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ORIGINAL ARTICLE

A Population Pharmacokinetic Model for Vancomycin in
Adult Patients Receiving Extracorporeal Membrane

Oxygenation Therapy

JN Moore™, JR Healy', BN Thoma?, MM Peahota?, M Ahamadi®, L Schmidt?, NC Cavarocchi® and WK Kraft'

The literature on the pharmacokinetics of vancomycin in patients undergoing extracorporeal membrane oxygenation (ECMO)
therapy is sparse. A population pharmacokinetic (PK) model for vancomycin in ECMO patients was developed using a
nonlinear mixed effects modeling on the concentration-time profiles of 14 ECMO patients who received intravenous
vancomycin. Model selection was based on log-likelihood criterion, goodness of fit plots, and scientific plausibility.
Identification of covariates was done using a full covariate model approach. The pharmacokinetics of vancomycin was
adequately described with a two-compartment model. Parameters included clearance of 2.83 L/hr, limited central volume of
distribution 24.2 L, and low residual variability 0.67%. Findings from the analysis suggest that standard dosing
recommendations for vancomycin in non-ECMO patients are adequate to achieve therapeutic trough concentrations in ECMO
patients. This further shows that ECMO minimally affects the PK of vancomycin in adults including in higher-weight patients.
CPT Pharmacometrics Syst. Pharmacol. (2016) 5, 495-502; doi:10.1002/psp4.12112; published online 17 September 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
M Vancomycin is a commonly used agent to prevent
and treat suspected MRSA infections in the hospital.
ECMO therapy has the potential to complicate the pur-
suit of therapeutic drug concentrations by altering the
pharmacokinetics of vancomycin. Previous studies have
investigated whether ECMO can affect vancomycin
pharmacokinetics with differing results.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This study addresses the question of the ability of
ECMO therapy to alter the vancomycin pharmacokinetic
profile and how to dose patients who are administered
vancomycin while on ECMO therapy.

Extracorporeal membrane oxygenation (ECMO) is a cardio-
pulmonary support procedure in which patient blood is
drained via cannulas through an external circuit to be oxy-
genated, warmed, and returned to the patient.1'2 There are
two types of ECMO: venovenous (VV) ECMO, which pro-
vides support for the lungs, and venoarterial (VA) ECMO,
which provides support for both the heart and lungs.>* VV
ECMO is used to treat severe but potentially reversible
respiratory failure, while VA ECMO is primarily used for
treating severe cardiac or cardiorespiratory failure.

Patients requiring ECMO are critically ill, with varying diag-
noses, age, body size, and degrees of end-organ dysfunc-
tion.> Patients treated with ECMO are at increased risk of
infection.® Vancomycin is a bactericidal, glycopeptide antibi-
otic used in patients receiving ECMO for procedural prophy-
laxis or treatment of infections caused by Gram-positive

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

M This study produces a robust model for vancomycin
in adult patients receiving ECMO therapy. This model
describes higher-weight patients, resulting in a unique
covariate selection.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS

M This study suggests that ECMO causes minimal dif-
ference in pharmacokinetics and recommends a poten-
tial dosing strategy. Standard vancomycin dosing
approaches should produce therapeutic drug concen-
trations in heavier patients treated with ECMO.

organisms, particularly methicillin-resistant Staphylococcus
aureus (MRSA). The effectiveness of vancomycin therapy is
dependent on achieving and maintaining optimal plasma
concentrations. In the critically ill, a trough concentration
between 15-20 mg/L is recommended by the Infectious Dis-
ease Society of America guidelines for the treatment of
MRSA infections.”

Patients undergoing ECMO therapy are treated with multi-
ple medications. The continuous pathophysiological changes
often make it difficult to attain adequate therapeutic concen-
tration.®. Multiple organ dysfunction or failure significantly
alters the PK of drugs, including volume of distribution and
clearance.® In addition, previous studies have shown that
ECMO therapy results in an increase in vancomycin volume
of distribution and a decrease in clearance, most dramatical-
ly in infants, with an increase in volume of distribution of
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75% and a decrease in clearance of approximately 40%'°.
Similar results are seen in children and adults, with an
increase of volume and decrease in clearance of approxi-
mately 40% and 35%, respectively."’ There are several bio-
chemical properties of drugs that may influence
sequestration by the components of the ECMO circuitry,
including lipophilicity, molecular size, and plasma protein
binding.""2 The added surface area of the tubing and mem-
brane, in addition to these drug properties, has revealed
varying pharmacokinetic differences among ECMO patients
compared to other patient populations.'®

While the use of ECMO in adult patients continues to
increase, the literature describing the use of vancomycin for
adult patients on ECMO is still limited, especially in over-
weight and obese patients. Optimized antibacterial therapy
necessitates a clear understanding of vancomycin disposi-
tion during ECMO therapy. The objective of this study was
to determine the PK profile of vancomycin in a population
of high bodyweight, adult ECMO patients and to provide a
quantitative framework to determine the appropriate dosing
regimen for these patients.

METHODS

Patient eligibility

This open-labeled single-center, prospective, observational
study was approved by the Internal Review Board at Tho-
mas Jefferson University Hospital. Patients >18 years of age
on VA or VV ECMO and receiving vancomycin were eligible
for this study. Patients who received vancomycin within 48
hours of study entry, who had a documented vancomycin
allergy, or whose blood cultures with identified vancomycin-
resistant Gram-positive bacteria necessitating a more appro-
priate antibiotic were excluded from this study. Patients were
recruited after informed consent was obtained from the
patient’s representative.

ECMO apparatus

The ECMO system was comprised of a ROTAFLOW cen-
trifugal pump and CARDIOHELP system (Maquet, Rastatt,
Germany) in configuration with the poly-methyl-pentene
(PMP) QUADROX-D diffusion membrane hollow-fiber
oxygenator (Maquet), and Fem-Flex Il femoral arterial or
Femtrak femoral venous cannulas (Edwards Lifescience,
Irvine, CA). The ECMO circuit was primed with ~600 mL of
normal saline. Blood pumps can generate up to 5-6 L/min
depending on cannula size.

Clinical protocol

Subjects received vancomycin per standard of care dosing
regimens. In addition to routine trough level monitoring,
patients enrolled in this study required five additional blood
samplings after the first vancomycin infusion. Blood sam-
ples were collected 30, 60, 120, 240, and 360 minutes after
vancomycin infusion.

Vancomycin drug concentrations were analyzed with a
Roche Cobas C501 instrument (Roche Diagnostics, India-
napolis, IN) using a glucose-6-phosphate dehydrogenase-
based enzyme immunoassay method. This assay is based
on a homogenous enzyme immunoassay technique used
for the quantitative analysis of vancomycin in human serum

CPT: Pharmacometrics & Systems Pharmacology

or plasma.' The lower detection limit of this assay is 1.7
pug/mL (1.2 umol/L). The measuring range of the assay is
1.7-80 pg/mL (1.2-55.2 pmol/L). Assay precision was
determined using human serum/plasma samples and con-
trols and in a modified NCCLS EP5-T2 protocol. No signifi-
cant crossreactivity or interference was noted with
additional drugs tested in this assay.

Population PK analysis
The population PK data were analyzed using nonlinear
mixed-effects modeling implemented in NONMEN 7.3 (Icon
Development Solutions, Hanover, MD) and a G77 FOR-
TRAN compiler. Xpose (xpose.sourceforge.net), PsN
(psn.sourceforge.net), and R (R-project, www.rproject.org,
v. 3.2.2) were used for the exploratory analysis and postpro-
cessing of NONMEM output. Prior to modeling, observed
vancomycin concentrations were plotted against time (i.e.,
time since the last dose) and stratified by key study design
elements such as dose. These exploratory graphs were used
to inform the selection of a starting structural model. Base
model building started with one- and two-compartment
models with and without bodyweight allometric scaling. The
model was refined by testing intersubject variability (ISV) on
each PK parameter. ISV was modeled using exponential
functions. The apparent percent coefficient of variation
(%CV) for ISV was computed as the square root of
EXP(OMEGA)—1 X 100% with OMEGA describing the
variance term. Additive, proportional, and combined error
models were all attempted to describe residual variability,
which is a composite measure of assay error, dose/sample
time collection errors, model misspecification, and any other
unexplained variability within a subject. In each of the pivotal
models, selection of competing models was based on suc-
cessful minimization and completion of covariance ($COV)
steps in NONMEM, reductions in NONMEM objective
function value OFV (A OFV of 6.63, P < 0.01 for 1 degree of
freedom) for hierarchical models, precision and plausibility of
parameter estimates, and a variety of goodness-of-fit plots.
Additionally, the condition number of the correlation matrix of
the parameter estimates, i.e., the ratio of the largest to small-
est eigenvalues was required to be less than 1,000.

Identification of covariates was performed using a full
covariate model as described previously.'® This method
was selected instead of the stepwise covariate selection
approach in order to avoid selection bias, which is a risk in
small datasets.'® Initial covariates were selected by choos-
ing covariate effects that were biologically plausible,
grounded in prior knowledge, and reflected clinical interest.
This included age, bodyweight, gender, serum creatinine, cre-
atinine clearance, and usage of renal replacement therapy.
The available covariates were then reduced by eliminating
correlated covariates. All covariate pairs with an absolute
correlation coefficient greater than 0.3 were considered
for removal with the more biologically plausible covariate
retained in the analysis. The remaining covariates were
included using a linear covariate-parameter relationship in the
model and reparameterized as necessary to achieve a stable
model.

A nonparametric bootstrap method was used to evaluate
the stability of the final model.”” One thousand samples
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were created by resampling from the original dataset. No
stratification was considered during the sampling of the
dataset. The model was run on each sample, and results
from the 2.5th and 97.5th percentiles of converged runs
from the 1,000 bootstrap dataset were used to estimate the
95% confidence interval (Cl). This was then compared to
the estimates provided by the original sample. A visual pre-
dictive check (VPC) was used to assess the ability of the
model to predict the data. One thousand Monte Carlo simu-
lations of the final model were performed.'® The median
and 95% CI of the simulated data was then compared to
the observed data.

Model predictive checks (PCs) were also used to evalu-
ate the final model.'® Three test statistics of clinical impor-
tance were chosen: clearance, area under the curve
(AUC), and trough concentration. Clearance and AUC were
calculated using a noncompartmental method. Trough con-
centration was defined as the last concentration reported
for each patient. The distributions of the test statistics were
calculated from the observed data. The median was calcu-
lated as a measure of central tendency, and the 5th and
95th percentiles of the test statistics were calculated as
bounds around the median. The final population PK model,
including final fixed and random effect parameters, was
used to simulate 1,000 replicates of the observed dataset,
and test statistics were computed from each of the simulat-
ed datasets. The predictive distributions of each test statis-
tic from the simulated datasets were compared with the
median value of the corresponding observed test statistic.
The model was considered predictive if the median test sta-
tistic from the observed data fell within the 95% CI of the
test statistics of the simulated data.

All covariates obtained from the covariate analysis were
included in the final model. Fixed effect as well as parame-
ter precision obtained from the final model was sampled
5,000 times using a parametric bootstrap method.® The
obtained samples were used to derive the distribution of
change in the value relative to reference (typical value) of
each covariate obtained from the covariate analysis. To be
clinically relevant, the absolute change in the value relative
to reference (typical value) should be more than 20%. For
continuous covariates, the changes were calculated on the
extreme values (i.e., the 10th and 90th percentiles of the
covariate distributions).

The results of the model were used to simulate potential
dosing strategies for the median patient. One thousand
Monte Carlo simulations were performed using a patient of
the median weight (WT) and creatinine clearance (CRCL)
of the observed values. Several doses (1-2 g) and dose
schedules (1-3 times daily) were used for the simulation. A
dose strategy was selected based on the goal of reaching
a trough between 15 and 20 mg/L by steady state after the
third dose had been administered.

RESULTS

A total of 14 patients were recruited for this trial, resulting
in 65 vancomycin concentrations for analysis. The demo-
graphic factors of these patients are presented in Table 1.
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Table 1 Demographic factors

Mean (SD)
N 14
Female 21%
Age (yr) 47 (16)
Range: 19-72

Weight (kg) 95 (27)
CrCl (mL/min) 84 (37)
Renal impairment 50%

Mild 28.6%

Moderate 14.3%

Severe 7.15%

Renal replacement 0%
ECMO type

VA 86%

A% 14%

Renal impairment definition based on creatinine clearance calculated using the
Cockcroft-Gault equation: mild (60-89 mL/min), moderate (30-59 mL/min),
and severe (15-29 mL/min).

A two-compartment model was found to adequately
describe the concentration—time profile of vancomycin. The
residual intraindividual variability was accounted for using a
proportional error model. Removal of the interindividual var-
iability terms for intercompartmental clearance (Q) and
peripheral volume of distribution (V2) did not increase the
objective value function significantly. From the final base
model, the typical value for total clearance (CL) was esti-
mated to be 2.83 L/hr (%RSE of 34%), central volume of
distribution (V1) was estimated to be 24.2 L (%RSE of
15%), the intercompartmental clearance was 11.2 L/hr
(%RSE of 15%), and the typical value for peripheral volume
of distribution was 32.3 L (%RSE of 12%). The proportional
residual variability was 0.0067 (%RSE of 47%). The final
base model described the observed serum vancomycin
concentration data adequately, as no serious systematic
trends were seen in the residual diagnostic plots. The con-
dition number (calculated as the ratio of the largest eigen-
value to the smallest eigenvalue) for the base model was
345, indicating the adequacy of model parameterization.
ETA shrinkages for final base model were 6.9% for V1 and
9.6% for CL. Epsilon shrinkage was 18%. Values for ETA
shrinkage and epsilon shrinkage are within the range of val-
ues where empirical Bayes estimates (EBE)-based diag-
nostics are generally still a valid metric to identify potential
covariates.?°

Following covariate reduction due to heavy correlation
between covariates, the covariate effects of CRCL on CL,
bodyweight on V1, and bodyweight on V2 were included in the
model. All covariate-parameter relationships were described
using a linear approach centered around the median covariate.
After covariate addition, improvements were attempted to
improve the covariate model by adjusting the OMEGA struc-
ture including perturbing the initial estimates of ETA and
attempting to estimate an OMEGA block instead of an OME-
GA diagonal. However, this did not improve the model either.
Therefore, the full covariate model was considered to be the
final covariate model.

www.wileyonlinelibrary/psp4
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Figure 1 Goodness-of-fit plots. (a) Individual prediction vs. observed. (b) Population prediction vs. observed. (c) Conditional weighted

residuals (CWRES) vs. population prediction. (d) CWRES vs. time.

The goodness-of-fit plots (Figure 1) revealed no system-
ic bias. In general, there was good agreement between the
predicted and observed vancomycin concentrations for the
subjects in this analysis. However, the model for one
patient resulted in significant underprediction of vancomycin
concentrations. The VPC is shown in Figure 2a. This
shows that the model was successful in predicting the con-
centrations seen in the samples, with the exception of the
aforementioned patient. The goodness-of-fit is further dem-
onstrated in the individual plots of observed concentration,
individual prediction, and population prediction in Supple-
mentary Figure 1.

Table 2 presents parameter estimates of the final covariate
models along with the corresponding 95% CI from the boot-
strap resampling technique. The PK parameter estimates
from the final covariate model are close to the respective
mean values from the bootstrap runs, and the 95% Cls are
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reasonably small. However, there is some bias between
the parameter estimate and the mean value of the boot-
strap. This is likely due to small sample size and sample
heterogeneity.

Figure 2b—d presents the comparisons obtained from
the PC using noncompartmental CL, AUC, and trough con-
centration as the test statistics. Overall, the observed and
simulated datasets appear to match with no major systemic
bias. The median observed mean of the test statistics are
within the 95% CI of the simulated means, and the medians
of the simulated and observed datasets appear in concor-
dance with the simulated means. The variability of the simu-
lated data is small and physiologically plausible relative to the
observed data. Taken together, this suggests that the model
predicts the selected clinically relevant parameters very well.

Figure 3 presents the analysis of clinical relevance of
the final covariates selected. The shaded region represents
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Figure 2 Predictive checks. (a) Visual predictive check. The black circles represent the observed vancomycin concentrations. The
black line represents the median concentrations from the simulations. The gray shaded area represents the 2.5th and 97.5th percentile
of the simulated data points to denote a 95% CI. The five uppermost points represent concentrations from one patient who was consid-
ered an outlier in this analysis. b—d: Clinical predictive check. The histogram represents posterior predictive distribution of noncompart-
mental clearance (b), AUC (c), and trough concentration (d) from the 1,000 simulated datasets. The black line represents the mean of
the observed data. The gray lines represent the median and 2.5th and 97.5th percentiles of the simulated datasets.

the 20% difference from the typical value. The extreme val-
ues of CRCL and WT resulted in clinically significant
changes to the clearance and peripheral volume parame-
ters, respectively. The effects of the extreme values of WT
on central volume showed trends towards clinical signifi-
cance but appear to lack statistical significance, as the
95% CI for each crosses the line demarking the null value.
This suggests a potentially meaningful relationship that was
unable to be fully described. The effect of CRCL on CL is
further significant, as CL directly affects the AUC. In this
sample, the 10th and 90th percentiles of CRCL result in a
roughly 60% increase and decrease in the AUC from the
median value, respectively.

After finalizing and demonstrating the viability of the
PK model, it was used to simulate the vancomycin

concentration—time profile for the patient of median body-
weight and creatinine clearance in the study. Figure 4 dem-
onstrates the results of the dosing simulation; 1,000 mg
given twice daily and 2,000 mg given daily were both
able to adequately reach the selected trough region of
15-20 mg/L during steady-state concentration. This sug-
gests that either dose regimen of vancomycin will show ther-
apeutic efficacy in ECMO patients with a bodyweight close
to 95 kg and with a CRCL of 85 mL/min, while higher or
more frequent doses would increase the possibility of supra-
therapeutic troughs. Given the focus on patients of high
bodyweight, the dose simulation was performed in patients
above median bodyweight; 3,000 mg daily in 2-3 divided
doses was found to reach adequate trough concentrations in
patients between 95 and 149 kg.

www.wileyonlinelibrary/psp4
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Table 2 Parameter estimates

Relative

standard Intersubject Mean
Parameter Estimate error variability bootstrap 95% ClI
V1 (L) 24.2 14.5% 34% 20.8 [11.9,27.8]
CL (L/hr) 2.83 33.5% 77% 3.31 [1.72,5.49]
V2 (L) 32.3 11.8% — 29.3 [20.7,40.7]
Q (L/hr) 11.2 15% — 11.9 [9.04,15.2]
CLCRCL 0.0154 21.3% — 0.0125 [0.002,0.024]
VIWT 0.00638 98% 0.00816 [0.001,0.018]
V2WT 0.0169 14.6% —_ 0.0135 [0.001, 0.020]
Proportional error (c°) 0.0067 46.9% — — —

This table reflects the parameter estimates of the final model as produced by NONMEM output. The mean bootstrap represents the mean of the successful
bootstrap runs. The 95% CI represents the values at the 2.75th and 97.5th percentile of the successful bootstrap runs. V1, central volume of distribution; V2,
peripheral volume of distribution; Q, intercompartmental clearance; CL, total clearance; CLCRCL, change in CL per unit change in CRCL (mL/min); V1WT,
change in V1 per unit change in WT (kg); V2WT, Change in V2 per unit change in WT (kg).

DISCUSSION

Accurately describing the concentration—time profile of van-
comycin is of high clinical interest. Despite extensive report-
ing, an optimal therapeutic drug monitoring approach for
vancomycin has not been established.?'?2 This is even more
of an issue for special populations, such as patients treated
with ECMO. Vancomycin primarily exhibits time-dependent
kiling properties; an AUC/MIC (minimum inhibitory concen-
tration) ratio of 400 is associated with successful bacterial
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Figure 3 Clinical relevance of covariates. This graph represents
the calculation of covariate effects on relevant PK parameters.
The shaded region represents a 20% difference from the typical
value, a clinical equivalence range. The bars represent the 95%
Cl of parameter changes relative to each extreme of the

covariate.
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eradication.?® In turn, the trough concentration is a conve-
nient predictor of the AUC/MIC ratio and thus a useful tool to
guide therapeutic decisions. In critically ill patients with sus-
pected serious infections, the target trough concentration is
between 15-20 mg/L as recommended by the Infectious Dis-
ease Society of America guidelines for the treatment of
MRSA infections.” Targeting vancomycin troughs between
1520 mg/L increases the probability of achieving an AUC/
MIC target of 400, which has been advocated as a target to
achieve clinical effectiveness with vancomycin.24 However,
high vancomycin concentrations have been linked to higher
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Figure 4 Dose simulation. This figure shows the result of the
dose simulation for the patient of median weight (95 kg) and cre-
atinine clearance (84 ml/min). In all, 1,000 Monte Carlo simula-
tions were performed using the median patient at different
dosage regimens. The dashed lines represent the target trough
concentration. The straight curve represents the median predic-
tion of vancomycin concentration. A dosing strategy was consid-
ered successful if it produced a trough in the target range in
between the third and fifth administration of vancomycin.



adverse events such as

25,26

risk  of
nephrotoxicity.

A population pharmacokinetic (PopPK) model was devel-
oped to adequately describe vancomycin disposition in criti-
cally ill patients. This model identified CRCL and bodyweight
as clinically relevant factors impacting CL, V1, and V2,
respectively. This finding agrees with the generally accepted
knowledge for vancomycin and the dosing strategies
employed in most hospitals, where the vancomycin-dosing
regimen is selected according to bodyweight and creatinine
clearance. The covariate of bodyweight on V2 appeared to
be more clinically relevant than the covariate of bodyweight
on V1. The patients in the study skewed toward a higher
weight, which may better be reflected by increases in adi-
pose tissue, which is linked more closely to V2 than V1. Fur-
thermore, there were limited samples drawn during the
distribution phase (1.5-2.5 hours) of vancomycin, which may
have made it difficult to fully characterize the distribution
phase and V1. Regardless, characterizing the trough concen-
tration is the most clinically relevant aspect of vancomycin
pharmacokinetics, and it occurs well after the distribution
phase has ended. Thus, any imprecision in the calculation of
the central volume parameter may not be clinically significant
as the volume at steady state, the combination of V1 and V2,
is well described. In addition, the results from the predictive
checks indicate that the model is well equipped to predict
clinically relevant parameters.

The current PopPK model was developed based on a
limited sample of critically ill patients. While the illness
would be the main factor necessitating ECMO therapy, it
raises the possibility that the illness may have affected the
patient in ways that are difficult to predict. This may partial-
ly explain the predominate outlier in our analysis. This
female patient differed significantly from the others on the
basis of youth (22 years) and had an extremely low
body size (54 kg), which may explain why the current mod-
el built on older, higher-weight patients underestimated this
patient’s vancomycin concentrations. The variability due to
illness may also have led to the moderate ISV seen in the
model for CL. However, based on a large body of published
investigation, vancomycin is notorious for a relatively wide
PK variability, with a CL ISV ranging between 16 and 45%,
volume of distribution at steady state (Vss) ISV between 13
and 48%, and a residual variabilty between 7 and
40%.2728 |n this study, the ISV on V2 was not estimated
and the residual variability was very low, increasing the
possibility that more of the ISV was explained by CL. As
such, the level of intersubject error seen in the current
investigation is not atypical. The remaining intraindividual
error was small in the final model, suggesting low variability
once the variability between patients was calculated.

The current study is comparable to other analyses of
vancomycin PK. (Table 3). Two-compartment models have
often been used to describe the distribution of vancomycin,
although some studies utilize a one-compartment model.
Because Q is high with respect to CL, the distribution
phase is relatively fast. Therefore, a one-compartment mod-
el may appear to fit the data without much sampling in the
distribution phase. Our study also reports similar results to
other PK studies in adults receiving vancomycin and

ototoxicity and
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Table 3 Comparison to literature sources

Analysis

Study Population method Scaled? Vss CL
Adane et al.®' Non-ECMO PopPK  Yes 48.2 4.3
Lim et al.%? Non-ECMO PopPK  Yes 81.4 4.0
Donadello et al?® Non-ECMO NCA No 92.3 2.3
Donadello et al.?® ECMO NCA No 99.3 2.4
Wu et al.®° Non-ECMO NCA No 76.6+29.3 7.2+4.3
Wu et al.®® ECMO NCA No 79.4+227 59+35
Mulla & Pooboni'' ECMO PopPK  Yes 69.0+26.5 3.8+1.9
Present ECMO PopPK  Yes 56.5+10.1 2.8+1.1

This table includes parameter estimates of vancomycin PK in both ECMO
and non-ECMO patient populations. If the PK parameters were linked to
weight and creatinine clearance, the final parameter was scaled to the cur-
rent study population. Standard deviations were included if provided by the
study. Volume at steady state (Vss) was calculated as the sum of the central
volume and the peripheral volume if a two-compartment model was selected
or Vss was equal to the central volume if a one-compartment model was
selected. NCA, noncompartmental analysis; PopPK, population
pharmacokinetic.

ECMO therapy.'"2%3° These studies generally report either
no or limited differences in patients receiving ECMO com-
pared to non-ECMO patients. The studies reporting differ-
ences state a trend toward increased Vss and decreased
CL. This difference appears to be more pronounced in the
pediatric population, with special regard to neonates.

While our study did not include a control cohort of patients
receiving vancomycin who were not receiving ECMO, it can
be compared to literature studies performed with ECMO/
non-ECMO cohorts or non-ECMO patients entirely. Table 3
shows parameter estimates for vancomycin scaled to the
median weight and CRCL of patients in the current study
when available. The Adane et al. and Lim et al. studies were
performed in non-ECMO patients with high and normal
weights, respectively.®®? However, their estimate of volume
at steady state is markedly different, although covariate dif-
ferences in the respective study populations were considered
in the estimate. Likewise, there appears to be a similar
decrease in the volume parameter when comparing the pre-
sent study to other studies performed in ECMO patients.
This emphasizes the necessity of studying a higher-weight
population and guided the comparison of the present study
to a non-ECMO study. Our results suggest a trend towards
decreased CL and increased V¢ relative to the analysis by
Adane et al.,®' which had a similar population of higher-
weight patients. However, the magnitude of the difference in
PK parameters is relatively small, with high overlap of Cls,
thus suggesting that the observed difference may not be
clinically significant.

Despite these limitations, this model is a useful tool to
characterize vancomycin PK models in ECMO. While other
models have been created for vancomycin in ECMO
patients, there are potential differences due to the tubing
and membranes involved in the ECMO apparatus. The
enrollment of higher-weight patients, the use of a two-
compartment model, and the covariates found also differen-
tiate this analysis from other studies. The simulation that
was performed suggested a dose of 1,000 mg every 12
hours or 2,000 mg every day for the median patient in
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the study to reach the specified therapeutic trough of
15-20 mg/L. The simulated dose appears to concord well
with standard vancomycin dosing regimens, which suggest a
dose of 10-15 mg/kg twice daily or 20-30 mg/kg per day.*?
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