings highlight the marked
heterogeneity of vancomycin pharmacokinetics in critical illness and support more individualized dosing strategies, ideally combining
early therapeutic drug monitoring with model-informed precision dosing.

Keywords: vancomycin, population pharmacokinetics, critically ill adults, NONMEM, continuous renal replacement therapy,
mechanical ventilation

Introduction
Vancomycin is a glycopeptide antibiotic widely used for severe Gram-positive infections, particularly methicillin-
resistant Staphylococcus aureus (MRSA), Corynebacterium jeikeium, and multidrug-resistant Streptococcus pneumoniae.
As a first-line agent for MRSA and other serious Gram-positive infections in critically ill patients, it is frequently used in
sepsis, complicated infections, and septic shock. The clinical importance of this issue is underscored by the global burden
of MRSA: in the latest GBD 2021 analysis, MRSA was associated with approximately 550,000 deaths globally and
caused about 130,000 attributable deaths in 2021.!

Because vancomycin has a narrow therapeutic window, subtherapeutic exposure may lead to treatment failure and
bacterial resistance, whereas excessive exposure increases the risk of nephrotoxicity and ototoxicity.

The 2020 ASHP/IDSA consensus guideline recommends AUC-guided monitoring with an AUC/MIC target of
400-600 for serious MRSA infections and no longer recommends trough-only monitoring targeting 15-20 mg/L.” In
critically ill adults, however, dose selection is particularly difficult because pharmacokinetics may change rapidly.
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Hemodynamic instability, multiorgan dysfunction, renal replacement therapy, capillary leak, fluid resuscitation, and
unstable renal function can all alter vancomycin clearance and distribution, leading to marked between-patient variability.

The clinical relevance of this variability is amplified in ICU populations. In the multinational EPIC III study including 15,202
adult ICU patients from 88 countries, 54% had suspected or proven infection, and hospital mortality among infected patients was
30%.* Under these conditions, dosing strategies based only on body weight or creatinine clearance(CrCl) often fail to achieve
target exposure. Although TDM is essential, concentration data alone may still be hard to translate into individualized dosing
without an appropriate pharmacokinetic framework, especially when only a few early samples are available in patients with
rapidly changing pharmacokinetics.>* Population pharmacokinetic (PopPK) models, especially when combined with bayesian
forecasting, help translate limited monitoring data and patient-specific covariates into individualized dosing decisions.* © Studies
have been published, uncertainty remains regarding the most appropriate model structure, the most clinically relevant covariates,
and the bedside applicability of existing ICU models. This review summarizes published NONMEM-based PopPK studies of
vancomycin in critically ill adults and evaluates their implications for individualized dosing.

Materials and Methods

Search Strategy

The literature for this review was identified by searching PubMed (n = 54), the integrated database Embase (n = 103),
and Google Scholar (n = 35). The search covered from the beginning of each database to January 2026. The search used
Medical Subject Headings (MeSH) terms and keywords about vancomycin, PopPK, and critically ill adult patients. The
specific search query for PubMed was: (“vancomycin”[Mesh]) AND (“population pharmacokinetic*”[Title/Abstract])
AND (“Intensive Care Units”[Mesh] OR “critically ill”’[Title/Abstract]). For Embase and Google Scholar, the query was:
vancomycin PopPK in critically ill. All retrieved articles were screened and independently reviewed in duplicate.
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Inclusion and Exclusion Criteria

Studies were included if they met the following criteria: 1. The study population consisted of critically ill adult patients
(aged 18 years or older); 2. Vancomycin was administered intravenously (IV); 3. The study employed a population
pharmacokinetic modeling approach; 4. The article was an original research study with accessible data; 5. It was
published in the English language. The exclusion criteria were as follows: 1. In vitro, animal, or pediatric studies; 2.
Review articles, commentaries, or methodological papers; 3. Studies that did not utilize population pharmacokinetic
modeling; 4. Studies that did not employ NONMEM for model development; 5. Simulation-only studies.

Data Extraction

For each included study, the following information was extracted: all literature meeting the inclusion criteria were
collected, and relevant data were extracted, including: 1. Basic Information and Patient Demographics: first author and
publication year, country of origin, study design type (prospective/retrospective), patient population characteristics (eg,
type of severe infection, receipt of CRRT), sample size and gender distribution (male/female), age, body weight, BMI,
CrCL and renal function status classification), serum albumin level, and disease severity scores (eg, SOFA score); 2
Vancomycin Dosing Regimen and Pharmacokinetic Sampling Information: loading dose and maintenance dose, route of
administration and infusion duration, sampling time points and sampling strategy (intensive/sparse sampling), and
method for measuring plasma concentrations; 3. Population Pharmacokinetic Modeling Methodology and Covariate
Analysis: structural model type (eg, one-, two-, three-compartment model), covariate selection and testing procedures,
and the model parameter estimation method; 4 Pharmacokinetic Parameter Estimates and Variability: estimates for CL
and its between-subject variability (BSV), V and its BSV, and the type of residual variability (RV) model (eg, additive,
proportional, exponential).

Quality Assessment

Two reviewers independently assessed the methodological quality of each included study using the National Institutes of
Health (NIH) Study Quality Assessment Tool for Case Series Studies’ Because the included studies were observational
population pharmacokinetic analyses rather than randomized comparative trials, this tool was applied as a pragmatic
framework for evaluating population definition, methodological transparency, outcome assessment, and reporting com-
pleteness. Disagreements were resolved by discussion until consensus was reached.

Results

Literature Collection
According to the NIH Study Quality Assessment Tool for Case Series Studies, the included studies were generally of fair
to good methodological quality, and none was rated as poor. Detailed item-level assessments are provided in Table S1.
The initial search yielded 192 potentially relevant articles. After screening based on titles and abstracts, 38 articles
remained. Following full-text evaluation, 12 studies were included in this review (Figure 1, PRISMA). The character-
istics of these 12 studies are summarized in Table 1. Geographically, the included studies were conducted across Asia,
Europe, and South America, including China, South Korea, Vietnam, the Netherlands, Spain, Belgium, Bosnia and
Herzegovina, Germany, and Chile. Many of the included cohorts involved patients with sepsis or septic shock, and
several studies focused on patients receiving CRRT or other extracorporeal support.

Design and Methodological Characteristics of the Included Studies

All 12 PopPK studies included in this review focused on adult ICU patients and used NONMEM for population
pharmacokinetic modeling. Among them, four studies employed a prospective design and eight were retrospective.
Sample sizes varied considerably, ranging from 9 to 206 patients. Studies targeting specific physiological states, such as
CRRT or septic shock, tended to have relatively smaller sample sizes; for example, Escobar collected 68 blood
samples.'* Although all studies administered vancomycin intravenously, dosing regimens differed substantially. Udy,

10,12,13,19

Vu, Medellin-Garibay, and the OLVG center in Roberts used continuous infusion, whereas other studies used
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Figure | PRISMA 2020 flow diagram of study identification, screening, eligibility assessment, and inclusion for the present review. Adapted from Page M, et al. BM.

2021;372:n71, under the CC BY 4.0 licence.
Abbreviation: PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

intermittent dosing with loading and maintenance adjustment according to renal function. Kovacevic used a fixed
regimen consisting of a 2 g loading dose followed by 1 g every 12 hours,® and Escobar used a fixed daily dose of
1000 mg. Bang adopted a target-controlled infusion strategy after a 25 mg/kg loading dose to improve control of plasma

concentrations.'*'*

The sampling plans were mainly called “intensive sampling” or “sparse sampling.” Escobar used a very strict plan.
They took samples when a 1-hour infusion started, and then at 0.5, 1, 2, 4, 6, 9, and 12 hours. Bang also took arterial
blood samples at set times over 24 hours.'* Most studies utilized routine clinical TDM data. For instance, Kovacevic
collected only a trough concentration before the 4th dose and a peak concentration 1-hour post-dose, while Udy routinely
collected samples at 08:00 daily.*'® For CRRT patients, the mean sampling interval in Wang was approximately 21.5
hours.’ The clinical characteristics of the studies are summarized in Table 2. The structural models, tested covariates,

retained covariates, and evaluation methods of the included studies are summarized in Table 3.
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Table | Summary of Patients Demographics for All Population-Pharmacokinetic Studies Included in This Review

Author Year Country Population Characteristics
Age Weight (kg) CrCl (mL/min) Albumin (g/dl) SOFA Sex (M/F)
T. Kovacevic® 2020 Bosnia and Herzegovina 56.9+17.0 78.2% 14.2 80 + 44 2.65 + 0.38 NR 40/33
Wang’ 2023 China 64 (52-72) 85 (73.2-104. 7) NR 2. 67 (2. 30-3. 10) 13 103/77
Dinh H. Vu'® 2019 Vietnam 55+ 18 55.911.1 76.5 £ 36.4 NR 4 36/19
Bang JY"' 2022 Korea 67.5%13.2 62.9%10. 4 101.4+£27.9 20+£0.3 NR 15/7
Roberts'? 2011 | Australia and Belgium 58.1+14.8 74.8+15.8 90.7 + 60. 4 NR 7.6+4.2 126/79
Medellin-Garibay'? 2017 Spain 65.0+12.3 75.0 % 20. | 106.3 £ 64.5 27+£1.5 NR 38/16
Escobar L'* 2014 Chile 57+ 14 70+ 18 NR NR I +4 5/4
Revilla'® (Validation) 2010 Spain 6l.1 £16.3° 730133 747 £ 58.0 2307 NR 126/65
Revilla'® (Validation) 2010 Spain 587 + 16.6 73.1 £ 19.8 67.3 + 48.6 NR NR NR
Donadello'® 2014 Belgium ECMO: 43 (19-59)° ECMO: 70 (46-85) ECMO: 64 (39-99) ECMO: 2.6 (2-3.3) ECMO: 11 (5-13) ECMO: 4/7
Ctrl: 55 (24-64) Ctrl: 70 (47-95) Ctrl: 61 (46-109) Ctrl: 2.8 (2-3.8) Cerl: 11 (2-15) Ctrl: 5/6
Jalusic'” 2021 Germany 52 (44; 61) 80 (70; 85) 152 (109; 174)° NR NR 14/15
Yu'® 2023 China 61.6 = 14.6 642 + 147 NR NR NR 44/27

Notes: Data presented as mean + SD or median [IQR] (Range) unless otherwise noted. Specific study notes: a. Revilla (2010): The study population was divided into
a model-building group (n=191) and a validation group (n=46). b. Donadello (2014): CrCl was not documented for all patients; specifically, data were available for only n=4
patients in the ECMO group. c. Jalusic (2021): CrCl values were reported as BSA-normalized values (mL/min/1.73 m2).

Abbreviations: NR, not reported; CrCl, creatinine clearance; SOFA, Sequential Organ Failure Assessment; M/F, male/female; ICU, intensive care unit; CVVH, continuous
veno-venous hemofiltration; ECMO, extracorporeal membrane oxygenation; SLED, sustained low-efficiency dialysis.

Table 2 Summary of the Clinical Protocols for Studies Included in This Review

Author Study Type Total Blood Samples Vancomycin Dosing Regimen Assay LLQ
(mgiL)

T. Kovacevic® Prospective 146 2,000mg (1,000 mg,ql2) Cobas analyzer 1.7
Wang® Retrospective 1186 (5 mgql2) NR NR
Dinh H. Vu'® Prospective 274 20 mg (2500 mg, Continuous infusion) Homogeneous enzyme immunoassay 1.7
Bang JY"' Prospective 197 25mg (15mg, q12) NR NR
Roberts'? Retrospective 579 15 mg (30 mg, Continuous infusion) Fluorescence polarization immunoassay 0.6
Medellin-Garibay'? Retrospective 874 12 £ 5 mg (60 mg, Continuous infusion) Roche/Hitachi Cobas ¢ 1.7
Escobar L'* Prospective 68 HVHF=69mL/kg/h: 20 mg/kg (750 mg, ql2h) Liquid chromatography—tandem mass spectrometry assay 0.63

HVHF=100mL/kg/h: 25 mg/kg (1000 mg, ql2h)

HVHF=123mL/kg/h: 30 mg/kg (1500 mg, ql2h)
Udy AA" Retrospective 199 15 mg/kg (23.7 mg/kg/24 h, Continuous infusion) Particle-enhanced turbidimetric inhibition immunoassay 0.8
Revilla'® Retrospective 569 (1,500-4,000 mg/d, intermittent infusion)® FPIA 2.0
Donadello'® Retrospective | NR 35 mg/kg (7—45 mg/kg/d, Continuous infusion)® PETINIA 08
Jalusic'” Retrospective 184 (4,000 mg/d (CI) / 1,350 mg, q8h)° EMIT 1.0
Yu'® Retrospective 113 (750 mg/d, ql2h) LC-MS/MS NR

Notes: In the “Vancomycin Dosing Regimen” column, regimens are presented as loading dose (maintenance dose, mode or schedule of administration). Loading doses are
reported in mg/kg or mg, and maintenance regimens are reported in mg/day, mg/kg/day, mg/kg/24 h, or fixed intermittent doses exactly as described in the original studies.
a. Revilla (2010): The study population was divided into a model-building group (n = 191) and a validation group (n = 46). Additionally, maintenance doses were adjusted
based on CLCR with regard to the total daily dose. b. Donadello (2014): CrCl was not documented for all patients; specifically, data were available for only n=4 patients in
the ECMO group. Additionally, maintenance doses were adjusted based on CLCR with regard to the total daily dose. c. Jalusic (2021): CrClI values were reported as BSA-
normalized values (mL/min/1.73 m2). Continuous infusion: The recommended daily dose is 4 g/24 h. Intermittent infusion: Simulations demonstrated that the regimen of
1350 mg q8h achieved cerebrospinal fluid (CSF) concentrations exceeding the therapeutic target (>| mg/L) at 24 hours when the CSF lactate level was 3.3 mmol/L (median
in this population).

Abbreviations: NR, not reported; LLQ, lower limit of quantification; CrCl, creatinine clearance; BSA, body surface area; Cl, continuous infusion; CYVH, continuous veno-
venous hemofiltration; HVHF, high-volume hemofiltration; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; FPIA, fluorescence polarization
immunoassay; PETINIA, particle-enhanced turbidimetric inhibition immunoassay; EMIT, enzyme multiplied immunoassay technique; LC-MS/MS, liquid chromatography-
tandem mass spectrometry.

Population Pharmacokinetic Analysis

Across the twelve included studies, all PopPK models were developed in NONMEM using nonlinear mixed-effects modeling.
Structural model selection appeared to depend largely on sampling design and clinical context. Studies based mainly on
routine therapeutic drug monitoring (TDM) data and sparse sampling, such as those by Udy, Wang, Medellin-Garibay, and
Kovacevic, generally used one-compartment models to support stable parameter estimation.®*'*'* By contrast, studies with
richer sampling were more likely to support more complex structures. Vu and Escobar used two-compartment models,

Drug Design, Development and Therapy 2026:20 https: 5



Husheng et al

Table 3 Population Pharmacokinetic Modeling Methods, Tested and Retained Covariates by the Studies Included in the Review

Author

Compartments

Covariates Tested

Covariates Included in
Final Model

Model Evaluation

T. Kovacevic®

Medellin-Garibay'®

One-compartment

One-compartment

CrCl, Liver Enzymes, Total Plasma Proteins, Aspartate
Aminotransferase, Alanine Aminotransferase, Nonsteroidal
Anti-Inflammatory Drugs

Age, BMI, BSA, Serum Creatinine Concentration, Glucose,
CrCl, Gender, MV, Comedication

CL: CrCl; V: Weight

CL: CrCl, MV; V: TBW

Diagnostic plots, bootstrap, VPC

Wang’® One-compartment Age, Weight, Albumin, CRRT Intensity, Gender CL: Weight, CRRT Intensit) GOF Plots, NPC, Bootstrap, External
g P 3 8! Ys g! Y P
Validation
Dinh H. Vu'® Two-compartment Sex, Age, Renal Function, APACHE Il, SOFA Score, Ventilation CL: Renal Function Bootstrap, VPC
Bang JY” Three-compartment Age, Sex, Height, Weight, BSA, BMI, Fat-Free Mass, eGFR, VI1/V3: IBW; CL: Weight, Age GOF Plots, Bootstrap, NPDE, VPC
CrCl, Albumin
Roberts'? One-compartment Age, TBW, CrCl, Gender, SOFA Score, BMI CL: CrCl; V: TBW Diagnostic Scatter Plots, Bootstrap

Diagnostic Plots, Bootstrap, External
Validation

Escobar L'* Two-compartment Serum Creatinine Concentration, APACHE I, SOFA Score, CL: HVHF Intensity GOF Plots, OFV, Bootstrap
HVHF Intensity, Sex, Filter Surface Area, Weight, BMI, Qb, Age

Udy AA" One-compartment BFR, UFR, DR, ER, Actual Body Weight None GOF Plots

Revilla'® One-compartment Age, Gender, Exitus, Main Diagnosis, APACHE II, TBW, Height, | CL: CrCl, Age; V: CrSe External Validation (Standardized Prediction
MV, Nutritional Support, Fluid Balance, Albumin, CrSe, CrCl, Errors/WRES; Observed Concentrations
Diuretics, Vasoactive Drugs Within PRED * 2 SDpop)

Donadello'® Two-compartment Age, TBW, CrCl, SOFA Score, APACHE Il Score, Sex, Shock, CL: CRRT GOF Plots, Bootstrap, External Validation
CRRT, ECMO

Jalusic'” Three-compartment Age, Height, Weight, Sex, CrCl, Leukocytes, CRP, Urea, CSF CL: CrCl; Cldif: CSF Lactate GOF Plots, VPC, Bootstrap
Protein, CSF Lactate, CSF Glucose, CSF Granulocytes, CSF
WCC, CSF Erythrocytes, CSF Loss

Yu'® One-compartment Age, Sex, BW, BMI, Daily Dose, SCr, BUN, UV, CRRT Type CL: 24-h UV GOF Plots, Bootstrap

Abbreviations: APACHE Il, Acute Physiology and Chronic Health Evaluation II; BFR, blood flow rate; BMI, body mass index; BSA, body surface area; BUN, blood urea
nitrogen; BW, body weight; CL, clearance; Cldif, clearance between the central and cerebrospinal fluid compartments; CrCl, creatinine clearance; CRP, C-reactive protein;
CRRT, continuous renal replacement therapy; CrSe/SCr, serum creatinine; CSF, cerebrospinal fluid; ECMO, extracorporeal membrane oxygenation; eGFR, estimated
glomerular filtration rate; ER, effluent rate; GOF, goodness-of-fit; HVHF, high-volume hemofiltration; IBW, ideal body weight; MV, mechanical ventilation; NPDE, normalized
prediction distribution errors; OFV, objective function value; P, prediction interval; PRED, population-predicted concentration; Qb, blood flow rate; SOFA, Sequential Organ
Failure Assessment; SDpop, population standard deviation; SPE, standardized prediction error; TBWY, total body weight; UFR, ultrafiltration rate; UV, urine volume; V, volume
of distribution; VPC, visual predictive check; WCC, white cell count; WRES, weighted residuals.

whereas Bang developed a three-compartment model in the setting of target-controlled infusion.'®'""'* This pattern is
consistent with broader methodological reviews indicating that model structure in critically ill patients is shaped not only

by software choice, but also by sampling density, renal support modality, and covariate quality.>*>!

Clearance

Vancomycin clearance showed substantial between-study variability in critically ill adults, with typical values ranging
from 1.19 to 4.58 L/h. Renal function remained the most consistent determinant of clearance, and several models
identified CrCl as the dominant covariate, with higher CrCl generally associated with higher vancomycin
clearance.®'*'*'> However, creatinine-based estimates should be interpreted cautiously in critical illness because renal
function is often unstable and serum creatinine may lag behind real-time changes in elimination.”* More recent evidence
also suggests that cystatin C-based eGFR may improve prediction of vancomycin renal clearance in some settings,
although this still requires confirmation in ICU populations.*

In patients receiving renal replacement therapy, treatment-related factors further contributed to clearance variability.
Wang reported that increasing CRRT intensity was associated with increased clearance, whereas Escobar identified HVHF
intensity as the only significant determinant of clearance, with values reaching 2.7 L/h under the highest filtration
intensity.”'* Bang also reported lower clearance in patients older than 65 years.'" Taken together, these findings suggest
that vancomycin clearance in critically ill adults reflects both patient-specific renal function and treatment-related extra-
corporeal support, as also highlighted in broader evaluations of vancomycin dosing models in adults receiving renal
replacement therapy.?'* The effect of each covariate on clearance is shown in Figure 2. Figures 2 and 3 do not present
absolute parameter estimates from individual studies. Instead, each retained covariate effect was normalized to a study-
specific reference value, thereby facilitating qualitative comparisons to identify differences in the direction and magnitude
of relative effects across studies. The numerical information underlying the relative effect ratios shown in Figures 2 and 3
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Figure 2 Study-specific relative effects of retained covariates on vancomycin clearance in critically ill adults. For each study, the typical clearance value was normalized to |,
and the horizontal interval represents the modeled relative change associated with the predefined covariate contrast within that study rather than a statistical confidence
interval. Green lines denote renal-function-related covariates, pink lines denote organ-support-related covariates, and blue lines denote other modifiers. Open circles
indicate studies that should be interpreted with additional caution because the included population differs from the general ICU setting. CrCl indicates creatinine clearance;
UV indicates 24-hour urine volume; MV indicates mechanical ventilation; HVHF indicates high-volume hemofiltration; CRRT indicates continuous renal replacement therapy.
Not all retained covariates identified across the reviewed studies are displayed in this panel. Covariates were preferentially included when the final model structure,
covariate definition, and clinically interpretable contrast range could be reconstructed with sufficient confidence from the available source data. Reference numbers are
shown as superscript Arabic numerals following the study names. Because retained covariates for clearance were more consistently defined across studies, a forest-style
comparison was constructed for clearance only. A comparable plot was not generated for distribution-related parameters because the retained covariates were fewer and
structurally heterogeneous across models (eg, V, VI, V3, TBW, IBW, and CrSe), which limited direct comparability.

including study-specific reference values, covariate ranges, and calculated ratios is provided in Tables S2 and S3,
respectively.

Volume of Distribution

In critically ill patients, capillary leak, inflammation, and fluid resuscitation can expand the extracellular fluid compart-
ment and contribute to a relatively large apparent volume of distribution. Across the included studies, typical V estimates
ranged from 29.2 to 107 L.>'?

Body-size descriptors were the most consistent covariates for V. Roberts identified total body weight (TBW) as a key
determinant, with V increasing in proportion to body weight.'> Most studies likewise used TBW as the primary size
descriptor, although Bang found that ideal body weight (IBW) reduced model variability, suggesting that the most
appropriate size metric may vary by population and model structure.'' Studies with denser sampling, such as those by Vu
and Escobar, were also better able to characterize distributional phases through two-compartment models.'*'*

Model evaluation was most commonly based on bootstrap analysis, with visual predictive checks (VPC) and related
predictive diagnostics also widely reported. External validation was performed in selected studies, including those by

Wang, Medellin-Garibay, Revilla, and Donadello.”!315:1¢
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Figure 3 Study-specific relative effects of retained covariates on vancomycin distribution-related parameters in critically ill adults. For each study, the typical distribution-
related parameter value was normalized to |, and the horizontal interval represents the modeled relative change associated with the predefined covariate contrast within
that study rather than a statistical confidence interval. The panel highlights the most directly comparable body-size-related covariates retained across the included models.
Additional distribution-related effects reported in some studies were not displayed in the main panel to preserve readability and comparability. Reference numbers are
shown as superscript Arabic numerals following the study names.

This remains important in critically ill populations, where differences in renal support, sampling strategy, and case
mix may limit model transportability across cohorts.”' The study-specific relative effects of retained covariates on
vancomycin distribution-related parameters in critically ill adults are shown in Figure 3.

Discussion

This review aimed to summarize and identify key factors influencing vancomycin pharmacokinetics. By comparing
published PopPK models, this review aimed to clarify the main sources of pharmacokinetic variability and their
implications for precision dosing in different groups of critically ill patients.

A total of twelve PopPK analyses were included. These covered studies were published between 2010 and 2023. For
modeling software, NONMEM was the most widely used tool. In contrast, for studies involving target-controlled
infusion (TCI) or intensive sampling, two or three-compartment models proved to more accurately describe intercom-
partmental drug distribution. The estimated CL and V varied markedly across different target populations (Table 4). The
included studies were predominantly prospective or retrospective analyses focusing on specific subgroups, such as
critically ill patients with sepsis, acute kidney injury (AKI) receiving CRRT or HVHF. It is noteworthy that limited
sample sizes and potential issues with sample representativeness may have constrained the ability of some studies to
identify significant covariates.

Core Advantages of NONMEM-Based Modeling

This review deliberately restricted study inclusion to population pharmacokinetic analyses developed using nonlinear
mixed-effects modeling in NONMEM. NONMEM remains one of the most established and widely used platforms for
population pharmacokinetic analysis and clinical pharmacometrics settings.* Clarifying the methodological rationale for
focusing on NONMEM is therefore important to the foundation of the present review.

In ICU settings, clinical pharmacokinetic data are often limited in sampling density and are accompanied by marked
interindividual variability related to fluctuating renal function, fluid resuscitation, and organ support. Under such
conditions, first-order conditional estimation with interaction (FOCE-I), as implemented in NONMEM, remains
a commonly used and interpretable estimation approach, although its advantages are not absolute across all data
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structures.”” Compared with SAEM-based platforms, the main strengths of NONMEM lie less in universal statistical
superiority and more in its long history of application, accumulated practical experience, and mature diagnostic and post-
processing workflow.?°

At the same time, alternative approaches also have value. For example, Pmetrics, which uses a nonparametric
adaptive grid algorithm, may be more sensitive to multimodal distributions or atypical subpopulations and can be
informative when log-normal parameter assumptions are difficult to justify.*> In practice, parametric and nonparametric
methods serve different purposes. For most routine PopPK analyses, parametric platforms remain more mature in model
interpretation, covariate evaluation, and standard reporting workflows, whereas nonparametric approaches may provide
complementary information when latent subgroups or unusual parameter distributions are suspected.”

Another practical advantage of NONMEM is the breadth of its surrounding tool ecosystem, including widely used
post-processing and diagnostic tools such as PsN and Xpose, which support internal evaluation procedures including
bootstrap resampling, visual predictive checks, and numerical predictive checks.”>?’ From the perspective of
a systematic review, this methodological consistency improves comparability across studies. It also helps explain why
NONMEM-based models, including those reported by Roberts, Wang, and others, have been particularly useful in
identifying clinically relevant covariates in critically ill populations, such as CRRT intensity, residual urine output, and

mechanical ventilation, within a relatively coherent analytic framework.”'?

Marked Between-Study Variability in Clearance and Volume of Distribution

The 12 studies included in this review showed substantial between-study variability in vancomycin population pharma-
cokinetic parameters. Typical clearance values ranged from approximately 1.19 to 4.58 L/h, whereas apparent volume of
distribution ranged from 29.2 to 107 L. These differences are unlikely to reflect random variation alone. Rather, they
probably arise from heterogeneity in patient pathophysiology, organ support strategies, and model-building approaches.

Systematic Differences in Renal Function Estimation and Sampling Strategy

One important source of clearance variability is the lack of uniformity in the way renal function was quantified across
studies. As a hydrophilic drug eliminated predominantly by glomerular filtration, vancomycin clearance is closely linked
to renal function. In studies such as those by Kovacevic and Medellin-Garibay, CrCl was primarily estimated using
conventional formula-based approaches such as the Cockcroft-Gault equation.®'* However, in the ICU, marked muscle
wasting, aggressive fluid resuscitation, and the delayed response of serum creatinine during acute kidney injury can all
reduce the reliability of estimated GFR derived from CG, MDRD, or CKD-EPI equations.

By contrast, the Roberts model used 24-hour urine collection to determine CrCl, which in theory better reflects
dynamic renal elimination than a single serum creatinine-based estimate.'? That model also reported a comparatively
high typical clearance and later showed relatively favorable predictive performance in external evaluation. Still, this
should not be attributed solely to the method used to quantify renal function, since study population, dosing strategy, and
model structure may also have contributed to its performance.

Organ Support and Extracorporeal Clearance

Organ support interventions, especially renal replacement therapy, represent another major source of clearance variability
across studies. In the study by Wang, CRRT intensity emerged as an important covariate affecting vancomycin clearance,
suggesting that increases in ultrafiltration and dialysate flow are associated with increased systemic clearance.’ Escobar
further examined patients with refractory septic shock undergoing high-volume hemofiltration, with exchange rates as
high as 100—123 mL/kg/h, and reported vancomycin clearance values approaching 2.7 L/h under these conditions.'* Dose
simulations suggested that substantially higher regimens, such as 1000-1500 mg every 12 hours, might be needed to
maintain minimum target concentrations in that setting.'* Not all extracorporeal support systems, however, increase
clearance to the same extent. Yu showed that in patients receiving CRRT, 24-hour residual urine volume could explain
interindividual variability in clearance better than machine settings alone.'® This finding implies that models based only
on extracorporeal treatment parameters may have limited generalizability if residual renal function is not taken into
account. Similarly, Medellin-Garibay reported that mechanical ventilation was associated with an approximately 20%
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Table 4 A Summary of Final Models, Fixed and Random Effect Models Described in the Included Studies

Reference CL (L/h) VvV (L) Veor
Formula Parameter Value CLpop (L/h) Formula Parameter Value
T. Kovacevic® CL(L/h) =0cyc1x CrCl+0cires Ocict 0.024 3.37 V(L) =0.511 x Weight Oy 0.511 40.9
OcLRrES 1.93
Wang9 CL = CLpop - (g’_ST )"+]TY -p WT 0.797 1.19 V=Vpop Veor 107 107
ITY 0.0325
Dinh H.Vu'® CL=0cL X RFP- 5 exp(ney ;) Opcr_rr 1.01 3.63 V13i=0y1 % exp(iy, ;) Ovi 1.01 34 L kg
Vai=62x exp(iny2,) Ova 2.39
Bang JY"' CI(L/min) =61 ageses+ 222 . Oy Bt Age<s 0.0349 NR Vi (L) =6y, +(1BY frrm Oy, 4.04 63.24
CI(L/min) =0cs age<es+ 2" % Ocy i Octwe 0.0271 Va(L) =6y, Ov, 16.6
Oc1,Age>65 0.0143 V(L) :0V3+(% )9\’3-“3“‘ Oy, 42.6
Roberts'? CL = 4.58x CLCR ¢, 6, 458 46 V(L) =6,x TBW 0, 1.53 1.5 Likg
Medellin-Garibay' CL(L/h) =6, x (SLex 6, 2.86 2.7 V(L) =6,x TBW 0> 1.03 765
CL(L/h) = x (Seee 1 x 64 O 0.80
Escobar L' TVCL =0, - (HVHE TVCL 2.7 2.7 V=V+V, v, 1.9 29.2
A 17.3
Udy AA'"° CL =6¢; CL 2.9 2.9 V =6y x Weight Oy 0.8 0.8L/ kg
Revilla'® CL (mL -min™" - kg™') = 0.67 - CLc,+AGE™ "% 6, 0.67 4.64 V=6 -6} 63 0.82 249
6, -0.24 6, 2.49
A A
Donadello'® TVCL = CL x CLcrrrx CLyocrrr® 6, 37 37 Ve =6, 64 318 318
6, 0.6
6; 1.0
Jalusic'” TVCl =0 - (9 f Ocr 5.15 5.15 Vi=0vi Oy 41.13 41.13
Ocicr 0.407
Yu'® CL = 1.05 . 1.904%22 Oct 1.05 1.05 V=69.0 \ 69.0 69.0
Buv-cL 1.90

Notes: CL terms are presented in L/h. Volume terms are presented as reported in the original studies; some were reported in L and others in L/kg. CLPOP and VPOP denote the typical population values and are not directly comparable
across studies unless the same covariate assumptions are applied. a fixed non-renal residual component (1.93 L/h). Specific study notes: The final formulas are shown in the table, representing a linear sum of a CrCl-dependent renal
fraction (contributing 0.024 L/h per unit of CrCl) and a. Revilla (2010): A was coded according to CrSe. A is defined as a dichotomous covariate associated with serum creatinine (CrSe), where A = 0 for CrSe < | mg/dL and A = | for

CrSe > | mg/dL. b. Donadello (2014): CLCRRT = | when CRRT was absent and CLNOCRRT = | when CRRT was present. c. Yu (2023): UV denotes 24-h urine volume and was the significant covariate on CL.

Abbreviations: AGE, age; CL, clearance; CrCl, creatinine clearance; CLCrCl, creatinine-clearance-dependent fraction of CL; CLRES, residual clearance; CLCRRT/CLNOCRRT, dichotomous clearance descriptors for CRRT status;
CLPOP, typical population clearance; Cldif, clearance between the central and CSF compartments; CrSe, serum creatinine; ECMO, extracorporeal membrane oxygenation; NR, not reported; UV, 24-h urine volume; V, volume of

distribution; V1/V2/V3, compartment volumes; Vc, central volume of distribution; VPOP, typical population volume of distribution.
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reduction in vancomycin clearance, possibly reflecting hemodynamic changes induced by positive-pressure ventilation.'?
In contrast, Donadello found no significant difference in either Vd or clearance between extracorporeal membrane
oxygenation (ECMO) and non-ECMO patients.'® One plausible explanation is that the severe underlying illness in
ECMO patients had already produced marked capillary leak and organ dysfunction, thereby attenuating the additional
pharmacokinetic impact of the extracorporeal circuit itself.

Structural Model Complexity and Distributional Heterogeneity

Variability in volume of distribution is also likely related to differences in sampling design, structural model selection,
and disease-related changes in tissue distribution. Most one-compartment models developed from sparse TDM data
provide only a global estimate of apparent distribution volume. In addition, reported V values are not always directly
comparable, because some studies expressed V in liters, whereas others reported V normalized to body weight.

By contrast, studies with denser sampling, such as those by Vu and Escobar, used two-compartment models that
allowed central and peripheral distribution volumes to be distinguished.'®'* Jalusic went further by developing a three-
compartment model in patients with ventriculitis associated with external ventricular drainage and found that
cerebrospinal fluid lactate was associated with the parameter governing central-CSF distribution.'” This suggests
that local inflammatory status may influence vancomycin penetration into the central nervous system. Even so, such
findings were obtained in a specific infection phenotype and should be extrapolated to the general ICU population with
caution.

Age

Age was retained as a covariate in some vancomycin population pharmacokinetic models, but it should be interpreted
together with renal function, body size, comorbidity burden, and exposure monitoring. In the included studies, Bang
found that age improved the clearance model more clearly when it was handled as a categorical covariate with a cutoff of
65 years than when it was treated as a continuous variable.!' Revilla also retained age as a predictor of clearance, which
supports age as a real but not dominant covariate.'”

On this basis, >65 years versus <65 years is a reasonable threshold for discussion in this review, and it fits the elderly
literature better than a cutoff of 60 years.”®>° Even so, age should not be used on its own for dose selection.

Broader literature suggests that age mainly matters because it tracks with changes in renal function, body composi-
tion, and the limits of creatinine-based renal estimates. In older adults, these factors can lower vancomycin clearance and
make exposure less predictable.>*>!

Earlier comparative studies also reported lower clearance, longer half-life, and lower dose requirements in elderly and
very elderly patients.”®*’

By contrast, younger critically ill adults are more likely to have augmented renal clearance, which increases the risk
of underexposure under standard dosing regimens.**-*

Clinically, patients younger than 65 years should be assessed for ARC-related underexposure, whereas those 65 years
or older need closer monitoring for overexposure and nephrotoxicity, especially when trough concentrations are already
high or AUC is approaching the upper end of the target range.’*>> Age stratification is useful, but dose selection still

needs to be individualized with renal function, body weight, albumin, and TDM or MIPD-guided reassessment.

Mechanical Ventilation

In the model by Medellin-Garibay, mechanical ventilation was retained as a covariate on clearance, possibly because
ventilation-associated changes in cardiac output and renal perfusion influence vancomycin elimination.'* A plausible
physiological explanation is that positive-pressure ventilation, especially at higher levels of PEEP, may reduce venous
return and increase right ventricular afterload, ultimately lowering cardiac output and secondarily renal blood flow.*®’
This may help explain why mechanically ventilated critically ill patients can show lower vancomycin clearance and
greater uncertainty in early exposure. Dose individualization in this setting should therefore rely on early TDM and,

when available, MIPD rather than on fixed empirical maintenance regimens alone.®*° Although fluid shifts and
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capillary leak may also expand apparent volume of distribution in some ventilated ICU patients, the more consistent
signal in the available PopPK literature concerns clearance rather than volume of distribution.

Sex

Across the included ICU PopPK studies, sex was not consistently retained as an independent covariate for vancomycin
pharmacokinetics. In the Mangin model externally evaluated by Guo et al, male sex was associated with higher clearance
than female sex, suggesting a possible sex-related difference in elimination in that specific model.*° However, in most
other models assessed in the same analysis, including those by Udy, Roberts, and Medellin-Garibay, sex was not retained
as a key determinant of clearance.'>'*"' This inconsistency suggests that any apparent sex effect is unlikely to represent
a stable and generalizable biological determinant across critically ill populations.

In some models, sex may instead contribute indirectly through body size descriptors such as ideal body weight, rather
than acting as a standalone pharmacokinetic covariate.'' Overall, current evidence does not support sex as a universal
basis for vancomycin dose adjustment in critically ill adults, and any potential effect should be interpreted together with
stronger determinants such as renal function and body size.

Liver Function Indices

Compared with renal function, CRRT intensity, and residual urine output, liver function indices have not emerged as
stable and reproducible independent covariates in existing ICU vancomycin PopPK studies. In the studies included in this
review, models such as those by Kovacevic and Medellin-Garibay evaluated liver enzymes or related biochemical
variables, but these were not retained in the final models.*'> This suggests that, in the critically ill setting, the
contribution of routine hepatic markers to explaining vancomycin clearance and distribution is generally weaker than
that of renal function, body weight, and organ support-related variables.

Mechanistically, this is not unexpected. Vancomycin is primarily eliminated through the kidneys, and hepatic function
contributes only modestly to total drug clearance. As a result, variables such as ALT, AST, or bilirubin are often
overshadowed by stronger determinants such as renal function and hemodynamic status in ICU models.*'*** That said,
hepatic dysfunction should not be regarded as irrelevant. A more balanced interpretation is that liver dysfunction is more
likely to affect vancomycin pharmacokinetics indirectly than to act as a stable direct covariate in final PopPK models.
Severe liver disease or inflammation-related hepatic impairment is often accompanied by hypoalbuminemia, fluid shifts,
and circulatory abnormalities, all of which may increase uncertainty in the distribution of hydrophilic drugs and weaken
the interpretability of total drug concentrations.*®

In addition, broader evidence from PopPK studies of antimicrobials in critically ill adults suggests that the variables
most consistently retained in ICU models remain CrCl or GFR, body weight, urine output, renal replacement therapy, and
albumin, whereas liver-related variables are reported and retained less frequently.** Taken together, the current evidence
does not support using routine hepatic function indices as core determinants for vancomycin dose adjustment in ICU
patients. However, in patients with marked hypoalbuminemia, severe hepatic phenotype, or multiple organ dysfunction,
greater reliance on early TDM and MIPD is still warranted, since empirical dosing alone may underestimate exposure

variability.***

Hypoalbuminemia and Expansion of the Apparent Volume of Distribution
Hypoalbuminemia deserves discussion in critically ill patients because it often appears alongside severe infection, fluid
resuscitation, and capillary leakage, all of which can complicate the interpretation of vancomycin exposure. Within the 12
included NONMEM studies, however, direct support for albumin as a stable independent covariate was limited. Albumin
was considered during covariate screening in some studies, including those by Wang, Bang, and Revilla, but it was not
retained in their final models, which instead favored variables such as body weight, CRRT intensity, CrCl, age, or serum
creatinine.”''"'> Taken at face value, the included studies do not support a uniform conclusion that albumin itself is
a robust determinant of vancomycin clearance or distribution across ICU PopPK models.

Beyond the included studies, broader pharmacokinetic literature suggests that hypoalbuminemia may still influence
vancomycin exposure in several ways. External reviews and mechanistic discussions have proposed that lower albumin
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concentrations can alter protein binding, increase the unbound fraction, and make total concentrations harder to interpret,
especially in unstable ICU settings.*> Other external studies have also linked hypoalbuminemia to extravascular fluid
shifts, net albumin leakage, and third-space expansion, which may increase the apparent volume of distribution of
hydrophilic agents during severe infection or aggressive resuscitation.*>**® These external data help explain why albumin
remains clinically relevant, but they should be interpreted as supportive rather than definitive in the context of this
review.

Studies by Wang and Revilla have found that altered internal homeostasis, fluid imbalance, and severe illness can
expand the apparent volume of distribution, but they did not establish albumin as the main driving factor.”'
Accordingly, this review can only cautiously conclude that hypoalbuminemia may contribute to variability in volume
of distribution and to difficulty interpreting total vancomycin concentrations in selected ICU settings, but its role appears
less consistent than that of renal function, body weight, or extracorporeal support variables. Clinically, the main
implication is not that albumin alone should guide dosing, but that patients with marked hypoalbuminemia and fluid
shifts may require closer early TDM and, where available, MIPD-supported individualization to avoid misleading
reliance on fixed empirical dosing.

Integration of MIPD Tools and Bayesian Posterior Estimation

As emphasized in both the abstract and conclusion of this review, identifying the main determinants of vancomycin
pharmacokinetics in critical illness is ultimately intended to support model-informed precision dosing. Since publication
of the 2020 ASHP/IDSA/PIDS/SIDP consensus guideline, vancomycin monitoring has progressively shifted away from
simple trough-based adjustment toward an exposure-based strategy targeting an AUC24/MIC of 400-600. This shift is
particularly relevant in the ICU, where rapid changes in renal function, fluid balance, and organ support often make
single trough concentrations an unstable surrogate for true exposure.*’

Within this context, bayesian forecasting has become one of the main technical foundations of MIPD. Rather than
relying on a single observed concentration in isolation, bayesian approaches use a population pharmacokinetic model as
the prior distribution and then update that model using individual patient covariates and measured drug concentrations to
generate posterior exposure estimates that better reflect the patient’s actual clinical state.’” Unlike conventional
approaches that usually wait until steady state before using trough measurements for dose adjustment, bayesian methods
can integrate one or two early concentration samples, even before steady state is reached, to estimate AUC and predict
future concentration trajectories. This has practical value in critically ill patients, in whom disease progression may be
rapid and the therapeutic window is narrow.”>=®

From a clinical perspective, the value of MIPD lies not in replacing clinical judgment, but in improving the timeliness
and interpretability of early dosing decisions. Available studies suggest that bayesian posterior estimation can improve
prediction of vancomycin exposure and increase the likelihood of achieving target exposure.”>*%*® For example, in
a prospective ICU cohort, bayesian posterior estimation reduced prediction error substantially compared with prior-only
or rule-based approaches, with RMSE decreasing from 45%—68% to 27%-37%."* These findings suggest that, in
critical illness, MIPD can serve as a practical link between population modeling and bedside individualization, especially
in patients with rapidly changing renal function or those receiving CRRT or mechanical ventilation, where standard
empiric dosing is often inadequate.

Nonetheless, the success of MIPD depends heavily on the suitability of the prior model, the quality of the input data,
and the timing of concentration sampling. Bayesian tools do not eliminate model bias. If the prior model is poorly
matched to the target population, or if measured concentrations are affected by timing errors, predictive performance may
still be compromised.>*® Future progress in precision dosing for vancomycin in critically ill patients will therefore
depend not only on wider use of bayesian software, but also on continued refinement of ICU-specific PopPK models,

stronger external validation, and closer integration of early TDM, bedside clinical assessment, and MIPD platforms.>%°

Limitations
Several limitations should be acknowledged. This review was limited to English-language studies and to models
developed with NONMEM, so relevant vancomycin population pharmacokinetic studies using other platforms or
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identified through other sources may have been missed. In addition, only 12 studies met the inclusion criteria, and most
were single-center retrospective studies with relatively small or selected patient cohorts. The included studies also
differed considerably in both clinical setting and methodology, including patient case mix, renal support modality, dosing
approach, sampling strategy, structural model, and covariate definition. This degree of heterogeneity makes direct
comparison of parameter estimates difficult and does not allow quantitative synthesis. External validation was also
uneven across studies, and only a limited number of reports linked model performance to clinically relevant outcomes
such as target attainment, efficacy, or nephrotoxicity. For these reasons, the findings of this review should be regarded as
a qualitative summary of the current NONMEM-based literature in critically ill adults rather than as support for a single
preferred model or dosing algorithm.

Conclusion

This systematic review shows that vancomycin pharmacokinetics vary markedly in critically ill adults, shaped by organ
dysfunction and the changing effects of extracorporeal support. The main clinical message is not just that individual
covariates matter, but that fixed empiric dosing is often inadequate in ICU patients. Improving target attainment while
limiting toxicity will likely require a shift away from traditional trough-based adjustment toward model-informed
precision dosing (MIPD). In practice, this means combining pragmatic population models, including simple one-
compartment models suitable for sparse data, with early therapeutic drug monitoring and bayesian forecasting at the
bedside. At the same time, the current evidence base remains limited by retrospective study designs, small sample sizes,
and limited external validation. Future work should therefore focus on larger multicenter prospective datasets, stronger
external validation in specific ICU subgroups such as ECMO and continuous renal replacement therapy, and clinical
studies testing whether bayesian MIPD improves patient-centered outcomes.
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