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How to dose vancomycin in

overweight and obese patients
with varying renal (dys)function

in the novel era of AUC
400-600 mg·h/L-targeted dosing

This chapter is based on  Zhang T, et al. How to dose vancomycin in overweight and obese patients with varying renal
(dys)function in the novel era of AUC 400-600 mg·h/L-targeted dosing. Clin Pharmacokinet. 2023 Nov 16.
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ABSTRACT

Background and Objective
The latest vancomycin guideline recommends area under the curve (AUC)-targeted
dosing and monitoring for efcacy and safety. However, guidelines for AUC-targeted
starting dosing in patients with obesity and/or renal insufciency are currently lacking.
This study quantifes the pharmacokinetics (PK) of vancomycin in this population and
provides AUC-targeted dosing recommendations.

Methods
Vancomycin concentrations (𝑛 = 1188) from therapeutic drug monitoring of 210 over-
weight and obese patients with varying degrees of renal (dys)function from the ward
(74.8%) and intensive care unit (ICU, 25.2%) were pooled with published rich concen-
tration-time data (𝑛 = 207) from 20 (morbidly) obese subjects undergoing bariatric
surgery. A population model was developed using NONMEM 7.4. Stochastic sim-
ulations were performed to design dosing guidelines targeting an AUC24 between
400∼600 mg⋅h/L.

Results
Vancomycin clearance (𝐶𝐿) was found to increase linearly with total bodyweight and
with renal function (CKD-EPI) in a power relation. Additionally, 𝐶𝐿 proved 15.5%
lower in ICU patients. Our model shows that, to reach the target AUC between 400
and 600 mg⋅h/L in the first 48 h, two loading doses are required for both continuous
infusion and intermittent dosing regimens. Maintenance doses were found to require
adjustment for total bodyweight, renal function, and ICU admission status. With this
guideline, the median AUC24 is well within the target from the start of the treatment
onwards.

Conclusions
To achieve safe and effective vancomycin exposure for maintenance doses in over-
weight and obese patients, renal function, total bodyweight, and ICU admission status
should be taken into account.
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4.1 Introduction

O besity is a global epidemic, with a prevalence nearly tripling over the last five
decades [1]. The World Health Organization (WHO) reported that approxi-

mately 39% of the global adult population are overweight [body mass index (BMI)
≥ 25 kg/m2] and about 13% are obese (BMI ≥ 30 kg/m2) [2]. Increasing numbers of
patients with obesity with or without renal insufficiency are admitted to the hospi-
tal or develop renal insufficiency during hospital stay. These patients run the risk of
getting severe bacterial infections for which antibiotic therapy is required.

Vancomycin is frequently used to treat severe infections caused by Gram-positive bac-
teria [e.g., methicillin-resistant Staphylococcus aureus (MRSA)]. For patients receiving
vancomycin therapy, therapeutic drug monitoring (TDM) based on trough concentra-
tion was until recently commonly used as a surrogate target for the ratio of area under
the curve over 24 h and minimal inhibitory concentration (AUC24/MIC) [3]. How-
ever, the latest consensus guideline of vancomycin, published in 2020, recommends
using the direct target of AUC24 of 400∼600 mg·h/L (assuming a MIC of 1 mg/L) to
ensure clinical efficacy and minimize toxicity for various infections [4]. This revi-
sion is based on the evidence that the trough concentration is insufficient to predict
AUC in at least 25% of cases, resulting in an overestimation of the required dose and
a corresponding rise in vancomycin exposure for patients [5]. In addition, evidence
also reveals that the AUC-targetedmonitoringmethod is associated with significantly
less vancomycin-induced acute kidney injury than a trough concentration-based ap-
proach. [6]

The new guideline also strongly recommends AUC-targeted dosing and monitoring
in patients with obesity, renal insufficiency, or critical illness, since these conditions
may significantly alter vancomycin clearance (𝐶𝐿) and increase the risk of nephrotox-
icity if the dosage is not modified [4]. A recent prospective study of obese individuals
weighing up to 235 kg and without renal insufficiency from our group quantified
the increase of vancomycin 𝐶𝐿 with bodyweight, confirming reports of other studies
showing vancomycin clearance increases with bodyweight [7–10]. However, this
study did not consider overweight and obese individuals with renal dysfunction, who
may have lower 𝐶𝐿 than those without renal dysfunction. To propose starting doses
leading to target AUC and reduce the need for TDM-based dosage adjustments, quan-
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tification of vancomycin pharmacokinetics (PK) in patients who are overweight or
obese with varying levels of renal (dys)function is urgently needed.

This study uses population PK modeling to quantify the PK of vancomycin in a repre-
sentative clinical population of overweight and (morbidly) obese patients with vary-
ing degrees of renal (dys)function. Using the developed model, AUC-targeted dosing
recommendations are designed to obtain effective and safe vancomycin exposures
from treatment initiation onward.

4.2 Patients and methods

4.2.1 Patients and data

Model building was based on the data from two datasets. The first dataset (patient
dataset) contained retrospective PK data and patient characteristics extracted from
electronic health records of St. Antonius Hospital in the Netherlands. Patients were
included in this analysis when they 1)were overweight or obese (BMI ≥ 25 kg/m2), 2)
received vancomycin as a continuous infusion or intermittent dosing and had at least
one vancomycin plasma concentration measurement within 168 h after the last dose,
and 3) had regular serum creatinine measurements across vancomycin treatment. Pa-
tients could be admitted to theward or ICU andwere excluded if they received renal re-
placement therapy during vancomycin treatment. Vancomycin was administered ac-
cording to protocols for routine clinical practice, including TDM-based initial dosage
and dose adjustments. The second dataset (healthy obese dataset) was obtained from
the AMIGO trial, a prospective PK study that has been published previously [7]. Data
from 20 (morbidly) obese (BMI ≥ 35 kg/m2) subjects undergoing bariatric surgery
were included in the analysis. All individuals had normal renal function defined as
an estimated glomerular filtration rate (eGFR) ≥ 60 mL/min/1.73 m2. Subjects from
this study were all dosed with 12.5 mg/kg vancomycin (maximum 2500 mg) by single
intravenous infusion. Rich sampling was performed, yielding a median number of 11
samples per individual within 24 h after infusion.

In both datasets, vancomycin concentrations were measured with a validated and
commercially available immune assay (VANC3) using Cobas platforms (Roche Diag-
nostics GmbH, Mannheim, Germany). The lower limit of quantification was 4 mg/L
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and the upper limit of quantification was 80 mg/L. The coefficient of variation was ≤
4.4.

4.2.2 Ethics

For the first TDMdataset that was obtained during routine clinical care in the hospital,
the Institutional Review Board (IRB) approved the protocol and waived the require-
ment of informed consent. The second dataset was part of the AMIGO trial, which
was approved by the local human research and ethics committee (registered in the
Dutch Trial Registry [NTR6058]) and all participants provided informed consent. All
studies were conducted in accordance with the Declaration of Helsinki and the Inter-
national Conference on Harmonization Guidelines in Good Clinical Practice.

4.2.3 Population pharmacokinetic analysis

A population PK analysis was performed using NONMEM 7.4 (ICON Development
Solutions, Hanover, MD, USA). Pearl-speaks-NONMEM (PSN) 4.9.0 [11], Pirana 2.9.7
(Certara USA, Inc, Princeton, USA) [12], and R 4.0.3 (Xpose4 package 4.7.1) were used
to organize, evaluate, and visualize data. ADVAN11 TRANS4 subroutine with the
first-order conditional estimation method with interaction was used.

The structural model was selected from one-, two-, and three-compartment candidate
models. Inter-individual variability on the parameters was assumed to follow a log-
normal distribution and tested for statistical significance on each parameter. Inter-
occasion variability (𝐼𝑂𝑉 ) was investigated. Additive, proportional, and combined
error models were tested to describe residual unexplained variability. For model se-
lection, a drop in objective function value (𝑂𝐹𝑉 , −2 log-likelihood) of more than 3.84
was considered statistically significant (𝑝 < 0.05, assuming a 𝜒 2 distribution).

Covariates that were considered in the analysis were age, sex, bodyweight-related
descriptors (including total bodyweight [TBW], lean bodyweight [LBW], adjusted
bodyweight [ABW], ideal bodyweight [IBW], and BMI), and renal function estimates
(quantified usingCockcroft-Gault calculatedwith LBW [CG-LBW] or TBW[CG-TBW],
modification of diet in renal disease [MDRD], or chronic kidney disease epidemiol-
ogy collaboration [CKD-EPI]). MDRD and CKD-EPI de-indexed for body surface area
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(BSA) were also tested. The equations for calculating bodyweight descriptors and
renal function can be found in Supplementary Table S4.1. ICU admission status,
indicating whether a patient was admitted to ICU, was also explored as a covariate.
Potential covariates were implemented into the model separately using a linear func-
tion or a power function with an estimated exponent. A covariate relationship was
considered statistically significant when 𝑂𝐹𝑉 dropped more than 10.83 (𝑝 < 0.001).
The model fits were assessed using goodness-of-fit (GOF) plots stratified for the BMI
group (overweight [BMI 25∼30 kg/m2] and obese [BMI > 30 kg/m2]), stratified for
the estimated renal function group (CKD-EPI < 30, 30∼50, 50∼90, > 90 mL/min/1.73
m2) and ICU admission status. Plots of individual influence on change in 𝑂𝐹𝑉 (also
known as shark plots) in Xpose 4 were used to ascertain that statistical significance
was driven by a sufficient number of individuals and it was checked that the inclusion
of a covariate reduced the random inter-individual variability on a parameter [13].
In addition, covariate relationships were visually inspected in plots of eta value ver-

sus individual covariate value for time-independent covariates, conditional weighted
residuals (CWRES) versus individual covariate value for time-dependent covariates,
and individual post hoc parameter estimates versus covariate value overlain with lines
representing the obtained covariate relationships, with the stratifications previously
mentioned. Finally, relative standard errors of estimates (RSE) were considered to
indicate adequate precision if they were below 50%.

4.2.4 Model evaluation

In addition to the diagnostic plots used during model development, the robustness of
the parameter estimates of the final model was validated by a bootstrap resampling
analysis using PsN [12], with 1000 replicates stratified on the two datasets.

The predictive performance of the final model was assessed and visualized by a nor-
malized prediction distribution error (NPDE) analysis using the NPDE package in R
[14]. The analysis was based on 1000 simulations of the dataset.
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4.2.5 Model-based dose optimization

On the basis of the obtained covariate relationships in the final model and clinical fea-
sibility, AUC-targeted dosing recommendations for continuous infusion and intermit-
tent dosing regimen were developed, which were assessed in stochastic simulations
using the final vancomycin PK model. For representative virtual individuals with
assigned values of indexed CKD-EPI (20, 40, 60, 80, and 100 mL/min/1.73 m2), body-
weight (80, 120, 160, and 200 kg), and ICU admission status (non-ICU versus ICU),
1000 simulations with inter-individual variability were performed. The target expo-
sure for efficacy was defined as AUC24/MIC ≥ 400 mg⋅h/L. An AUC24/MIC threshold
of 600 mg⋅h/L was selected as the safety limit to minimize the probability of nephro-
toxicity according to the literature [15–17]. Since the MIC was assumed to be 1 mg/L
in this study, AUC24/MIC is abbreviated as AUC24 for simplicity. Therefore, optimal
dose regimens should achieve the target AUC24 from the first day of dosing onward.
To explore the concentrations that are obtained upon these AUC24 400∼600 mg⋅h/L
targeted dosing recommendations, concentration-time profiles for the different body-
weight and renal function groups were also explored.

4.3 Results

4.3.1 Data

A total of 1188 concentrations were available from 210 overweight and obese hospi-
talized patients, which were analyzed in conjunction with 207 concentrations from 20
morbidly obese healthy subjects. Of the 1188 concentrations, 11 were peak and 416
were trough concentrations taken upon intermittent infusion, while 761 were random
samples taken upon the continuous infusion. A summary of baseline demographics,
clinical characteristics, and dosing information from the study groups is presented in
Table 4.1.

4.3.2 Population pharmacokinetic analysis

A three-compartment model outperformed both one- and two-compartment models,
exhibiting the best GOF plots. This model, which incorporated inter-individual vari-
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Table 4.1 Baseline demographics, clinical characteristics, and dosing information from the over-
weight and obese patients and otherwise healthy obese subjects undergoing bariatric surgery in-
cluded in the analysis

Parameters Overweight and
obese patients

Otherwise healthy
obese subjects [7] Total dataset

Number of individuals 210 20 230
Male/Female 133/77 7/13 140/90
Height (m) 1.73 (1.49∼1.97) 1.74 (1.59∼1.90) 1.72 (1.49∼1.97)
Age (years) 72 (33∼92) 39 (23∼54) 70 (23∼92)
ICU/non-ICU 53/157 0/20 53/177
TBW (kg) 90.1 (58.6∼143.0) 141.2 (110.6∼234.6) 91.8 (58.6∼234.6)
LBW (kg) 60.8 (36.5∼85.4) 65.1 (52.7∼104.2) 61.0 (36.5∼104.2)
ABW (kg) 76.1 (50.4∼106.0) 98.3 (75.1∼143.7) 77.0 (50.4∼143.7)
BSA (m2) 2.1 (1.6∼2.7) 2.5 (2.1∼3.3) 2.1 (1.6∼3.3)
BMI (kg/m2) 29.2 (25.0∼53.4) 45.3 (40.8∼65.7) 30.0 (25.0∼65.7)

25∼30 (no. of patients) 122 0 122
> 30 (no. of patients) 88 20 108

Serum creatinine (μmol/L) 84.0 (23.0∼748.0) 72.0 (41.0∼101.0) 84.0 (23.0∼748.0)
No. of serum creatinine per individual 11.0 (1.00∼91.0) 1 11.0 (1.00∼91.0)
CKD-EPI (mL/min/1.73 m2) 73.7(6.0∼154.9) 100.3 (70.3∼119.8) 74.5 (6.0∼154.9)

< 30 (no. of patients) 15 0 15
30∼60 (no. of patients) 60 0 60
60∼90 (no. of patients) 87 6 93
90∼130 (no. of patients) 46 14 60
> 130 (no. of patients) 2 0 2

De-indexed CKD-EPI (mL/min) 86.6 (6.5∼209.5) 142.4 (95.5∼221.8) 87.8 (6.5∼221.8)
MDRD (mL/min/1.73 m2) 71.5 (6.4∼304.1) 88.0 (61.9∼145.5) 72.6 (6.4∼304.1)
De-indexed MDRD (mL/min) 85.8 (6.9∼371.0) 128.7 (84.1∼207.4) 86.6 (6.9∼371.0)
CG-TBW (mL/min) 86.4 (9.6∼420.6) 208.9 (143.4∼432.1) 87.8 (9.6∼432.1)
CG-LBW (mL/min) 56.3 (6.9∼280.7) 107.0 (70.7∼192.0) 57.2 (6.9∼280.7)
Vancomycin dose (mg) 1250 (250∼3500) 690 (1400∼2500) 1250 (250∼3500)
Vancomycin dose (mg/kg) 13.6 (2.4∼36.6) 12.3 (10.7∼13.6) 13.6 (2.4∼36.6)
Treatment duration (h)𝑎 134.2 (7.52∼1407.8) 13.1 (4.5∼22.2)𝑏 112.8 (4.5∼1407.8)
No. of concentrations 1188 207 1395
No. of concentrations per individual 4 (1∼31) 11 (7∼12) 5 (1∼31)
Time after the last dose (h) 11.4 (0.02∼44.6) 4.7 (0.5∼22.2) 10.7 (0.02∼44.6)

Data are shown as median (range) unless specified otherwise
TBW total bodyweight, LBW lean bodyweight, ABW adjusted bodyweight, BSA body surface area, BMI body
mass index, CKD-EPI renal function calculated by chronic kidney disease epidemiology collaboration, MDRD
renal function calculated by modification of diet in renal disease, CG-TBW renal function calculated by Cockcroft-
Gault with TBW, CG-LBW renal function calculated by CG calculated with LBW For the equations of bodyweight
descriptors and renal function, see Supplementary Table S4.1
𝑎 Time between the first dose and the last observation
𝑏 Single dose infusion
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ability on 𝐶𝐿 and central volume of distribution (𝑉1), best described the data.

In the covariate analysis, indexed CKD-EPI gave the largest reduction in 𝑂𝐹𝑉 and
was identified as the most predictive covariate on 𝐶𝐿, with an estimated exponent in
a power relationship of 0.658 (𝑝 < 0.001). TBW was identified as the second covariate
on 𝐶𝐿, as it was significantly correlated with vancomycin 𝐶𝐿 in a linear function
(𝑝 < 0.001) and found to be superior to the other tested size descriptors. Furthermore,
ICU admission statuswas also significantly correlatedwith vancomycin𝐶𝐿 (𝑝 < 0.001),
with𝐶𝐿 in ICU patients being 15.5% lower than in non-ICU patients. For the volume of
distribution of the peripheral compartments and the inter-compartmental clearances,
a statistically significant correlation with TBWwas found (𝑝 < 0.001). However, since
for each parameter only three individuals (1.30%) were found to contribute to yielding
statistical significance, we decided not to include TBWas a covariate on the peripheral
compartments and intercompartmental clearances. No other covariates were found
to have a statistically significant impact on vancomycin PK in our population. The
PK parameters of vancomycin for the final model are presented in Table 4.2.

In the final model, 𝐶𝐿 was 3.36 L/h in a typical patient with a TBW of 100 kg and
indexed CKD-EPI of 75 mL/ min/1.73 m2. For a patient admitted to the ICU, this value
was 2.84 L/h. The influences of renal function (CKD-EPI), bodyweight (TBW), and
ICU admission status on 𝐶𝐿 are illustrated in Figure 4.1.

4.3.3 Model evaluation

The GOF plots of the final model, stratified on renal function (CKD-EPI), bodyweight
(TBW), and ICU admission status, are shown in Supplementary Figure S4.1. The
figure shows that observed vancomycin concentrations are described without bias in
all subpopulations, with the exception of the group with the worst kidney function
(CKD-EPI < 30 mL/min/1.73 m2) in which a small trend towards under-prediction can
be seen.

The bootstrap analysis (presented in Table 4.2) confirmed the robustness of the pa-
rameter estimates in the final model. Bootstrapped median values generally devi-
ated less than 10% from the original estimate and all originally estimated values were
within the 95% confidence interval (CI) of the bootstrapped values.
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Table 4.2 Population pharmacokinetic parameter estimates of vancomycin for the final model for
overweight and obese patients and otherwise healthy obese subjects, and results of bootstrap anal-
ysis

Parameters Finalmodel (RSE%) Bootstrapmedian [95%CI]

𝐶𝐿(L/h) = 𝑇𝑉𝐶𝐿× ( 𝐶𝐾𝐷𝐸𝑃𝐼75 )𝜃1 × [1+𝜃2× (𝑇𝐵𝑊 −90)]× 𝐹ICU
𝑇𝑉𝐶𝐿 3.36 (2.60) 3.35 (3.17∼3.56)
𝜃1 0.658 (3.10) 0.657 (0.526∼0.773)
𝜃2 0.0106 (13.8) 0.0105 (0.00806∼0.0129)
𝐹ICU𝑎 0.845𝑎 (2.30) 0.841 (0.717∼0.963)𝑎

𝑉1 (L) 16.7 (14.0) 16.8 (11.7∼23.1)
𝑄2 (L/h) 16.1 (11.5) 16.0 (14.0∼18.7)
𝑉2 (L) 23.1 (3.60) 23.1 (19.7∼25.8)
𝑄3 (L/h) 2.44 (8.00) 2.47 (1.90∼3.91)
𝑉3 (L) 83.0 (4.50) 83.2 (65.3∼111.2)
Inter-individual variability (𝜔2)
𝐶𝐿 0.0730 (10.5) 0.0730 (0.0503∼0.104)
𝑉1 0.978 (29.1) 0.926 (0.428∼1.48)
Residual unexplained variability
PA data: additive error (mg/L) 9.32 (3.20) 9.26 (7.98∼10.9)
HS data: proportional error (–) 0.00216 (41.2) 0.00231 (0.000278∼0.00571)
HS data: additive error (mg/L) 1.10 (15.4) 0.783 (0.119∼2.30)

𝐶𝐿 clearance, 𝑉1 volume of distribution of central compartment, 𝑉2 volume of distribution of peripheral com-
partment 2, 𝑉3 volume of distribution of peripheral compartment 3, 𝑄2 inter-compartmental clearance between
𝑉1 and 𝑉2, 𝑄3 inter-compartmental clearance between 𝑉1 and 𝑉3, CKD-EPI renal function calculated by chronic
kidney disease epidemiology collaboration equation (indexed, mL/min/1.73 m2), TBW total bodyweight (kg), FICU
scaling factor to be used for ICU patients, PA patients (ICU and non-ICU), HS obese but otherwise healthy subjects
undergoing bariatric surgery, RSE relative standard error, CI confidence interval
𝑎 The parameter is 1 in the case that the patient is not admitted to ICU

Visual inspection and statistical tests of the NPDE results based on 1000 simulation
shows the final model have had a good predictive performance for subpopulations
with different renal function, bodyweights, and ICU admission status (Supplemen-
tary Figure S4.2). The model is shown to accurately describe typical trends as well
as the variability in the populations.

4.3.4 Model-based dose optimization

To achieve AUC24 exposure of 400∼600 mg⋅h/L in overweight and obese patients with
varying degrees of renal function, dosing guidelines for continuous infusion and in-
termittent dosing regimens were developed. The regimens for the ward patients are
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Figure 4.1 Illustration of covariate effects on vancomycin clearance (𝐶𝐿) in overweight and obese
individuals with varying renal function. (a) Individually predicted 𝐶𝐿 values versus bodyweight
(symbols) and population-predicted 𝐶𝐿 values versus bodyweight (lines) (log scale for both 𝑥- and
𝑦-axes). Non-ICU subjects are indicated by triangles and dashed lines and ICU patients by circles
and solid lines. The color of symbols and lines vary with renal function expressed as CKD-EPI as
indicated in the legend. (b) The distributions of individually predicted 𝐶𝐿 values are shown as a
boxplot for non-ICU and ICU patients (𝑝 < 0.001). The boxplot shows the median and interquartile
ranges. Whiskers represent values from interquartile to maximum or minimum; values beyond
the minimum or maximum are drawn as circles. CKD-EPI renal function calculated by the chronic
kidney disease epidemiology collaboration equation. Note: The 𝑦-axes are different in (a) and (b)

shown in Figures 4.2 and 4.3, while those for the ICU patients are shown in Figures
4.4 and 4.5. These tables present that for both schemes, higher doses are needed with
increasing bodyweight and renal function, and in non-ICU patients compared with
ICU patients.

To obtain the vancomycin therapeutic exposure immediately at the start of the treat-
ment, two loading dose administrations for both continuous infusion and intermittent
dosing regimens were required. For continuous infusion, a loading dose of 1500 mg
is given as a 2-h infusion before starting the maintenance infusion on day 1, and an-
other loading dose of 750 mg is given over 2 h on day 2, after which the maintenance
infusion is continued. In patients on an intermittent dosing, two loading doses given
as a 2-h infusion at 12-h intervals are proposed on the first day of treatment. From the
second day onwards, maintenance doses can be given one or two times per day de-
pending on the patient renal function, bodyweight, and ICU admission status. More
details of these dosing regimens can be found in Figures 4.2, 4.3, 4.4 and 4.5.

The obtained daily AUC24 and concentration profiles in the first week of treatment
for the defined representative virtual individuals with various combinations of the
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Figure 4.2Dosing guideline for vancomycin in overweight and obese patients (non-ICU patients)
with varying renal function receiving continuous infusion. TBW total bodyweight, CKD-EPI renal
function calculated by chronic kidney disease epidemiology collaboration equation

Figure 4.3Dosing guideline for vancomycin in overweight and obese patients (non-ICU patients)
with varying renal function receiving intermittent dosing regimen. TBW total bodyweight, CKD-
EPI renal function calculated by chronic kidney disease epidemiology collaboration equation, q24h
once daily, q12h twice daily
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Figure 4.4Dosing guideline for vancomycin in overweight and obese patients (ICU patients) with
varying renal function receiving continuous infusion. TBW total bodyweight, CKD-EPI renal func-
tion calculated by chronic kidney disease epidemiology collaboration equation

Figure 4.5Dosing guideline for vancomycin in overweight and obese patients (ICU patients) with
varying renal function receiving intermittent dosing regimen. TBW total bodyweight, CKD-EPI
renal function calculated by chronic kidney disease epidemiology collaboration equation, q24h once
daily, q12h twice daily
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bodyweight and renal function are illustrated in Figures 4.6 and 4.7, for the ward
patients and ICU patients, respectively. These figures indicate that when our proposed
guidelines for either continuous infusion or intermittent dosing are applied, the me-
dian AUC24 is within the target of 400∼600 mg⋅h/L, regardless of renal function, body-
weight, and ICU admission status, even though for some ICU subgroups AUC may be
slightly above 600 mg⋅h/L (Figure 4.7). However, even though the AUC24 generally
reaches the target, the concentrations that are obtained across the entire patient popu-
lation are highly variable and often lower than previously used target concentrations.
More specifically, median (interquartile range) values of (trough) concentration for
continuous infusion and intermittent dosing are 23.08 (19.54∼27.29) mg/L and 16.89
(12.65∼20.50) mg/L, respectively. These figures also show that time to steady-state
concentrations in obese patients, particularly in those with renal dysfunction admit-
ted to the ICU, exceeds 5 days.
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Figure 4.6 Vancomycin 24-h area under the curve values (AUC24) (a, b) and concentrations (c, d)
in the 7 days of treatment for representative virtual individuals from four bodyweight groups with
renal functions estimates of 100, 80, 60, 40 and 20 mL/min/1.73 m2 (non-ICU patients) receiving
continuous infusion (a, c) and intermittent dosing regimen (b, d) on the basis of our proposed dos-
ing guideline (see Figures 4.2, 4.3). Dashed lines in the plots of AUC24 (a, b) represent the targeted
efficacy and safety range, while in the plots of concentration (c, d) represent the defined concen-
trations corresponding to therapeutic range of the AUC24 according to the literature (20∼25 mg/L
for continuous infusion and 15∼20 mg/L for intermittent dosing regimens). The shaded areas repre-
sent the 95% prediction interval of the predicted AUC24 or concentration. CKD-EPI renal function
calculated by the chronic kidney disease epidemiology collaboration equation in (mL/min/1.73 m2),
TBW total bodyweight in kg
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Figure 4.7 Vancomycin 24-h area under the curve values (AUC24) (a, b) and concentrations (c, d)
in the 7 days of treatment for representative virtual individuals from four bodyweight groups with
renal functions estimates of 100, 80, 60, 40 and 20 mL/min/1.73 m2 (ICU patients) receiving con-
tinuous infusion (a, c) and intermittent dosing regimen (b, d) on the basis of our proposed dosing
guideline (see Figures 4.4, 4.5). Dashed lines in the plots of AUC24 (a, b) represent the targeted
efficacy and safety range, while the plots of concentration (c, d) represent the defined concentra-
tions corresponding to therapeutic range of the AUC24 according to the literature (20∼25 mg/L for
continuous infusion and 15∼20 mg/L for intermittent dosing regimens). The shaded areas represent
the 95% prediction interval of the predicted AUC24 or concentration. CKD-EPI renal function calcu-
lated by the chronic kidney disease epidemiology collaboration equation in (mL/min/1.73 m2), TBW
total bodyweight in kg
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4.4 Discussion
In this study, we quantified vancomycin PK in a large and representative clinical pop-
ulation, covering patients with varying degrees of overweight or obesity and renal
function who were admitted to the hospital ward or ICU. Using the obtained insights,
we proposed dosing guidelines for both continuous infusion and intermittent dosing
regimens taking renal function, bodyweight, and ICU admission status into account.
The proposedmodel-derived regimen is expected to yield better initial dosing andmay
reduce requirements for dose adjustment. Following our developed dosing guideline,
daily AUC24/MIC exposure is maintained between 400 and 600 mg h/L in patients
with varying degrees of obesity and renal function who are admitted to the hospital
ward or ICU. The AUC24/MIC target of 400∼600 mg·h/L was chosen to ensure clinical
efficacy while enhancing patient safety, which is in line with the advice given by the
recently released vancomycin consensus guideline [4, 18]. The vancomycin MIC is as-
sumed to be 1 mg/L because the vancomycin MIC for serious infections (e.g., MRSA)
is 1 mg/L at most institutions [19]. In cases of increased MIC values, the proposed
doses should be increased proportionally, even though, in case the MIC is above 2
mg/L, an alternative agent would probably be preferable.

Achieving targeted AUC24 exposures within the initial 24∼48 h of the vancomycin
treatment course is recommended for early and appropriate therapy [19]. To achieve
this, loading doses are necessary. Traditional vancomycin loading doses are adminis-
tered in mg per kg as a 2-h infusion before the maintenance dose begins. However,
on the basis of our model, we developed a dosing guideline for overweight and obese
individuals with varying renal functions that involve two loading doses. For contin-
uous infusion, a loading dose of 1500 mg is given as a 2-h infusion before starting
the maintenance infusion on day 1, and another loading dose of 750 mg is given as a
2-h infusion on day 2, after which the maintenance infusion is continued. For inter-
mittent dosing regimen, two loading doses are administered every 12 h on the first
day to quickly achieve an effective and safe exposure. Even though this is a deviation
from current clinical practice, these loading doses are necessary to achieve effective
exposure early in the treatment.

Even though the AUC24 reaches the target range for most individuals with the pro-
posed regimen, concentrations tend to fall below the commonly expected target ranges
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with continuous infusion and intermittent dosing. This suggests that dose adjustment
based on concentration at the early stages of treatment may result in concentration
and AUC24 values outside the target window at later time points. Therefore, we rec-
ommended using AUC24 values, rather than solely relying on trough concentration
values, to interpret TDM samples to guide dosing adjustments. AUC24 values can be
accurately and reliably obtained by a Bayesian dose-optimization software program
that embeds an appropriate reference population PKmodel. For overweight and obese
patients, especially those with renal dysfunction admitted to ICU, particular attention
should be paid as the time to steady-state might be prolonged to over a week, but with
the appropriate software and models this will be taken into account properly [20].

Readily available and convenient biomarkers for renal function remain limited in over-
weight and obese patients, as most of the equations calculating renal function esti-
mates are not confirmed in this population [21]. In fact, the equation of CG, which is
commonly used, has been reported to have a low accuracy and high bias in estimating
glomerular filtration rate in patients with obesity and should therefore be avoided [22,
23]. In our study, among the renal function estimates available in clinical practice, we
found indexed CKD-EPI to be superior to CG and other renal function estimates, in
correlation with vancomycin 𝐶𝐿, which is in line with the vancomycin PK study of
Kim et al. [24]. Moreover, our study confirmed that in overweight and obese pop-
ulations, TBW is better correlated with 𝐶𝐿 than other bodyweight descriptors [8].
However, this is not always the case, as for cefazolin and ciprofloxacin, 𝐶𝐿 remains
unchanged with different degrees of obesity [25, 26].

In addition to renal function and bodyweight, ICU admission status was identified
as a significant independent covariate on 𝐶𝐿, indicating differences between subjects
from ICU and non-ICU. The age of ICU and non-ICU patients is comparable (median
[range] values for ICU versus non-ICU: 70 [33–88] versus 71 [35–92] years). In ad-
dition, the eGFR range is similar between patients in the two settings (ICU 75 [20–
155] versus non-ICU 74 [6–137] mL/min/1.73 m2). The potential reason for different
𝐶𝐿 in these two settings could be that rapidly varying disease states of ICU patients
can lead to reduced kidney function and limited drug elimination [27], with serum
creatinine being an inappropriate and/or late marker to indicate this [28]. Interest-
ingly, Smit et al. also identified ICU status as an independent predictor for 𝐶𝐿 in a
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comparable gentamicin PK study, reporting a 24.9% reduced 𝐶𝐿 in ICU patients [29].
These results contradict a seeming consensus from several studies indicating an aug-
mented renal clearance (eGFR > 130 mL/min/1.73 m2) in critically ill patients [30–32].
This difference could be because compared with the other studies, our study included
patients with more severe concomitant disease, but without trauma or burns. Future
research investigating the underlying cause of the decreased 𝐶𝐿 in obese individuals
with critical illnesses should be considered.

In this study, we included patients undergoing bariatric surgery receiving a single
dose of vancomycin and patients treated with vancomycin for infections, resulting in
a group covering a broad spectrum of bodyweight. However, patients with a body-
weight higher than 143 kg all had a good renal function. As a result, our dosing
guidelines in this group are based on less evidence compared with the group below
143 kg. Moreover, as our dataset included only 15 patients (6.52%) with extremely
poor renal function (CKD-EPI < 30 mL/min/1.73 m2), caution is warranted when em-
ploying the proposed dosing recommendation for this subgroup. In addition, the lack
of covariates and the large inter-individual variability in volume may be due to the
fact that we did not have enough peak samples to fully characterize volume and its
covariates. However, for the AUC-targeted dose, 𝐶𝐿 is the primary parameter of in-
terest, whereas volume is mainly related to the time to reach steady state. Because we
had many (trough) samples both early after initiation of treatment and after several
weeks of treatment, we are convinced that our model can be used for AUC-targeted
dosing, which was the overall goal of our study, even though it may not accurately
predict the peak concentration reached immediately after a 2-h infusion dose.

4.5 Conclusion
When dosing vancomycin in overweight and obese patients, renal function, body-
weight, and ICU admission status should be taken into account to get safe and effec-
tive vancomycin exposure. We propose a practical vancomycin dosing guideline for
both continuous infusion and intermittent dosing regimens that can be used for this
purpose.
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Table S4.1 Equations used for different bodyweight descriptors and renal function estimates.

Covariate Equation Reference
Body weight descriptors
TBW (kg ) – -
BMI (kg/m2) 𝑇𝐵𝑊/𝐻𝑒𝑖𝑔ℎ𝑡2 -
BSA (m2) √𝑇𝐵𝑊 ×𝐻𝑒𝑖𝑔ℎ𝑡/3600 [1]

IBW (kg) Male: 50.0+2.3× (𝐻𝑒𝑖𝑔ℎ𝑡 ×0.3937−60) [2]
Female: 45.5+2.3× (𝐻𝑒𝑖𝑔ℎ𝑡 ×0.3937−60)

ABW (kg) 𝐼 𝐵𝑊 +0.4× (𝑇𝐵𝑊 − 𝐼𝐵𝑊) [3]

LBW (kg) Male: (9.27×103 ×𝑇𝐵𝑊)/(6.68×103 +216×𝐵𝑀𝐼 ) [4]
Female: (9.27×103 ×𝑇𝐵𝑊)/(8.78×103 +244×𝐵𝑀𝐼 )

Renal function estimates

Indexed CKD-EPI
(mL/min/1.73m2)

Male & Scr ≤ 0.9 (mg/dL): 141× (𝑆𝑐𝑟/0.9)−0.411 ×0.993Age ×𝐹

[5]
Male & Scr > 0.9 (mg/dL): 141× (𝑆𝑐𝑟/0.9)−1.209 ×0.993Age ×𝐹
Female & Scr ≤ 0.7 (mg/dL): 141× (𝑆𝑐𝑟/0.7)−0.329 ×0.993Age ×𝐹
Female & Scr > 0.7 (mg/dL): 141× (𝑆𝑐𝑟/0.7)−1.209 ×0.993Age ×𝐹
F: if black people, F = 1.15, otherwise F = 1

De-indexed CKD-EPI
(mL/min) 𝐶𝐾𝐷-𝐸𝑃𝐼 ×𝐵𝑆𝐴/1.73

Indexed MDRD
(mL/min/1.73m2)

Male: 175× (𝑆𝑐𝑟/88.4)−1.154 ×𝐴𝑔𝑒−0.203 ×𝐹
[6]Female: 175× (𝑆𝑐𝑟/88.4)−1.154 ×𝐴𝑔𝑒−0.203 ×0.742×𝐹

F: if black people, F = 1.212, otherwise F = 1
De-indexed MDRD
(mL/min) 𝑀𝐷𝑅𝐷 ×𝐵𝑆𝐴/1.73
CG-TBW
(mL/min)

Male: (140−𝐴𝑔𝑒)×𝑇𝐵𝑊/(0.815×𝑆𝑐𝑟) [7]
Female: (140−𝐴𝑔𝑒)×𝑇𝐵𝑊/(0.815×𝑆𝑐𝑟) ×0.85

CG-LBW
(mL/min)

Male: (140−𝐴𝑔𝑒)×𝐿𝐵𝑊/(0.815×𝑆𝑐𝑟) [8]
Female: (140−𝐴𝑔𝑒)×𝐿𝐵𝑊/(0.815×𝑆𝑐𝑟) ×0.85

TBW, total bodyweight; LBW, lean bodyweight; ABW, adjusted bodyweight; BSA, body surface area; BMI, body
mass index; CKD-EPI, renal function calculated by chronic kidney disease epidemiology collaboration; MDRD,
renal function calculated by modification of diet in renal disease; CG-TBW, renal function calculated by Cockcroft-
Gault with total bodyweight (conventional); CG-LBW, renal function calculated by CG calculated with lean body-
weight; Scr, serum creatinine.
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Figure S4.1Goodness-of-fit plots of the final pharmacokinetic model for vancomycin in overweight
and obese adults. (a) observed concentration versus population predicted concentration; (b) ob-
served concentration versus individual predicted concentration; (c) conditional weighted residuals
(CWRES) versus population predicted concentration; (d) CWRES versus time after the last dose.
Black dots represent non-ICU patients, red dots represent ICU patients. Indexed CKD-EPI repre-
sents the estimated renal function calculated by chronic kidney disease epidemiology collaboration
in mL/min/1.73m2.
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Figure S4.2 Normalized prediction distribution error (NPDE) versus (a) population predicted con-
centrations and (b) time after last dose (TAD) of the final model for vancomycin, based on 1000
simulations. Plots are stratified on bodyweight (overweight versus obese) and ICU-admission status
(non-ICU versus ICU). The blue dots represent the NPDE of the observations. The dashed lines rep-
resent the theoretical 5th, 50th, and 95th percentiles of the NPDE. The color shaded areas represent
the 95% confidence intervals around the simulated 5th, 50th, and 95th percentiles. The solid lines
represent the 5th, 50th, and 95th percentiles of the observed NPDE values.
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