
Population Pharmacokinetics of Vancomycin in Critically Ill
Adult Patients Receiving Extracorporeal Membrane
Oxygenation (an ASAP ECMO Study)

Vesa Cheng,a,b Mohd H. Abdul-Aziz,a Fay Burrows,c Hergen Buscher,d,e Young-Jae Cho,f Amanda Corley,g Arne Diehl,h,i

Eileen Gilder,j Stephan M. Jakob,k Hyung-Sook Kim,l Bianca J. Levkovich,m Sung Yoon Lim,f Shay McGuinness,j Rachael Parke,j,n

Vincent Pellegrino,h,i Yok-Ai Que,k Claire Reynolds,d Sam Rudham,d Steven C. Wallis,a Susan A. Welch,c David Zacharias,k

John F. Fraser,b,o,p,q Kiran Shekar,b,o,p,q Jason A. Robertsa,r,s on behalf of ASAP ECMO Investigators

aUniversity of Queensland Centre for Clinical Research (UQCCR), Faculty of Medicine, The University of Queensland, Brisbane, Queensland, Australia
bAdult Intensive Care Services and Critical Care Research Group, The Prince Charles Hospital, Brisbane, Queensland, Australia
cDepartment of Pharmacy, St Vincent’s Hospital, Sydney, New South Wales, Australia
dDepartment of Intensive Care Medicine, St Vincent’s Hospital, Sydney, New South Wales, Australia
eSt Vincent’s Centre for Applied Medical Research, University of New South Wales, Sydney, New South Wales, Australia
fDivision of Pulmonary and Critical Care Medicine, Department of Internal Medicine, Seoul National University College of Medicine, Seoul National University Bundang
Hospital, Seongnam, Republic of Korea
gAdult Intensive Care Services, the Prince Charles Hospital, Chermside, Australia
hDepartment of Intensive Care and Hyperbaric Medicine, The Alfred Hospital, Melbourne, Victoria, Australia
iSchool of Public Health and Preventive Medicine, Monash University, Melbourne, Victoria, Australia
jCardiothoracic and Vascular Intensive Care Unit, Auckland City Hospital, Auckland, New Zealand
kDepartment of Intensive Care Medicine, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland
lDepartment of Pharmacy, Seoul National University Bundang Hospital, Seongnam, Republic of Korea
mExperiential Development and Graduate Education and Centre for Medicines Use and Safety, Faculty of Pharmacy and Pharmaceutical Sciences, Monash University,
Melbourne, Victoria, Australia

nSchool of Nursing, The University of Auckland, Auckland, New Zealand
oFaculty of Medicine, The University of Queensland, Brisbane, Queensland, Australia
pFaculty of Health, Queensland University of Technology, Brisbane, Queensland, Australia
qFaculty of Health Sciences and Medicine, Bond University, Gold Coast, Queensland, Australia
rDepartments of Intensive Care Medicine and Pharmacy, Royal Brisbane and Women’s Hospital, Brisbane, Queensland, Australia
sDivision of Anaesthesiology Critical Care Emergency and Pain Medicine, Nîmes University Hospital, University
of Montpellier, Nîmes, France

ABSTRACT Our study aimed to describe the population pharmacokinetics (PK) of
vancomycin in critically ill patients receiving extracorporeal membrane oxygenation (ECMO),
including those receiving concomitant renal replacement therapy (RRT). Dosing simulations
were used to recommend maximally effective and safe dosing regimens. Serial vancomycin
plasma concentrations were measured and analyzed using a population PK approach on
Pmetrics. The final model was used to identify dosing regimens that achieved target expo-
sures of area under the curve (AUC0-24) of 400–700 mg � h/liter at steady state. Twenty-two
patients were enrolled, of which 11 patients received concomitant RRT. In the non-RRT
patients, the median creatinine clearance (CrCL) was 75 ml/min and the mean daily dose of
vancomycin was 25.5 mg/kg. Vancomycin was well described in a two-compartment model
with CrCL, the presence of RRT, and total body weight found as significant predictors of
clearance and central volume of distribution (Vc). The mean vancomycin renal clearance and
Vc were 3.20 liters/h and 29.7 liters respectively, while the clearance for patients on RRT was
0.15 liters/h. ECMO variables did not improve the final covariate model. We found that rec-
ommended dosing regimens for critically ill adult patients not on ECMO can be safely and
effectively used in those on ECMO. Loading doses of at least 25 mg/kg followed by mainte-
nance doses of 12.5–20 mg/kg every 12 h are associated with a 97–98% probability of
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efficacy and 11–12% probability of toxicity, in patients with normal renal function.
Therapeutic drug monitoring along with reductions in dosing are warranted for
patients with renal impairment and those with concomitant RRT. (This study is regis-
tered with the Australian New Zealand Clinical Trials Registry [ANZCTR] under number
ACTRN12612000559819.)

KEYWORDS dosing, ECMO, pharmacokinetics, glycopeptides, antibiotics, methicillin-
resistant Staphylococcus aureus, renal replacement therapy, MRSA

Extracorporeal membrane oxygenation (ECMO) is being increasingly used in critically
ill adult patients with acute cardiorespiratory failure refractory to maximal medical

management. ECMO patients often present with infections and have a greater risk of
developing nosocomial infections during their hospital stay (1). Therefore, effective antimicro-
bial therapy is a vital intervention to ensure therapeutic success for such patients (2). However,
this goal is often challenging in critical illness and may be complicated by extreme physiologi-
cal derangements leading to altered pharmacokinetics (PK) and, consequently, antimicrobial
exposure (3). The altered PK phenomenon has been well described in critically ill patients. and
the introduction of ECMO is hypothesized to further exacerbate these alterations and may
impact therapeutic outcomes (4). ECMO is hypothesized to alter the PK of antimicrobials pre-
dominantly by circuit sequestration, leading to increased volume of distribution (Vd) and
altered drug clearance (CL) (5). Previous ex vivo and neonatal PK data have demonstrated sig-
nificant alterations in the primary PK parameters of some drugs, and it has been suggested
that lipophilic and highly protein bound drugs would be affected the most (6–8). However,
significant physiological differences exist between neonatal and adult patients, and therefore
specific adult PK data are needed to guide effective antimicrobial therapy.

Vancomycin is a glycopeptide antibiotic that is relatively hydrophilic (logP 23.1) (9),
with a plasma protein binding of ;50% (10). It is predominantly cleared via renal elimina-
tion with 75–80% of administered doses cleared via glomerular filtration (11). Vancomycin
exhibits optimal antimicrobial activity when the area under the concentration-time curve
during a 24-h period (AUC0-24) to MIC (AUC0-24/MIC) is greater than 400 mg � h/liter (12, 13).
However, data suggest that the risk of vancomycin-associated nephrotoxicity is significantly
increased at AUC0-24 greater than 600–700 mg � h/liter (13, 14).

Previous population PK studies of vancomycin in critically ill ECMO patients have
provided conflicting findings (4, 15, 16). Wide variations in the estimated PK parameters
were also observed in these studies and, importantly, with the influence of ECMO on vanco-
mycin PK and dosing requirements still unclear. The Antibiotic, Sedative and Analgesic
Pharmacokinetics during Extracorporeal Membrane Oxygenation (ASAP ECMO) study was
designed to describe the PK of commonly used drugs in critically ill adult patients receiving
ECMO (17). Vancomycin has a molecular weight of 1447 Da, moderate protein binding, a rel-
atively small Vd, and a reported sieving coefficient of 0.76 0.1 (18); all these factors contrib-
ute to a clinically significant removal of vancomycin by RRT. The concomitant use of ECMO
and RRT is therefore common scenario where clinicians have little guidance to support opti-
mal dosing in this complex presentation. The aims of this paper were to describe the popu-
lation PK of vancomycin in critically ill adults receiving ECMO with and without RRT, and to
provide dosing recommendations for this group of patients.

RESULTS
Population characteristics. Twenty-two patients were enrolled and contributed 205

plasma samples for analysis. Table 1 summarizes the baseline characteristics, clinical informa-
tion of the patients, and the relevant ECMO data. The median age was 41 years, with the
patients predominantly male. Eleven (50%) patients were on concomitant RRT at the time of
sampling. In the non-RRT group, the median CrCL was 75 ml/min (19), and the mean (stand-
ard deviation, SD) daily dose of vancomycin was 25.5 mg/kg (6.9). In the RRT group, the
mean (SD) vancomycin daily dose was 21.4 mg/kg (8.3), and the mean (SD) effluent and
blood flow rate were 20.8 ml/kg/h (19.4) and 218.8 ml/min (25.9), respectively. Vancomycin
was administered as an intermittent infusion over a mean (SD) rate of 948.9 mg/h (337.3).
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TABLE 1 Baseline characteristics, clinical information of the studied population,a and
relevant ECMO datab

Demographic data Resultc (n = 22)
Male, n (%) 14 (63%)
Age (yr) 41 (36-53)
wt (kg) at admission 76 (70-90)
Body max index (kg/m2) 26 (23-29)

No. of patients on RRT 11 (50%)
CVVHDF 5 (45%)
CVVHD 3 (27%)
EDD 2 (18%)
SLED 1 (9%)

No. of patients by indications for ECMO
Pneumonia 5 (23%)
Cardiogenic shock 4 (18%)
Heart transplant 3 (14%)
ARDS 2 (9%)
Sickle cell crisis 1 (5%)
Myocarditis 1 (5%)
Valve replacement 1 (5%)
Cardiomyopathy 1 (5%)
Cardiac arrest 1 (5%)
Lung transplant 1 (5%)
TRALI 1 (5%)

Illness severity score
APACHE II (on admission to ICU) 17 (14-26)
SOFA (on sampling day) 10 (8-12)

Native CrCL on day of sampling (ml/min)d 75 (60-82)
Albumin (g/liter) 24 (23-31)
Bilirubin (mmol/liter) 28 (16-51)
Total protein (g/liter) 51 (49-57)
Urea (mmol/liter) 10 (8-12)

No. of patients by daily vancomycin dosing regimen
Below 10 mg/kg 1 (5%)e

10-15 mg/kg 2 (9%)
15.1-20 mg/kg 6 (27%)
20.1-25 mg/kg 4 (18%)
25.1-30 mg/kg 5 (23%)
30.1-35 mg/kg 3 (14%)
Above 35 mg/kg 1 (5%)

ECMO circuit data Result
No. of veno-venous/no. of veno-arterial 9/13 (41%/59%)

Type of ECMO pump, n (%)
Jostra Rotaflow 18 (82%)
CardioHelp 2 (9%)
Levitronix Centrimag 2 (9%)

Type of ECMO oxygenator, n (%)
Maquet Quadrox 16 (73%)
Medos Hilite 4 (18%)
Medtronic Affinity 2 (9%)

Flow rate (liters/min) 4.1 (3.5-5.4)
Days on ECMO before sampling 8 (3-10)
aData for 22 patients.
bRRT, renal replacement therapy; CVVHD, continuous venovenous hemodialysis; CVVHDF, continuous
venovenous haemodiafiltration; SLED, sustained low efficiency dialysis; EDD, extended daily diafiltration; ARDS,
acute respiratory distress syndrome; TRALI, transfusion-related acute lung injury; APACHE II, acute physiology
and chronic health evaluation II score; SOFA, sequential organ failure assessment.

cData displayed in median (IQR, interquartile range) or n (%) as appropriate.
dEstimated creatinine clearance only included those patients not on renal replacement therapy (n = 11).
eLoading dose.
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PK model building. The final PK model describing the data was a two-compartment
model with total body weight included as a covariate on the central volume of distribution
(Vc) (normalized to the population mean value of 80 kg) and CrCL (normalized to the popu-
lation mean value of 77 ml/min), and the presence of RRT was used as binary covariate on
CL. The model produced acceptable fits on the diagnostic plots (Fig. 1). The final error model
was a gamma (multiplicative) of 3.

Vcw ¼ Vc � Weight
80

� �
0:75 (1)

CL ¼ CLr � CrCL
77

� �
(2)

OR if patient is on RRT then:

CL ¼ CLrrt

Vcw represents the scaled Vc with body weight with allometric scaling (20), and CLr rep-
resent the renal clearance scaled with CrCL to produce total clearance in non-RRT
patients. CLrrt represents the CL of vancomycin in the presence of RRT.

Table 2 outlines the PK parameter estimates for the final PK model.
Fig. 1 and the supplemental material file provide the diagnostic tools used for model

selection.
Dosing simulations. Fig. 2 shows the probability of target attainment (PTA) for efficacy

and toxicity across various total body weights (60 kg and 100 kg) and degrees of native renal
function (CrCL of 30 ml/min and 100 ml/min) at steady state with various vancomycin dosing

FIG 1 Visual Predictive Check for patients with trough concentrations (top) and patients without trough
concentrations (bottom). n = 1,000 simulations of vancomycin plasma concentration data (open circles
represent observed data and the lines represent the 5th, 25th, 50th, 75th, and 95% percentiles based on
simulations of the pharmacokinetic model).
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regimens. Based on our dosing simulations, for patients with a CrCL of 100 ml/min, a dose of
1250 mg administered every 12 h (12-hourly) generated the largest therapeutic window with
97–98% probability of efficacy and 11–12% probability of toxicity. For patients with a CrCL of
30 ml/min, a dose of 500 mg 24-hourly produced a 79–93% probability of efficacy and 5%
probability of toxicity. Patients on concomitant RRT were at significant risks of toxicity with reg-
imens with probabilities of toxicity exceeding 92% for 750 mg 72-hourly regimens following a
loading dose of 8.3–10 mg/kg. Therapeutic drug monitoring is highly recommended in this
group of patients.

DISCUSSION

This paper substantially advances our understanding of dosing needs of vancomycin
in critically ill adult ECMO patients by recommending optimized dosing regimens that
are maximally effective and safe for this patient population. Our study generated compa-

FIG 2 Probability of target attainment (PTA) at targets AUC0-24 $ 400 mg � h/liter and toxicity at AUC0-24 . 700 mg � h/liter for a
patient with various weights (60 kg and 100 kg) and various degrees of renal function (CrCL of 30 ml/min and 100 ml/min) at
steady state with various intermittent vancomycin dosing regimens. Gray area demonstrates the therapeutic window, the
difference in the probability of attaining concentrations of efficacy and toxicity.

TABLE 2 Pharmacokinetic parameter estimates for final vancomycin PK modela

Parameter Mean SD Coefficient of variation (%) Median Shrinkage (%)
CL (liters/h) 3.20 0.56 17.64 3.49 4.38
CLrrt (liters/h) 0.15 0.11 72.43 0.21 8.28
Vc (liters) 29.73 14.76 49.67 30.86 10.47
kCP (h21) 0.94 1.15 122.14 0.31 13.69
kPC (h

21) 2.11 4.46 211.47 0.08 13.90
Error model Gamma = 3 (multiplicative)
aCL, vancomycin clearance; CLrrt, vancomycin clearance while a patient is on renal replacement therapy; Vc, volume of
distribution of the central compartment; kCP, constant for distribution of vancomycin from the central to the peripheral
compartment; kPC, constant for distribution of vancomycin from the peripheral to the central compartment.
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rable PK parameters to the previous ECMO studies, further supporting the conclusion
that ECMO-related variables are not significant predictors of vancomycin PK (Vc or CL).
Subsequently, recommended doses for the critically ill population not on ECMO can be
used in this subset of patients.

Vancomycin exhibits a 50% plasma protein binding affinity, which has been identified in
previous literature (8, 10) as a physicochemical property associated with ECMO circuit
sequestration. However, our study described a large clinical effect that was not supportive
of the findings from the ex vivo studies. The PK parameter estimates generated in our study
were comparable to other published vancomycin PK models of critically ill patients on
ECMO summarized in Table 3 (15, 21–23). These findings were in line with the conclusions
from these papers, suggesting that ECMO itself was not associated with significant changes
in vancomycin Vd and CL (21). In a single-center ECMO population PK study, Jung et al.
developed a three-compartment model and described significant effects of ECMO modality
(VV vs VA) on vancomycin intercompartmental clearance between the Vc and one of the pe-
ripheral compartments. We tested for the same effect during our stepwise model-building
approach but did not observe a significant relationship. Jung et al. reported a significantly
smaller Vc (0.11 liters/kg vs 0.39 liters/kg) but a similar CL (4.01 liters/h vs 3.20 liters/h) in
comparison to our study. The difference in these estimates may be due to dissimilarities in
model structure, and/or our inclusion of more patients on VV ECMO (13% vs 41%) and/or
the inclusion of RRT patients. Another study reported an ECMO-induced enlarged Vd (4),
however this was also tested and no significant relationship was observed in our study.

Our data are further informed by very comparable parameters generated from crit-
ically ill patients not on ECMO (21, 24). When comparing our parameters with other
critically ill population PK studies, Lim et al. generated very similar PK parameters (0.52
liters/kg vs 0.39 liters/kg for Vc, and 3.96 liters/h vs 3.20 liters/h for CL) (24). This is in
line with the findings in a matched cohort study where the authors concluded that the
introduction of ECMO treatment did not significantly alter vancomycin PK (21).

A common dosing recommendation, of a 25 mg/kg loading dose followed by a 12.5–
20 mg/kg maintenance dose administered 12-hourly, provided an acceptable probability
of efficacy and toxicity for patients with CrCL 100 ml/min. This is not dissimilar to the
Infectious Diseases Society of America (IDSA) clinical practice guidelines for critically ill
adult patients, recommending the use of a 25 mg/kg loading dose followed by a 15–
20 mg/kg 12-hourly maintenance therapy (25). Patients with CrCL of 30 ml/min benefit
from a reduction of maintenance dosing frequency to 48-hourly to avoid drug accumula-
tion. Patients receiving concomitant RRT are exposed to high risks of toxicity; therefore,
therapeutic drug monitoring (TDM) should be used to guide ongoing maintenance ther-
apy, and should be standard practice for therapy with this drug in critically ill patients.

An observational study of vancomycin TDM data in ECMO patients by Marella et al.
recently proposed that patients with mild-moderate acute kidney injury (AKI) were at risk of
underdosing while patients with established AKI on RRT may experience supratherapeutic
concentrations (26). The authors’ observation that concomitant use of ECMO and RRT exposes
patients to a high risk of supratherapeutic concentration was consistent with our findings.
Furthermore, our CLrrt estimate of 0.15 liters/h was smaller than estimates previously reported
of vancomycin CL with CVVHDF (18) and other modes of continuous RRT (27). This is likely
due to the lower effluent rates used in our patients (mean rate of 1.5 liters/h). It is important
to note that Marella et al. utilized a trough concentration (Cmin) as a surrogate for AUC0-24, con-
sequently potentially underestimating the actual vancomycin exposure (28). Therefore, it is
pertinent to recognize that the frequency of supratherapeutic/toxic exposure identified in the
Marella et al. study may be under-represented.

Overall, our study recommends the use of 25 mg/kg loading dose followed by a
maintenance dose of 12.5–20 mg/kg 12-hourly for patients with normal renal function and
a 1250 mg (12.5–20 mg/kg) 48-hourly regimen for patients with an AKI (;CrCL 30 ml/min).
These dosing regimens provide the largest therapeutic window between the probability of
efficacy and toxicity, 97–98% probability of efficacy and 11–12% probability of toxicity, for
patients with intact renal function.
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A key limitation to our study was that all types of RRT were included as a binary
covariate. Although our study found that patients with concomitant use of ECMO and RRT
showed significant variability in drug exposure, no empirical dosage regimen was found to be
completely safe and effective, a function of the narrow therapeutic window of this drug. The
result may also be contributed to by the small sample size of 11 in the RRT group, which was
insufficient to study the relationships among RRT intensity, duration, modality, and drug clear-
ance. It is important to note that the average RRT effluent rate was at the lower end of effluent
ranges and therefore interpretations from this study should be made accordingly. Future stud-
ies designed to investigate this specific relationship with the collection of dialysis effluent
could shed more light into this relationship in the context of ECMO. The use of TDM is highly
recommended in this specific subset of ECMO patients. Nevertheless, our results support previ-
ously published population PK studies showing that the total CL of vancomycin during RRT
was lower than in patients without RRT (29). Further investigations are required to better
describe the CL in the presence of prolonged intermittent RRT (PIRRT) and off-PIRRT (30).
Prospective validation of the findings from this study is required to improve the robustness of
the recommendations made. Another limitation of this study was the absence of non-ECMO
critically ill patient population acting as the control group for the ECMO patient cohort.
Therefore, this study was unable to conclusively describe the PK differences or similarities
between critically ill ECMO and non-ECMO patient. Lastly, the potential effects of concurrent
medications and subsequent PK changes were not studied as part of this research. However,
based on data available, concurrent drugs used in this study should not affect vancomycin PK.

This multicentre PK study, conducted across four countries, did not identify any
ECMO-related variables that statistically improve the final population PK model of vancomy-
cin and does not support dose alterations based on the presence of ECMO alone. The PK pa-
rameters generated from our study cohort were similar to those found in the literature of
critically ill patients not on ECMO. The current recommendation of a 25 mg/kg loading dose
in critically ill patients not on ECMO appears to also be appropriate for patients on ECMO.
An empirical maintenance dose of 12.5–20 mg/kg 12-hourly for patients with good renal
function appears to provide the largest therapeutic window for common pathogens with
MIC = 1 mg/liter. Patients with impaired renal function and those requiring RRT require
much lower doses, and these patients should be dosed with therapeutic drug monitoring to
avoid drug accumulation and potential toxicity.

MATERIALS ANDMETHODS
Setting. The ASAP ECMO study was a prospective, open-labeled, multi-center PK study that was con-

ducted at five intensive care units (ICU) across Australia, New Zealand, South Korea, and Switzerland from
November 2012 to November 2019. A detailed study protocol and general results have been published else-
where and are only discussed briefly here (17). Ethical approval was provided by the lead site (The Prince
Charles Hospital, Brisbane, Australia – HREC/11/QPCH/121) with individual institutional approvals obtained
according to local protocols: Auckland City Hospital, Auckland, New Zealand – LRS/12/06/020/AM08; The
Alfred Hospital, Melbourne, Australia – 541/12; Bern University Hospital, Bern, Switzerland – 2017-01315; Seoul
National University Bundang Hospital, Seoul, Republic of Korea – B-1804/465-305; St Vincent’s Hospital,
Sydney, Australia – HREC/11/SVH/97. Written informed consent was acquired from the participant’s next of kin.

Study population. ICU patients aged between 18 and 90 years old who were receiving vancomycin
while undergoing ECMO for respiratory and/or cardiac dysfunction were eligible for inclusion. Patients
who had a known allergy to the study drug, who were pregnant, had bilirubin.150mmol/liter, received
ongoing massive blood transfusion (.50% blood volume) in the preceding 8 h, or received therapeutic
plasma exchange in the preceding 24 h were excluded.

Vancomycin dosing and administration. Vancomycin was dosed, reconstituted and administered
via intermittent infusion according to local hospital protocol.

Study procedures/protocol. Pharmacokinetic sampling was performed on one or two dosing occa-
sions after the patient was established on ECMO. Blood samples were drawn from an existing arterial
line and were collected into 2 ml lithium-heparinised tubes at 0, 15, 30, 45, 60, 90, 120, 180, 360, 480 min post
commencement of infusion.

Blood samples were centrifuged at 3000 g for 10 min to separate plasma. Plasma samples were frozen at
the study site at 280°C. All frozen plasma samples were then couriered and assayed at the central bioanalysis
laboratory at the University of Queensland Centre of Clinical Research (UQCCR), Brisbane, Australia.

Clinical and demographic data were collected and de-identified by trained research staff. Each study
site maintained an electronic database for their participants, which was subsequently consolidated into
a single database.
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Vancomycin assay. Total concentrations of vancomycin in plasma were measured by a validated
high-performance liquid chromatography-tandem mass spectroscopy (HPLC-MS/MS) method on a Shimadzu
Nexera2 UHPLC system coupled to a Shimadzu 80301 triple quadrupole mass spectrometer (Shimadzu Corp.,
Kyoto, Japan). Clinical samples were assayed in batches alongside calibrators and quality controls, and results
were subject to batch acceptance criteria (US FDA 2018). Vancomycin detection was monitored at 746.1 !
144.2 nm. Linearity was validated over the concentrations 1 to 100 mg/ml. Precision and accuracy were within
14.0%, and the lowest limit of quantification was 3mg/ml.

Population pharmacokinetic analysis. One-, two- and three-compartment models were tested
using the Nonparametric Adaptive Grid algorithm within Pmetrics package for R (Los Angeles, CA, USA)
(31). Both Lambda (additive) and Gamma (multiplicative) error models were tested for inclusion.
Biologically plausible variables tested were actual body weight, body mass index (BMI), age, serum creat-
inine, creatinine clearance (CrCL), ECMO mode and flow rate, and Acute Physiology and Chronic Health
Evaluation II (APACHE II) and Sequential Organ Failure Assessment (SOFA) scores. Biologically plausible varia-
bles were added as a linear and power function to the central volume of distribution (Vc) and CL in a forward
stepwise manner. CrCL was calculated via the Cockcroft-Gault equation (32) for patients not receiving RRT:

CrCL ðml=minÞ ¼ 1402ageð Þ � weightðkgÞ
0:815� serum creatinine ðmmol=literÞ � 0:85 if female

If the inclusion of a covariate resulted in an increase in the coefficient of determination of the linear
regression (R2) and in the reduction of the bias of the goodness-of-fit plots, as well as in a statistically sig-
nificant reduction in the log-likelihood (P, 0.05), the covariate was supported for inclusion.

(i) Population pharmacokinetic model diagnostics. The R2 and the bias of the observed versus pre-
dicted plots as well as the log-likelihood of each run were considered for the goodness-of-fit evaluation.
Predictive performance evaluation was based on mean predicted error (bias) and the mean bias-adjusted pre-
diction error (imprecision) of the population and individual prediction models. The visual predictive check plot
and the normalized prediction distribution errors were used to test the suitability of the final covariate model.

(ii) Dosing simulations. Different vancomycin dosing regimens in patients with various body weights
(60 kg and 100 kg) and degrees of native renal function (CrCL of 0 ml/min on RRT, 30 ml/min and 100 ml/min)
were simulated using Monte Carlo dosing simulation in Pmetrics (n = 1000). Simulations for patients on RRT
were assumed to be anuric (native CrCL of 0 ml/min). Simulated dosing regimens were 500–2000 mg 12–72-
hourly administered over a rate of 1000 mg/h. Simulations were performed to determine the PTA to achieve
AUC0-24/MIC ratio $400 (MIC of 1 mg/liter) for efficacy (33) and AUC0-24 $700 mg � h/liter for toxicity. These
concentrations were selected from various reported target and toxicity thresholds due to a high number of
studies reporting improved outcomes within these limits (13, 34–36).

For each dosing regimen, the PTA was calculated as the percentage of patients achieving AUC0-24 of 400–
700 mg � h/liter, at 72-h of therapy after a loading dose of 25 mg/kg for non-RRT, and at 144-h of therapy after
a loading dose of 8.3–10 mg/kg for RRT simulations. The optimal dosing regimen was defined as the regimen
that provided the highest probability of achieving efficacious exposures while achieving the lowest probability
of toxicity.
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