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Aims: Vancomycin is an important antibiotic for critically ill patients with Gram-
positive bacterial infections. Critically ill patients typically have severely altered path-
ophysiology, which leads to inefficacy or toxicity. Model-informed precision dosing
may aid in optimizing the dose, but prospectively validated tools are not available for
this drug in these patients. We aimed to prospectively validate a population pharma-
cokinetic model for purpose model-informed precision dosing of vancomycin in criti-
cally ill patients.

Methods: We first performed a systematic evaluation of various models on retro-
spectively collected pharmacokinetic data in critically ill patients and then selected
the best performing model. This model was implemented in the Insight Rx clinical
decision support tool and prospectively validated in a multicentre study in critically ill
patients. The predictive performance was obtained as mean prediction error and rela-
tive root mean squared error.

Results: We identified 5 suitable population pharmacokinetic models. The most suit-
able model was carried forward to a prospective validation. We found in a prospec-
tive multicentre study that the selected model could accurately and precisely predict
the vancomycin pharmacokinetics based on a previous measurement, with a mean
prediction error and relative root mean squared error of respectively 8.84% (95%
confidence interval 5.72-11.96%) and 19.8% (95% confidence interval
17.47-22.13%).

Conclusion: Using a systematic approach, with a retrospective evaluation and pro-
spective verification we showed the suitability of a model to predict vancomycin
pharmacokinetics for purposes of model-informed precision dosing in clinical prac-
tice. The presented methodology may serve a generic approach for evaluation of

pharmacometric models for the use of model-informed precision dosing in the clinic.
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1 | INTRODUCTION

Vancomycin is an important antibiotic for critically ill patients with
Gram-positive bacterial infections such as Staphylococcus aureus,
Staphylococcus epidermidis and vancomycin-susceptible Enterococcus.*

Critically ill patients typically have severely altered pathophysiol-
ogy that may lead to clinically relevant changes in pharmacokinetics
(PK) of vancomycin resulting in subtherapeutic or toxic drug expo-
sure?® Therapeutic drug monitoring (TDM) can aid in achieving
desired exposure to optimize therapy by adaptations of dosages.
TDM is therefore recommended to guide dosing of vancomycin.* The
pharmacodynamic index of vancomycin is best described as the
AUC24/MIC (area under the serum concentration-time curve over
24 h divided by the minimum inhibitory concentration) with a target
ratio of 2400 best correlated with efficacy for infections with Staphy-
lococcus aureus.> Concentrations of vancomycin below this threshold
are associated with the development of resistance and clinical fail-
ure.2® Prolonged high exposure to vancomycin is associated with a
higher likelihood of encountering nephrotoxicity. There is evidence
that TDM significantly increases the rate of clinical efficacy and
decreases the rate of nephrotoxicity in patients treated with vanco-
mycin.” For practical reasons, trough concentrations are often advised
as a PK target in clinical practice.

Achieving adequate antibiotic exposure in the critically ill popula-
tion is challenging. The DALI-study showed that only 57% of the
intensive care (IC) unit patients achieved target trough concentrations
(215 mg/L)® and Baptista et al. showed that in patients admitted to
the IC unit with augmented renal clearance only 52% of the patients
reached the therapeutic concentration within 3 days.”

Most clinicians rely on dosing nomograms for dose adjustment of
vancomycin, yet the majority of the published nomograms were
developed in small groups of patients and have not been clinically vali-
dated in external populations.'® Software programs using population
PK models can provide a better alternative to nomograms to optimize
exposure and are capable to more accurately predict dosing require-
ments for the individual patient.*%*?

To fully deploy the benefits of model-informed precision dosing
(MIPD), the best possible population PK models that best describe the
local population have to be selected. This should be followed by a pro-
spective validation of PK models. In most cases, prospective validation
of PK models for this purpose is lacking thereby failing to meet above
mentioned requirements.® The aim of this study was to retrospec-
tively evaluate the performance of existing population PK models for
vancomycin in critically ill patients and, subsequently, prospectively
evaluate the ability of the best performing model to predict vancomy-
cin serum concentrations in this population using the Insight Rx plat-
form (San Francisco, CA, USA).

2 | METHODS

We performed a structured 3-step-approach for our study, consisting

of the following steps:

What is already known about this subject

e Population pharmacokinetics of vancomycin have been
widely studied in critically ill patients.

e Critically ill patients have severely altered pathophysiol-
ogy, which may lead to differences in pharmacokinetics
of vancomycin with subsequent inadequate drug
concentrations.

e Software using population pharmacokinetic models from
critically ill patients can optimize antibiotic exposure by
accurately predicting dosing requirements for the individ-

ual patient.
What this study adds

e This is the first study to both retrospectively validate and
prospectively evaluate the ability of a pharmacokinetic
model of vancomycin in critically ill patients.

e Predictions of vancomycin concentrations from the best
performing pharmacokinetic model can be made with
acceptable precision for individualized dosing in our
population.

1 Selection of population PK models of vancomycin in adult patients
from literature

2 Retrospective external evaluation of the predictive performance of
published PK models

3 Prospective evaluation of the selected PK model

2.1 | Selection of population PK models of
vancomycin in adult patients from literature

We performed a systematic literature search in PubMed for all popu-
lation PK studies of vancomycin in adult patients from 2006 until
2016. We combined the following keywords (MeSH and free text) in
our search strategies: vancomycin, pharmacokinetic, adult and popula-
tion pharmacokinetics. Reference lists of identified articles were then
manually screened for additional relevant studies. Furthermore, the
publicly available abstracts from the Population Approach Group
Europe meeting (www.page-meeting.org) were screened.

Models including patients requiring extracorporeal membrane
oxygenation (ECMO) and/or dialysis and models that were based on
<25 patients, were excluded. Publications with no full text available or
focusing on 1 specific patient population (for example haemato-oncol-
ogy, obese, neurosurgical) were also excluded because it is known
that the PK of vancomycin is different in this population compared to
the mixed cohort of IC patients.!**®> The remaining models were eval-

uated by a team of experts, consisting of a clinical pharmacist, a
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clinical pharmacologist/clinical pharmacist and a pharmacometrician

for their relevance for practice.

2.2 | Retrospective external evaluation of the
predictive performance of published PK models

The included models were evaluated using retrospective PK data of IC
patients. IC patients with an age of >18 years, receiving vancomycin
(both intermittent and continuous infusion) during their stay in the IC
ward at the Radboudumc University Medical Center (Nijmegen, the
Netherlands) between January 2011 and January 2016 were consid-
ered for inclusion in this retrospective study if at least 1 vancomycin
serum concentration was available. Patients receiving ECMO and/or
dialysis and haemato-oncology patients were excluded for reasons
mentioned above.

The following data were collected from the electronic hospital
system (Epic Systems, Verona, WI, USA): age (y), weight (kg), length
(cm), sex, serum creatinine concentrations (umol/L), vancomycin dose
(mg), infusion length (h), dosing information (including time of adminis-
tration), plasma vancomycin concentrations (mg/L) and blood sampling
times. Patients with incomplete information were excluded.

The published PK models were evaluated on the retrospectively
collected data. For this purpose, normalized prediction distribution
error (NPDE) plots and visual predictive checks (VPC) were evaluated.
This methodology was previously proposed previously by Zhao
et al.?® to evaluate the transferability of published models to clinical
practice. Lastly, a fit-for-purpose evaluation was performed. For this
purpose, the a priori and a posteriori predictive performance was eval-
uated: meaning their performance before TDM would be performed,
and after 1 or more TDM samples have become available to perform
an individual fit, respectively. Performance was evaluated by calculat-
ing the relative root mean squared error (RRMSE) as measure for pre-
cision and mean prediction error (MPE) as a measure for bias.*” Also,
the individually predicted vs observed concentrations were plotted for
each model for both the a priori and a posteriori situation. The retro-
spective analysis was performed in R v3.5 (R Foundation for Statistical

Computing, Vienna, Austria).

2.3 | Prospective evaluation of the selected PK
model

The best performing model according to judgement of the panel of
experts was carried forward for prospective fit-for-purpose evalua-
tion. In a prospective study, patients with an age of >18 years, receiv-
ing vancomycin (both intermittent and continuous infusion) during
their stay in the IC unit at the Radboudumc University Medical Center
(Nijmegen, the Netherlands), Jeroen Bosch Ziekenhuis (Den Bosch,
the Netherlands), Isala (Zwolle, the Netherlands) and Rijnstate
(Arnhem, the Netherlands) between June 2017 and June 2018 were
considered for inclusion if at least 1 vancomycin serum concentration

available. In all hospitals, sampling of trough concentrations was
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same inclusion and exclusion criteria were applied as were used in the
retrospective evaluation. The data were anonymously recorded in
InsightRX. Dosing of vancomycin was according to local practice and
at the discretion of the treating physician. Both intermittent and con-
tinuous infusions were allowed. Dose adaptations based on TDM
results and InsightRX recommendations were allowed during the
course of treatment.

Predictive performance of the PK model was assessed by calcu-
lating the RRMSE and MPE. We defined an acceptable bias and impre-
cision as <25%, based on the fact that such a bias and imprecision fall
well within the PK trough target that, depending on population, dose
and pathogen, is usually in the range of 10-25 mg/L. For all analyses,
we performed maximum a posteriori Bayesian fitting, without adap-

tive weighting using the InsightRX algorithm.

2.4 | Ethics
The medical ethics committee (Commissie Mensgebonden Onderzoek
Arnhem-Nijmegen, Nijmegen, The Netherlands) waived the necessity
of formal approval and informed consent.

They declared that this research project could be exempted from
obtaining informed consent because all data were obtained during
routine clinical practice and extracted anonymously.

3 | RESULTS

3.1 | Selection of population PK models of
vancomycin in adult patients from literature

A total of 5 suitable population PK models were identified and these
are listed in Table 1. All these models had in common that body
weight was a covariate for the volume of distribution and that esti-
mated creatinine clearance was a covariate for clearance. The disposi-
tion of vancomycin in the body was described with either 1 or

2 compartments.

3.2 | External evaluation of the predictive
performance of published PK models on
retrospectively collected data

Vancomycin data from 30 patients were collected with a median of
3 paired observations of time and vancomycin serum concentrations
(range 2-16). A summary of the data is presented in Table 2.

Figure 1 shows the prediction-corrected VPCs, based on 1,000
simulations on the retrospective data for each model. The blue shaded
areas in this figure show the 95% of the 10", 50" and 90" of the sim-
ulated data. The lines in the different panels connect the respective
percentiles of the observed data (open circles). As observed, the

models by Zdovc et al.?? Thomson et al.?* and Roberts et al.?® best
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TABLE 1

Model number and authors  Population

1. van Maarseveen et al.*®

for model development not reported)

2. Llopis-Salvia et al.*? Critically ill patients (n = 30)

3. Roberts et al.2° Critically ill patients (n = 206)

4. Thomson et al.2* Hospitalized patients, independent of

condition (n = 398)

5. Zdovc et al.?2 Critically ill patients (n = 33)

TABLE 2  Retrospective data summary
Characteristic Results
Sex
Male 18 (60%)
Female 12 (40%)
Age, median (range) 59 (20-82) y

80 (54-133) kg
1.72 (1.37-1.90) m
84 (40-189) umol/L
3(2-1¢)

Weight, median (range)
Height, median (range)
Serum creatinine, median (range)

Number of observations per patient, median
(range)

described the data, as the observed 10th, 50th and 90th percentiles
(lines) matched the simulated prediction intervals for these percentiles
(blue shaded areas). Furthermore, it can be observed in all plots that
at timepoints >12 hours after last administration all models are under-
predicting. This phenomenon can be explained by the fact that usually
vancomycin in adults is dosed twice or 3 times daily and that because
of TDM dosing intervals are extended to 24 hours. Therefore, at
timepoints later than 12 HOURS, there is a selection bias for data
from patients who have a slower clearance than the population, which
may be misinterpreted as model under-prediction.

Figure 2 shows the QQ-plot of the distribution of the NPDE vs the
theoretical N (0,1) distribution (Figure 2A) as well as the histogram of
the distribution of the NPDE, with the density of the standard Gaussian
distribution overlaid for each model (Figure 2B). It can be seen that the
observed quantiles follow the predicted theoretical quantiles (line of
unity) for most of the data, but curve off at the extreme values. The lat-
ter indicates that the observed PK data have more extreme values than
would be expected if they would come from a normal distribution.

The results of the fit-for-purpose evaluation on the retrospectively
collected data are graphically depicted in Figure 3, showing the MPE as
a measure for bias, the RRMSE as a measure for precision and the
predicted vs observed concentrations in Figure 3A, B and C, respec-

tively. The models by Maarseveen et al.'® Roberts et al.>° Thomson

Surgical ward patients, internal ward patients
and critically ill patients (number of patients

Identified population pharmacokinetic models for vancomycin

Structural model  Covariates

1 compartment Total body weight on volume of distribution

Creatinine clearance of clearance of vancomycin

2 compartments Total body weight on volume of distribution
Creatinine clearance of clearance of vancomycin
1 compartment Total body weight on volume of distribution
Creatinine clearance of clearance of vancomycin
2 compartments Total body weight on volume of distribution
Creatinine clearance of clearance of vancomycin
1 compartment Total body weight on volume of distribution
Creatinine clearance of clearance of vancomycin

|21 |22

et al.“* and Zdovc et al.““ performed best on the retrospectively col-

lected data, as observed in the lowest bias and best precision.

3.3 | Model selection and prospective evaluation

Based on overall best performance on the retrospective data, the

model by Thomson et al.?*

was implemented in the Insight Rx frame-
work and prospectively evaluated. This decision was based on the
lowest bias and imprecision and the best performance of the VPC,
based on visual assessment.

We included 50 patients in the prospective study. No patients were
excluded from the analysis. Characteristics of the population used for
prospective evaluation of the Thomson model are shown inTable 3.

Figure 4A and B show the MPE and overall RRMSE for the a
priori and a posteriori situations with the Thomson model for the pro-
spective evaluation. Figure 4C shows the RRMSE vs the TDM sample.
It can be observed from Figure 4A and B that the accuracy and impre-
cision in the prospectively collected data were improved compared to
retrospectively collected data. Furthermore, it can be observed that
the RRMSE and MPE for the a priori situation are insufficient (>25%),
indicating that vancomycin exposure cannot be adequately predicted
without a previous assessment of the vancomycin plasma concentra-
tion. The bias and imprecision are well below the 25% margin for the
a posteriori situation, indicating suitability for use of the model in clin-
ical practice when the model is used for dose forecasting. Lastly, in
Figure 4C, a trend can be observed that the precision of the prediction
improves when more previous TDM samples are available. Figure 4D
shows the predicted vs the observed concentration. These concentra-
tions are scattered evenly around the line of unity, showing that the

model performs well.

4 | DISCUSSION

We have shown, using a systematic fit-for-purpose evaluation of exis-
ting population PK models for vancomycin in critically ill patients, that

forecasting of vancomycin PK in a critically ill population can be
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performed accurately and precisely based on an existing PK model
and routinely measured vancomycin concentrations. The predictive
performance of the evaluated models was insufficient to dose vanco-
mycin in this population without assessment of vancomycin plasma
concentrations, underlining the necessity of TDM of vancomycin in
critically ill patients.

The analysis described here is the first prospective evaluation of
an MIPD tool for vancomycin in critically ill patients. We found that
the model by Thomson et al.?* performed best in a retrospective eval-
uation and then showed in a prospective multicentre study that it
could precisely and accurately predict vancomycin exposure. It
could be observed that the predictive performance in the prospective
evaluation was better than in the retrospective evaluation. It is most
likely that this is a result of the better quality of prospectively col-
lected data and this shows the usefulness of a prospective evaluation.
We found a small bias in the a posteriori predictive performance
(MPE of 8.84%). We think this structural bias is negligible compared
to the therapeutic window, that is usually in the range of
10-25 mg/L. Therefore, dose advices should always be verified with

follow-up measurements of the vancomycin serum concentration.

Furthermore, in both the retrospective and prospective evalua-
tion, it could be observed that for the a priori situation, the situation
where vancomycin PK are only predicted based on covariates and
dose, the predictive performance was poor. This underlines the cur-
rent consensus that vancomycin dosing should be guided by TDM.

Guo et al.2® recently performed a retrospective evaluation of the
predictive performance of several population PK models for vancomy-
cin in 2 Dutch hospitals. It was concluded that, on a population level,
the model by Roberts et al.2° performed satisfactorily. These results
are in line with our retrospective results, where the model by Roberts
et al.2% performed adequately. Unfortunately, Guo et al. did not evalu-
ate the model by Thomson et al.?* Furthermore, a prospective fit-for-
purpose evaluation*® was lacking in the analysis by Guo et al.?® to
evaluate how well vancomycin exposure could be predicted from a
previous PK assessment. A fit-for-purpose evaluation of various popu-
lation PK models for vancomycin in adult patients was recently also

performed by Broeker et al.?*

This study performed a similar evalua-
tion as performed by us, albeit in a retrospective setting. The strength
of the analysis by Broeker et al. is that a cross-sectional evaluation

was performed in a general hospital population. This may, however,
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FIGURE 2 QQ-plot of the distribution of the normalized prediction distribution error (NPDE) vs the theoretical N (0,1) distribution (A) as well
as the histogram of the distribution of the NPDE, with the density of the standard N(0,1) distribution overlaid for each model (B). It can be seen
that the observed quantiles seem to follow a normal distribution, but are more dispersed than the theoretical N(0,1) distribution

also be a limitation, as it is known that some populations, such as criti- As the ultimate goal of MIPD of vancomycin is to forecast the
cally il?® or neutropenic?® patients, exhibit altered vancomycin dose based on previous vancomycin PK observations, we performed a
PK. We therefore postulate that our prospective fit-for-purpose eval- prospective multicentre study where we evaluated the individual pre-

uation in the critically ill population is of added value. dictive performance of the model by Thomson et al.?* to predict
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(C) Predicted vs observed concentrations obtained with the various models on the retrospective data
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sample in the prospective study. (D) Predicted vs observed concentrations in the prospective study

future vancomycin PK from a previous observation of its PK, dose and
covariates.

One may argue that a shortcoming of our analysis is that the pri-
mary endpoint of our prospective fit-for-purpose evaluation is a
numerical outcome, and not a clinical outcome such as time-to-cure
or time-to-therapeutic target attainment. We have chosen the current
endpoint as multimorbidity and high variable vancomycin PK in criti-
cally ill patients, as well as differences in local TDM practice in the
participating centres may all blur these outcomes.

Furthermore, a shortcoming of our study is that we did not
include patients on haemodialysis, continuous venovenous
haemofiltration or ECMO in our study. A next step in MIPD of vanco-
mycin in the critically ill population should, therefore, be development
and prospective validation of PK models that can adequately capture

vancomycin PK for these patients as well, despite the potential

TABLE 3  Population characteristics

Demographic characteristics (n = 50)

Sex, n (%)

Male 28 (56)
Female 22 (44)

Age, median (range) 68 (36-84) y

82 (50-110) kg
1.72 (1.57-1.93) m
79 (73-285) pmol/L
4(1-23)

Weight, median (range)
Height median (range)
Serum creatinine median (range)

Number of observations per patient, median
(range)

limitations.2” Until then, we advise to perform intensified PK monitor-
ing of vancomycin when dialysis techniques or ECMO are used to pre-
vent inadequate therapy.

Although practice guidelines currently advocate the use of trough
levels to guide vancomycin dosing,* there is increasing evidence that
the AUC is a better surrogate endpoint for efficacy than trough con-
centrations and that using trough levels alone to guide vancomycin
dosing should be reconsidered.?® The purpose of our evaluation was
to prospectively evaluate the predictive performance of model-based
TDM in a multicentre study, where trough sampling was implemented
as standard of care. It should be noted that, if the AUC has to be
predicted from a previous PK assessment, one should first establish a
sampling schedule for reliable assessment of AUC and then evaluate
the predictive performance of this scheme for purpose of MIPD. This
was, however, not the purpose of our analysis, where we evaluated
the predictive performance various model for prediction of subse-
quent trough concentrations of vancomycin. As stated earlier, the
therapeutic window for vancomycin depends on both the dosing regi-
men, exposure-related toxicity and the pathogen susceptibility. The
predictive performance of the used MIPD strategy should always be
put in context with the therapeutic window and it should be noted
that the therapeutic window for vancomycin may become small with
pathogens with reduced vancomycin susceptibility. It is, therefore,
advisable to always verify the MIPD intervention with a follow-up PK
assessment. Furthermore, if of vancomycin the AUC24/MIC target is
used for MIPD, sources of variability in the assessment of both the
AUC24 as the MIC should be considered.?’

In conclusion, we have systematically evaluated the fitness of var-

ious model for use of MIPD of vancomycin in critically ill patients. The
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model by Thomson et al.“* is now used in clinical practice for this pur-

pose. Our approach, using a retrospective evaluation and prospective
verification, may be used for evaluation of models for other drugs and

populations.

COMPETING INTERESTS
Ron Keizer is shareholder of Insight Rx, San Francisco, CA, USA. The

other authors have no competing interest to declare.

CONTRIBUTORS

R. ter Heine designed and performed the study and drafted the manu-
script. R.J. Keizer designed and performed the statistical analysis and
drafted the manuscript. K. van Steeg performed the study and
reviewed the manuscript. E.J. Smolders performed the study and
reviewed the manuscript. M. van Luin performed the study and
reviewed the manuscript. H.J). Derijks performed the study and
reviewed the manuscript. C.P.C. de Jager performed the study and
reviewed the manuscript. T. Frenzel performed the study and
reviewed the manuscript. R. Briiggemann designed and performed the
study and drafted the manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Rob ter Heine '’ https://orcid.org/0000-0003-2185-8201

Roger Briiggemann ' https://orcid.org/0000-0002-7618-725X

REFERENCES

1. Rybak M, Lomaestro B, Rotschafer JC, et al. Therapeutic monitoring
of vancomycin in adult patients: a consensus review of the American
Society of Health-System Pharmacists, the Infectious Diseases Soci-
ety of America, and the Society of Infectious Diseases Pharmacists.
Am J Health Syst Pharm. 2009;66(1):82-98. https://doi.org/10.2146/
ajhp080434

2. Blot SI, Pea F, Lipman J. The effect of pathophysiology on pharmaco-
kinetics in the critically ill patient--concepts appraised by the example
of antimicrobial agents. Adv Drug Deliv Rev. 2014;77:3-11. https://
doi.org/10.1016/j.addr.2014.07.006

3. Roberts JA, Roberts DM. Antibiotic dosing in critically ill patients with
septic shock and on continuous renal replacement therapy: can we
resolve this problem with pharmacokinetic studies and dosing guide-
lines? Crit Care. 2014;18(3):156. https://doi.org/10.1186/cc13939

4. Rybak MJ, Lomaestro BM, Rotschafer JC, et al. Vancomycin therapeu-
tic guidelines: a summary of consensus recommendations from the
infectious diseases Society of America, the American Society of
Health-System Pharmacists, and the Society of Infectious Diseases
Pharmacists. Clin Infect Dis. 2009;49(3):325-327. https://doi.org/10.
1086/600877

5. Moise-Broder PA, Forrest A, Birmingham MC, Schentag JJ. Pharmaco-
dynamics of vancomycin and other antimicrobials in patients with
Staphylococcus aureus lower respiratory tract infections. Clin Pharma-
cokinet. 2004;43(13):925-942. https://doi.org/10.2165/00003088-
200443130-00005

6. Sakoulas G, Gold HS, Cohen RA, Venkataraman L, Moellering RC,
Eliopoulos GM. Effects of prolonged vancomycin administration on
methicillin-resistant Staphylococcus aureus (MRSA) in a patient with

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

BRITISH 9
PHARMACOLOGICAL
] SOCIETY
2

recurrent bacteraemia. J Antimicrob Chemother. 2006;57(4):699-704.
https://doi.org/10.1093/jac/dkl030

Ye Z-K, Tang H-L, Zhai S-D. Benefits of therapeutic drug monitoring
of vancomycin: a systematic review and meta-analysis. PLoS One.
2013;8(10):e77169. https://doi.org/10.1371/journal.pone.0077169
Blot S, Koulenti D, Akova M, et al. Does contemporary vancomycin
dosing achieve therapeutic targets in a heterogeneous clinical cohort
of critically ill patients? Data from the multinational DALI study. Crit
Care. 2014;18(3):R99. https://doi.org/10.1186/cc13874

Baptista JP, Sousa E, Martins PJ, Pimentel JM. Augmented renal clear-
ance in septic patients and implications for vancomycin optimisation.
Int J Antimicrob Agents. 2012;39(5):420-423. https://doi.org/10.
1016/j.ijantimicag.2011.12.011

Murphy JE, Gillespie DE, Bateman CV. Predictability of vancomycin
trough concentrations using seven approaches for estimating phar-
macokinetic parameters. Am J Health Syst Pharm. 2006;63(23):2365-
2370. https://doi.org/10.2146/ajhp060047

Jelliffe RW, Schumitzky A, Van Guilder M, et al. Individualizing drug
dosage regimens: roles of population pharmacokinetic and dynamic
models, Bayesian fitting, and adaptive control. Ther Drug Monit. 1993;
15(5):380-393.

Rousseau A, Marquet P. Application of pharmacokinetic modelling to
the routine therapeutic drug monitoring of anticancer drugs. Fundam
Clin Pharmacol. 2002;16(4):253-262. https://doi.org/10.1046/j.1472-
8206.2002.00086.x

Keizer RJ, Karlsson MO, Hooker A. Modeling and simulation work-
bench for NONMEM: tutorial on Pirana, PsN, and Xpose. CPT
Pharmacometrics Syst Pharmacol. 2013;2(6). https://doi.org/10.1038/
psp.2013.24

Grace E. Altered vancomycin pharmacokinetics in obese and morbidly
obese patients: what we have learned over the past 30 years.
J Antimicrob Chemother. 2012;67(6):1305-1310. https://doi.org/10.
1093/jac/dks066

Buelga DS, del Mar Fernandez de Gatta M, Herrera EV, Dominguez-
Gil A, Garcia MJ. Population pharmacokinetic analysis of vancomycin
in patients with hematological malignancies. Antimicrob Agents
Chemother. 2005;49(12):4934-4941. https://doi.org/10.1128/AAC.
49.12.4934-4941.2005

Zhao W, Kaguelidou F, Biran V, et al. External evaluation of popula-
tion pharmacokinetic models of vancomycin in neonates: the trans-
ferability of published models to different clinical settings. Br J Clin
Pharmacol. 2013;75(4):1068-1080. https://doi.org/10.1111/j.1365-
2125.2012.04406.x

Sheiner LB, Beal SL. Some suggestions for measuring predictive per-
formance. J Pharmacokinet Biopharm. 1981;9(4):503-512.

van Maarseveen EM, Bouma A, Touw DJ, Neef C, van Zanten ARH.
Design and prospective validation of a dosing instrument for continu-
ous infusion of vancomycin: a within-population approach. Eur J Clin
Pharmacol. 2014;70(11):1353-1359. https://doi.org/10.1007/
s00228-014-1742-6

Llopis-Salvia P, Jimenez-Torres NV. Population pharmacokinetic
parameters of vancomycin in critically ill patients. J Clin Pharm Ther.
2006;31(5):447-454. https://doi.org/10.1111/j.1365-2710.2006.
00762.x

Roberts JA, Taccone FS, Udy AA, Vincent J-L, Jacobs F, Lipman J.
Vancomycin dosing in critically ill patients: robust methods for

improved  continuous-infusion  regimens.  Antimicrob  Agents
Chemother. 2011;55(6):2704-2709. https://doi.org/10.1128/AAC.
01708-10

Thomson AH, Staatz CE, Tobin CM, Gall M, Lovering AM. Develop-
ment and evaluation of vancomycin dosage guidelines designed to
achieve new target concentrations. J Antimicrob Chemother. 2009;
63(5):1050-1057. https://doi.org/10.1093/jac/dkp085

Zdovc J, Santos CF, Silva N, Morais JAG, Paixao P. IV-71 Jurij Zdovc
Pharmacokinetics of vancomycin in intensive-care patients. https://


https://orcid.org/0000-0003-2185-8201
https://orcid.org/0000-0003-2185-8201
https://orcid.org/0000-0002-7618-725X
https://orcid.org/0000-0002-7618-725X
https://doi.org/10.2146/ajhp080434
https://doi.org/10.2146/ajhp080434
https://doi.org/10.1016/j.addr.2014.07.006
https://doi.org/10.1016/j.addr.2014.07.006
https://doi.org/10.1186/cc13939
https://doi.org/10.1086/600877
https://doi.org/10.1086/600877
https://doi.org/10.2165/00003088-200443130-00005
https://doi.org/10.2165/00003088-200443130-00005
https://doi.org/10.1093/jac/dkl030
https://doi.org/10.1371/journal.pone.0077169
https://doi.org/10.1186/cc13874
https://doi.org/10.1016/j.ijantimicag.2011.12.011
https://doi.org/10.1016/j.ijantimicag.2011.12.011
https://doi.org/10.2146/ajhp060047
https://doi.org/10.1046/j.1472-8206.2002.00086.x
https://doi.org/10.1046/j.1472-8206.2002.00086.x
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1038/psp.2013.24
https://doi.org/10.1093/jac/dks066
https://doi.org/10.1093/jac/dks066
https://doi.org/10.1128/AAC.49.12.4934-4941.2005
https://doi.org/10.1128/AAC.49.12.4934-4941.2005
https://doi.org/10.1111/j.1365-2125.2012.04406.x
https://doi.org/10.1111/j.1365-2125.2012.04406.x
https://doi.org/10.1007/s00228-014-1742-6
https://doi.org/10.1007/s00228-014-1742-6
https://doi.org/10.1111/j.1365-2710.2006.00762.x
https://doi.org/10.1111/j.1365-2710.2006.00762.x
https://doi.org/10.1128/AAC.01708-10
https://doi.org/10.1128/AAC.01708-10
https://doi.org/10.1093/jac/dkp085
https://www.page-meeting.org/?abstract=5837

10 BRITISH
PHARMACOLOGICAL
SOCIETY

23.

24.

25.

26.

27.

TER HEINE ET AL.

www.page-meeting.org/?abstract=5837. Published 2016. Accessed
October 10, 2019.

Guo T, van Hest RM, Roggeveen LF, et al. External evaluation of pop-
ulation pharmacokinetic models of vancomycin in large cohorts of
intensive care unit patients. Antimicrob Agents Chemother. 2019;63(5).
https://doi.org/10.1128/AAC.02543-18

Broeker A, Nardecchia M, Klinker KP, et al. Towards precision dosing
of vancomycin: a systematic evaluation of pharmacometric models
for Bayesian forecasting. Clin Microbiol Infect. 2019;25(10):1286-e1.
Roberts JA, Lipman J. Pharmacokinetic issues for antibiotics in the
critically ill patient. Crit Care Med. 2009;37(3):840-851.

Bury D, ter Heine R, van de Garde EMW, Nijziel MR, Grouls RJ,
Deenen MJ. The effect of neutropenia on the clinical pharmacokinet-
ics of vancomycin in adults. Eur J Clin Pharmacol. 2019;75(7):921-928.
Roberts DM, Liu X, Roberts JA, et al. A multicenter study on the
effect of continuous hemodiafiltration intensity on antibiotic pharma-
cokinetics. Crit Care. 2015;19(1):84. https://doi.org/10.1186/
s13054-015-0818-8

28.

29.

Heil EL, Claeys KC, Mynatt RP, et al. Making the change to area under
the curve--based vancomycin dosing. Am J Heal Pharm. 2018;75(24):
1986-1995.

Drennan PG, Begg EJ, Gardiner SJ, Kirkpatrick CMJ, Chambers ST.
The dosing and monitoring of vancomycin: what is the best way for-
ward? Int J Antimicrob Agents. 2019;53(4):401-407. https://doi.org/
10.1016/j.ijantimicag.2018.12.014

How to cite this article: R ter Heine, Keizer RJ, K van Steeg,
et al. Prospective validation of a model-informed precision
dosing tool for vancomycin in intensive care patients. Br J Clin
Pharmacol. 2020;1-10. https://doi.org/10.1111/bcp.14360



https://www.page-meeting.org/?abstract=5837
https://doi.org/10.1128/AAC.02543-18
https://doi.org/10.1186/s13054-015-0818-8
https://doi.org/10.1186/s13054-015-0818-8
https://doi.org/10.1016/j.ijantimicag.2018.12.014
https://doi.org/10.1016/j.ijantimicag.2018.12.014
https://doi.org/10.1111/bcp.14360

	Prospective validation of a model-informed precision dosing tool for vancomycin in intensive care patients
	  INTRODUCTION
	  METHODS
	  Selection of population PK models of vancomycin in adult patients from literature

	  What is already known about this subject
	  What this study adds
	  Retrospective external evaluation of the predictive performance of published PK models
	  Prospective evaluation of the selected PK model
	  Ethics

	  RESULTS
	  Selection of population PK models of vancomycin in adult patients from literature
	  External evaluation of the predictive performance of published PK models on retrospectively collected data
	  Model selection and prospective evaluation

	  DISCUSSION
	  COMPETING INTERESTS
	  CONTRIBUTORS
	  DATA AVAILABILITY STATEMENT
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


