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Abstract

Background: Intravenous (IV) vancomycin is used in the treatment of severe infection in neonates. However, its efficacy is
compromised by elevated risks of acute kidney injury. Therisk is even higher among neonates admitted to the neonatal intensive
care unit (NICU), in whom the pharmacokinetics of vancomycin vary widely. Therapeutic drug monitoring is an integral part of
vancomycin treatment to bal ance efficacy against toxicity. It involves individual dose adjustments based on the observed serum
vancomycin concentration (VCg). However, the existing trough-based approach shows poor evidence for clinical benefits. The
updated clinical practice guideline recommends population pharmacokinetic (popPK) model-based approaches, targeting area
under curve, preferably through the Bayesian approach. Since Bayesian methods cannot be performed manually and require
speciaized computer programs, thereisaneed to provide clinicianswith auser-friendly interface to facilitate accurate personalized
dosing recommendations for vancomycin in critically ill neonates.

Objective: We used medical data from electronic health records (EHRS) to develop a popPK model and subsequently build a

web-based interface to perform model-based individual dose optimization of IV vancomycin for NICU patientsin local medical
institutions.

Methods: Medical data of subjects prescribed 1V vancomycin in the NICUs of Prince of Wales Hospital and Queen Elizabeth
Hospital in Hong Kong were extracted from EHRs, namely the Clinical Information System, In-Patient Medication Order Entry,
and electronic Patient Record. Patient demographics, such as body weight and postmenstrual age (PMA), serum creatinine (SCr),
vancomycin administration records, and VC, were collected. The popPK model employed a 2-compartment infusion model.
Various covariate models were tested against body weight, PMA, and SCr, and were evaluated for the best goodness of fit. A
previously published web-based dosing interface was adapted to devel op the interface in this study.

Results: The final data set included EHR data extracted from 207 subjects, with a total of 689 VCg, measurements. The final

model chosen explained 82% of the variability in vancomycin clearance. All parameter estimates were within the bootstrapping
Cls. Predictive plots, residual plots, and visua predictive checks demonstrated good model predictability. Model approximations
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showed that the model-based Bayesian approach consistently promoted a probability of target attainment (PTA) above 75% for
all subjects, while only half of the subjects could achieve a PTA over 50% with the trough-based approach. The dosing interface
was devel oped with the capability to optimize individual doses with the model-based empirical or Bayesian approach.

Conclusions: Using EHRs, a satisfactory popPK model was verified and adopted to develop a web-based individual dose
optimization interface. The interface is expected to improve treatment outcomes of 1V vancomycin for severe infections among
critically ill neonates. This study provides the foundation for a cohort study to demonstrate the utility of the new approach

compared with previous dosing methods.

(IMIR Med I nform 2022;10(1):€29458) doi: 10.2196/29458
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Introduction

I ntravenous Vancomycin

Intravenous (1) vancomycin has long been the first-line
treatment for severe bacterial infections, especially in cases
involving Saphylococci species[1]. Despiteitswell-established
efficacy, vancomycin has a narrow therapeutic index and is
commonly associated with acute kidney injury (AKI), especialy
at high levels of exposure [2]. It was shown that even small
acute increases in serum creatinine (SCr) could be detrimental
to long-term survival in critically ill patients [3]. Therapeutic
drug monitoring (TDM) for vancomycin is a recommended
practice to balance efficacy and the risk of AKI. Thisinvolves
the monitoring of the systemic serum vancomycin concentration
(VCy over time after drug administration and subsequent

adjustments of vancomycin dosage as necessary.

Phar macokinetics of Vancomycin

Vancomycin is eliminated from the systemic circulation
primarily through glomerular filtration in the kidneys. Thus,
glomerular filtration rate (GFR) is closely correlated with
vancomycin clearance (CL), which is the main factor affecting
VC [4]. Since GFR is clinically estimated by creatinine
clearance, the major determinants of creatinine clearance,
including body size and SCr, are among the major covariates
of CL among patients from all age groups [5,6]. To improve
the prediction of V C,, the pharmacokinetics of vancomycin has
been widely studied to understand the mathematical relationship
between CL and these covariates [7-11].

Vulnerability of Critically Il Neonates Requiring
Vancomycin

Intheneonata intensive care unit (N1CU), the pharmacokinetics
of vancomycin among neonates is highly variable due to
dynamic patient conditions and interventions [11]. Moreover,
for neonates, it is necessary to account for the maturation of
renal function, a process unique to the neonatal population that
occurs over the first weeks to months postpartum and is
associated with postmenstrual age (PMA) [12]. These conditions
put NICU patients at a higher risk for suboptimal therapeutic
effects of vancomycin and AKI, making accurate TDM of
vancomycin indispensable in this popul ation.

https://medinform.jmir.org/2022/1/e29458

TDM of Vancomycin

A steady-state area under the curve of the VCgtime profile
(AUC) over 24 hours (AUC,,) to minimum inhibitory
concentration (MIC) ratio (AUC,,/MIC) of 2400 hours has been
advocated asthe primary predictor of vancomycin efficacy [13].
Nevertheless, since AUC estimation requiresmeasuring multiple
VC, values, which is often impractical in the clinical setting,
the American Society of Health-System Pharmacists, the
Infectious Diseases Society of America, and the Society of
Infectious Diseases Pharmacists published a consensus report
in 2009 recommending the steady-state trough V Cs (V Cg o trough)
as a surrogate marker for the AUC target (assuming MIC at 1
mg/L) [13]. However, data on the efficacy and safety profile
with this trough-based approach are lacking [14]. On the other
hand, there is further evidence supporting AUC,,/MIC as the
pharmacokinetic target. The requirement of multiple VCq
measurements could al so be resolved by employing the Bayesian
approach as supported by recent research [15,16].

In response, the guideline was updated in 2020 jointly by the 3
societies publishing the 2009 report, together with the Pediatric
I nfectious Diseases Society, giving new recommendations. First,
VCsstrough 1S NO longer recommended as a pharmacokinetic
target; dose optimization should instead target an AUC,,/MIC
of 400 to 600 hours. Second, the preferred method to estimate
individual AUC isto apply Bayesian estimation using 1 trough
VCs (VCgyrougn Presteady-state or steady-state trough) and
preferably 1 peak V Cg (V C pex, Presteady-state or steady-state
peak), based on a population pharmacokinetic (popPK) model
for vancomycin. Third, a less preferred method to calculate
individual AUC is to use the first-order equations on a set of
measured VCs g rougn aNd steady-state peak VCs (VCg g peckd)
values [14]. Recommendations for initial dosing were also
revised. A popPK model-based estimation of individual AUC
is preferred over using auniversal weight-based dosing scheme
[17]. AsAUC becomesthe basis of dose optimization, ensuring
areliable approach for AUC estimationisaprerequisite of dose
optimality. Table 1 summarizes the approaches to AUC
estimation and hence dose optimization used in this text.
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Table 1. Summary of approaches to vancomycin dosing.

Hui et a

Dosing approach Weight-based Empirica dosingwith ~ Steady-statetrough  Egtimation of AUC®  Model-based
popPK 2parameter es-  target by steady-state peak Bayesian optimization
timates and trough
Which dose to guide? Initial dose Initial dose Maintenance dose Maintenance dose Maintenance dose
When VCL measure-  When VCgmeasure-  When VCg measure-
When to use? Beforethefirst dose  Beforethefirstdose mentisavailable ment is available ment is available

Required VCgmeasurements  N/AY N/A

PKJ target N/A AUC
popPK model-based? N/A Yes
Bayesian estimation re- N/A N/A

quired?

Recommended? Yes Yes

VCS,$,trough + VCs,troughg
f hyi
Vcs,ss,troughe VCS,$,peak (+VCs,peak )I
VCS,$,trough AUC AUC
N/A N/A Yes<
N/A N/A Yes
No longer Yes, less preferred Yes, preferred

%opPK : population pharmacokinetic.

bauc: steady-state area under the curve of the serum vancomycin concentration-time profile.

% Cg serum vancomycin concentration.

dN/A: not applicable.
&veC : steady-state trough serum vancomycin concentration.
S,8s,trough

fVCS‘SS,peak: steady-state peak serum vancomycin concentration.

gVCs,trough: trough serum vancomycin concentration (presteady-state or steady-state trough).
hvcs,peak: peak serum vancomycin concentration (presteady-state or steady-state peak).

'Preferrably with VCq peck-

IpK: pharmacokinetic.

KThe 2 approaches are collectively called the model-based approaches.
'Potential ly better compared with the weight-based approach.

Multifaceted Roles of Digital Health in the TDM of
Vancomycin in the NICU Population

Therapid development in digital health has made this study and
the proposed clinical improvements possible in multiple ways.
They are elaborated in the following paragraphs.

To keep up with the current standard of treatment and given the
large variability in NICU patients, separate popPK analysesfor
vancomycin are required for the local NICU population [18].
However, prospective data collection is often costly and
burdensome in the clinical environment, while the unstructured
collection of retrospective data is prone to errors. Fortunately,
as digital records are becoming vital on the clinical frontline,
electronic headlth records (EHRs) now present extractable
information for data analyses [19]. It is now feasible to
consolidate data retrieved from multiple EHR sources to
reconcile a data set suitable for popPK analyses [20].

Establishing apopPK model isthefirst step to upgradethe TDM
practice for IV vancomycin in the local NICU population. To
maximize the utility of the popPK modd, it is necessary to
enable Bayesian estimation for accurate estimations of individual
AUC [14]. Unlike conventiona strategies to individual dose
optimization by equationsand nomograms, which can be carried
out manually, Bayesian estimation requires numerica

https://medinform.jmir.org/2022/1/e29458

approximation processes that can only be performed digitally
using computers.

Putting popPK model—based Bayesian estimation into clinical
practice is difficult because most clinicians are not experts in
this area. To tacklethis, afully automated web-based interface
incorporating a popPK model, a numerical approximation
solution to Bayesian estimation, and algorithms for dose
optimization would be an ideal tool for clinical use. In contrast
with a client-based interface, a web-based interface (1) allows
remote access with various browser-enabled devices, including
clinical computer workstations, tablets, and smartphones; (2)
saves installation issues; and (3) is easier to maintain. Such an
interfaceis designed to guide and validate necessary inputsfrom
clinicians, followed by suggestions of dosing regimens, which
are expected to help clinicians decide the optimal treatment plan
that can enhance clinical outcomes.

Summary and Study Objectives

The use of a model-based dosing interface isin its pilot stage
in Hong Kong. Neonatal vancomycin is among the first drugs
being investigated. Experiencesgained in thisstudy are expected
toimprove IV vancomycin treatment significantly and, perhaps
moreimportantly, lay the foundation for the extraction of popPK
data from EHRs and web-based dose optimization interfaces
for other drugs with narrow therapeutic indices. In support of
its implementation, this study was conducted in local medical
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institutions to develop the popPK model of vancomycin for
NICU patients using rea-world data from EHR resources.
Besides, a previously reported framework of a web-based
interface performing Bayesian estimation and individual dose
optimization for the use of high-dose methotrexate in local
institutions will be adopted to create the dosing interface for
neonatal IV vancomycin.

Methods

Study Population, EHR Use, and Data Preprocessing

The study data set consists of all Chinese patientswithin 1 year
of postnatal age (PNA) admitted to the NICUs of Prince of
Wales Hospital and Queen Elizabeth Hospital in Hong Kong
between January 1, 2016, and December 31, 2017. Each
potential subject had to be prescribed IV vancomycin, and have
at least one VCg measurement and one SCr measurement in
order to be eligible. Subjects with major congenital heart
diseases were excluded. Subjects with vancomycin initiated
within 7 days of birth were also excluded due to the variable
effects of maternal creatinine on the estimation of neonatal renal
function. Eligible subjects were identified through the Clinical
Data Analysis and Reporting System (CDARS), a database
devel oped and maintained by the Hong Kong Hospital Authority
for audit and research purposes. Data of selected subjects were
then collected from several in-house EHR platforms, namely
the Clinical Information System (CIS), In-Patient Medication
Order Entry (IPMOE), electronic Patient Record (ePR), and,
whenever necessary, original copies of medical charts. Ethical
approval was obtained from the Joint Chinese University of
Hong Kong-New Territories East Cluster Clinical Research
Ethics Committee (reference number: 2018.094) and Kowloon
Central Cluster/Kowloon East Cluster Research Ethics
Committee (reference number: KC/KE-18-0096/ER-1) for data
collection. Parental consent was not required due to the
anonymized and retrospective nature of data collection.

Constant data items collected were sex, birth weight, gestation
age, and date of birth. Time-dependent measurementsincluded
body weight, VC,, and SCr. Dosing records were collected in
terms of the dose administered and the infusion rate (assuming
constant rate). The date and time tags of al time-dependent
measurements and dosing records were also collected. Dosing
records were available from IPMOE, while other data items
were collected from CIS and ePR.

All VC;records collected over 7 days after the start of the last
infusion of vancomycin were removed. All subjects started on
vancomycin within the first 7 days of birth were aso removed.
At each unique time tag of each subject, PMA was calculated
as the time difference between the tag and the estimated first
day of the last menstrual period of the subject’s mother. SCr
was imputed asthe previous or next available value, whichever
was closer in time. Body weight was imputed by linearly
interpolating and extrapolating available values. All VC, values
measured during infusion were removed. SCr values below the
lower limit of quantification (LLOQ) (ie, 15 pmol/L) were
replaced by 7.5 pmol/L. V C, values measured had an LLOQ of
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1 mg/L, and records below the LLOQ (below the limit of
quantification [BLQ]) were flagged.

M odel Structure and Parameterization

A popPK model adoptsthe structure of anonlinear mixed-effect
model [21,22]. A 2-compartment infusion model with first-order
elimination was applied, for which the pharmacokinetic
parameters CL, central volume (V.), intercompartmental
clearance (Q), and peripheral volume (V) of vancomycin were
defined [9]. The between-subject variability (BSV) in CL and
the between-occasion variability (BOV, variability in CL inthe
same subject between episodes) were expressed in terms of the
coefficient of variance (CV) (ie, CVCL and CVClLggy,
respectively). Both CVCL and CVCLgg, were assumed to
follow the log-normal distribution [23]. Residual unexplained
variability was described by a combined proportional-additive
error model [24].

In building the pharmacokinetic parameter model, alometric
scaling was applied to describe the association of CL, V, Q,
and V , against body weight using the power function, with fixed
exponents of 0.75 and 1, respectively [25]. This was tested
against freely estimated exponents (one for CL and Q, and
another for V. and V) using the likelihood ratio test. The
maturation of renal function was described asafunction of PMA
and tested against the linear, exponential, first-order, and Hill
functions[26-28]. The function that returned the best goodness
of fit was chosen. The renal function with respect to SCr was
described using the power model [29].

Parameter Estimation and Model Evaluation

Parameter estimation was executed with NONMEM version
7.4 (Icon plc) using first-order conditional estimation with
interaction [30]. BLQ data were handled using the M3 method
[31]. Perl-speaks-NONMEM was used to coordinate NONMEM
execution [32]. Residual plots, predictive plots, and a
prediction-corrected visual predictive check (pcVPC) were
generated [33]. Bootstrapping using 1000 resampled data sets
was performed to assess the stability of parameter estimates
[34]. R and the R package ggplot2 were used for graphics
generation [35,36].

Dose I ndividualization

Model-based approaches to dose optimization rely on the
estimation of pharmacokinetic parameters for a subject based
on the verified popPK model as described above. The set of
pharmacokinetic parameter estimates are then used to
approximate the AUC distributions at different doses, such that
the dose at which the probability of attaining an AUC,,/MIC
of 400 to 600 hours (probability of target attainment [PTA]) is
maximized (ie, the optimal dose) can beidentified by numerical
approximation. Practically, the empirical approach helps decide
the initial dose, while the Bayesian approach informs dose
adjustments afterwards (see Table 1).

Web-Based Dosing I nterface

The web-based dosing interface in this study is designed to
perform the model-based approach to dose optimization. The
framework of theinterface was replicated from that reported in
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a previous study for the dose adjustments of single-dose
high-dose methotrexate in the pediatric population [37]. On
performing the Bayesian approach, the interface demonstrated
the ability to generate individual estimates of AUC identical to
and more efficiently than NONMEM. The interface was
modified to adapt to the popPK model for 1V vancomycin
estimated and verified in this study, enable empirical dose (the
first dose) suggestion, and allow dose optimization at various
dosing intervals.

Table 2. Demographic and data characteristics of the final data set (N=207).

Hui et a

Results

Data Set Management

One VC, value was measured 7 days &fter the start of the last
infusion and thus removed. Forty-five subjects with PNA <7
days when vancomycin was first started were also removed.
Data extraction from the EHRs and data exclusion resulted in
afinal dataset consisting of 207 patients and atotal of 689 VCg
measurements. The demographics are detailed in Table 2. The
time profile of observed VC, valuesis shown in Figure 1.

Characteristic Value
Site, n (%)
Prince of Wales Hospital 156 (75.4)
Queen Elizabeth Hospital 51 (24.6)
Sex, n (%)
Male 112 (54.1)
Female 95 (45.9)
Gestation age (weeks), median+I QR (min-max) 30.1+6.9 (24.1-41.3)

Postnatal age at first dose (days), mediantIQR (min-max)
Postmenstrual age at first dose (weeks), mediantl QR (min-max)
Birth weight (kg), mediantl QR (min-max)

Median body weight (kg), median+IQR (min-max)

Dose infused (mg/kg), mediantl QR (min-max)

SCr? (umol/L), median+I QR (min-max)

Number of VC measurements by subject, n (%)

1

2

3

4

5

6-8

10-21

Measured VCg (mg/L), medianxl QR (min-max)

Number of episodes (after combining) by subject, n (%)

o g~ W N P

17414 (7-114)
33.747.3(25.7-53.3)
1.32+0.89 (0.44-4.14)
1.68+1.13 (0.47-7.36)
1443 (5-31)

42434 (15-252) (plus 12 BLQb measures of SCr)

63 (30.4)

43(20.8)

26 (12.6)

27 (13.0)

21 (10.1)

16 (7.7)

11(5.3)

9.9+9.4 (1.9-84.8) (plus 16 BLQ measures of VCy)

131 (63.3)
48(23.2)
14.(6.8)

5 (2.4)

5 (2.4)
4(1.9)

8SCr: serum creatinine concentration.
BBLQ: below limit of quantification.
%/ Cq serum vancomycin concentration.
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Figure 1. Profile of the observed VCgin the final data set. The graphs show the profile of the observed VCgin linear (A) and logarithmic (B) scales.
Observed V Cg values after the same last dose in the same subject are joined with a solid line. The dashed horizontal line denotes the lower limit of
quantification, below which al measured VCgq values are displayed at 0.5 mg/L. VCg: serum vancomycin concentration.
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Model Comparison

In the final model, a fixed exponent is used for the power
functions of the body weight effect and a Hill function is used
to describe the PMA-CL relationship. The final model has a
minimum objective function vaue (OFV) of 2329.272. Allowing
freely estimated exponents for body weight functions on
pharmacokinetic parametersonly led to statistically insignificant
improvementsin goodness of fit (x? val ue approximates change
in OFV [dOFV]=-5.583, P=.06, at a degree of freedom of 2).
Replacing the Hill function with a linear, exponential, or
first-order function resulted in worsened goodness of fit
(dOFV=+58.440, +83.391, and +140.645, respectively). None
of these alternative models led to significantly better goodness
of fit.
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Final Model Parameter Estimates and Evaluation

Parameter estimates for the final model are shown in Table 3.
They are very close to the bootstrap means and well within the
bootstrap Cl and have a condition number of 226 (which is
within the usual reference limit of 1000). Accounting for both
CVCL and CVCLggy, the effects of body weight, PMA, and
SCr aone, and al combined explained 43%, 63%, 54%, and
82% of the variability in CL, respectively. Besides, the overall
shrinkage of random effects in CL is estimated to be 16.9%,
which is within the acceptable range. Predictive and residual
plots of the final model are available in Figure 2. The
prediction-corrected visual predictive check isshownin Figure
3.
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Table 3. Parameter estimates of the final model.

Parameter® Estimate (90% CI)? Bootstrap mean (90% Cl)
TVCLE L 0.140 (0.123-0.159) 0.142 (0.119-0.163)
6 PMA.CL Hill d 7.02 (5.05-9.76) 6.76 (5.08-9.70)
BPMA.CLM at50€r days 197 (188-206) 199 (185-209)
6 sercL f 0.541 (0.455-0.644) 0.530 (0.455-0.643)
WL 0.769 (0.705-0.839) 0.782 (0.681-0.868)
V" L 0.147 (0.087-0.249) 0.0887 (0.0267-0.8149)
WL 0.285 (0.211-0.385) 0.287 (0.160-0.482)
B ) and By & Fixed at 0.75 Fixed at 0.75
eWT,Vcl and By vp™ Fixed at 1 Fixed at 1
cveL™ % 12.3(9.0-14.9) 11.9 (8.8-15.0)
CVCLao,". % 13.3(9.8-16.1) 13.3 (10.4-15.7)
Gpropov % 16.8 (12.2-23.2) 16.1 (12.0-23.5)
- 1.76 (1.25-2.47) 1.68 (1.29-2.40)

#The equations for population values are as follows: 77" =7 ()™ e ()", Popultion V.= 177, (:,-_Dsm; Popuiaion 0= 770 (1),

: = T\, . . . . . . .
Population 7, =777, (7)™ \vhere CL is vancomycin clearance, PMA is postmenstrual age in days, Q is vancomycin intercompartmental clearance, Ser
is serum creatinine level in umol/L, V¢ is vancomycin central volume, V, is vancomycin peripheral volume, and WT is body weight in kg.

bParameters were estimated on the logarithmic scale (except for coefficient of variance describing between-subject variability in clearance [CVCL] and
coefficient of variance describing between-occasion variability in clearance [CVCLgoy]), and the displayed Cls are cal culated based on the estimated

standard errors on the logarithmic scale assuming normal distribution.
“TVCL: typical value of vancomycin clearance.
depM A.CL Hill- Hill factor describing the association between postmenstrual age in days and vancomycin clearance.

“Opm A,CL Mat50- Postmenstrual age in days at which maturation in vancomycin clearance is 50%.
fGScr,CL: exponent describing serum creatinine effect on vancomycin clearance.
9TVV,. typical value of vancomycin central volume.

hTVQ: typical value of vancomycin intercompartmental clearance.
ITVVp: typical value of vancomycin peripheral volume.

jGWT,CL: exponent describing body weight effect on vancomycin clearance.

kSWT,Q: exponent describing body weight effect on vancomycin intercompartmental clearance.

IeWT,Vc: exponent describing body weight effect on vancomycin central volume.

m9WT,Vp1 exponent describing body weight effect on vancomycin peripheral volume.

NCoefficient of variance describing between-subject variability in vancomycin clearance [CV CL] and coefficient of variance describing between-occasion
variability in vancomycin clearance [CV CLgy] are converted from the estimated variance of random effects (mz) usingtheformula v e“? —1 X 100%,
0cprop: proportional component of residual unexplained variability.

Po 4q: additive component of residual unexplained variability.
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Figure 2. Predictive and residual plots of the final model. The observed VCg and CWRES are plotted against the population and individual predicted
V C, of the final model in the graphs, as indicated. The dashed linesin the CWRES plots indicate the range of —1.96 to +1.96, within which 95% of the
data points should fall. The observed agreements between observed and predicted VV Cg and the distributions of CWRES demonstrate the good predictive
power of the final model. VCg: serum vancomycin concentration; CWRES: conditional weighted residual .
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Figure 3. Prediction-corrected visual predictive check of the final model. (A) The 3 shaded areas (from bottom to top) for each time bin represent the
95% ClI of the 5th percentiles, medians, and 95th percentiles of the corrected predictions; the dots represent the corrected observed V Cg; the solid line

represents the binned medians of the corrected observed V Cg; the dashed lines represent the binned 5th and 95th percentiles of the corrected observed
VCq. Idedlly, the percentiles of the observed V Cg should fall within theindicated Cls of predicted percentiles. (B) The shaded areaand the line represent

the 95% ClI of predicted proportions and the observed proportions of BLQ concentrations, respectively. Most binned percentiles of the corrected observed
VC, fall within or are very close to the 95% CI of corrected predictions, demonstrating the predictive power of the final model. BLQ: below limit of

quantification; VCg: serum vancomycin concentration.
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L o approximated. The graph on theleft in Figure 4 showsthat dose
Per formance Of Dose Individualization _ adjustments by the steady-state trough approach result in only
Based on the validated popPK model, the PTAs of different  half of the subjects achieving a PTA over 50%, which is only
dosing approaches for the subjects in the data set were dightly improved when compared to maintaining the initial
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doses given. It is aso outperformed by the model-based
approaches, namely, the empirical approach and the Bayesian
approach, which reliably raise the PTA to above 75% for most
subjects. Meanwhile, the graph on the right in Figure 4 shows

Hui et a

some extreme dose adjustments with the steady-state trough
approach when compared to the Bayesian approach, indicating
overcorrection of doses with the trough approach without
achieving a better PTA profile.

Figure 4. Probability of target attainments with different dose adjustment approaches. (A) The maximum PTA among the indicated count of subjects
with the lowest PTAs under different dosing approaches. The lines represent the approximated outcomes of (1) maintaining the initial dose given (red
dotted), (2) steady-state trough approach by targeting aV Cg sstrough Of 8.5 mg/L (orange dot-dashed, where the shaded region represents the previously
recommended target range of 7-10 mg/L), (3) the model-based empirical approach (green dashed), and (4) the model-based Bayesian approach (blue
solid). (B) The percentage changes from the initial 24-hour doses to the optimal doses with the steady-state trough approach (orange triangles with an
orange dot-dashed fitting curve) and the model-based Bayesian approach (blue circles with a blue solid fitting curve). The downward sloping fitting
curves agree with the general trend that the doseisincreased (or decreased) whenitistoo low (or high). PTA: probability of target attainment. V Cg sstrough’

steady-state trough serum vancomycin concentration.
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Web-Based Daosing I nterface

A composite screenshot of the developed interface is available
in Figure 5. Detailed screenshots of the devel oped interface are
available in Multimedia Appendix 1. The top panel is aways
displayed and allows the user to navigate different steps using
the interface. By clicking a tab, the corresponding panel will
be displayed bel ow the top panel. Step 1 requires user inputsto
estimate individual parameters. The user may choose between
the model-based approaches (the empirica or Bayesian
approach), depending on whether VC, dataare available. If the
latter is chosen, then apart from the current body weight, PMA,
and SCr, the user also needs to input previous doses

https://medinform.jmir.org/2022/1/e29458
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administered, measured V C,, and previous body weight, PMA,
and SCr. In step 2, the user may specify the desired therapeutic
targets, which defaults to an AUC,,/MIC of 400 to 600 hours
without constraints by V Cy « trough aNd V Cy ¢ penk- Step 3 allows
the user to specify the range of doses and dosing intervals
allowed during optimization, which are by default set according
to the usual practices of the hospitals using the interface. In
most cases, accepting the defaults for steps 2 and 3 suffices.
After inputting the required data, the results of individual dose
optimization will be generated in the “optimization” tab, which
suggests the dose (and dosing intervals) required to maximize
PTA and the graphical illustrations of the steady-state VCg
profile and the expected probability distribution of AUC,,.
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Figure5. Example screenshot of theindividual dose optimization interface. The top part shows the set of ordered tab buttons that are always displayed
at the top of the window to guide the users through the steps of using the interface. The left part shows the panel for step 1 to get individual parameter
estimates. The upper-right part shows the panel for step 3 to set the ranges of dosing parameters (range of doses and dosing intervals) to optimize. The
lower-right part is the panel showing the results of individual dose optimization.
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Discussion

Fulfillment of Study Objectives

Real-world data from EHRs were successfully used to develop
a popPK model of IV vancomycin for the loca NICU
population. Based on a previously published dosing interface
for high-dose methotrexate, a dosing interface for individual
dose optimization of IV vancomycin for the local NICU
population was created.

Reconciliation of popPK Data From EHRs

Despite the promising aspects of using EHRs, challenges were
present when attempting to reconcile a popPK data set with
EHR resources. First, especially when encountering anew EHR
source, effortswere required to understand and validate the data
structure of the source to ensure the likeliness of generating
necessary tables for statistical analyses. To enable popPK
analyses, it isessential to ensurethat the target information can
be reformatted into tables with different row representations
(ie, 1 row per, for example, subject, dose, and observed VC,).
Then, since EHRs are primarily archived automatically during
clinical operation, there is the issue of unstandardized or
ambiguousinputs, especially for manual fields, because different
clinics may have different logging practices. For instance,
laboratories may run assayswith different LLOQs, which could
be logged onto the EHR systems using various syntaxes. Other
problems encountered were suspected duplicated or missing
records. For example, detectable V C, measured before the first
recorded dose or 7 days after the last dose in subjects with
normal renal function may indicate missing dosing records.

https://medinform.jmir.org/2022/1/e29458
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A major limitation of using EHR datafollowing the aboveissues
isthat dataerrors and ambiguity are often untraceable. To ensure
therobustness of thefina data set submitted for popPK analyses,
itiscrucial to remove problematic data that cannot be clarified
from the EHR sourceswhile keeping an eye on the possiblerisk
of causing biased estimates (eg, censored data that are missing
not at random).

While having to identify unsalvageable data is a downside,
using EHRs is a convenient way to obtain a useful volume of
data. Under the hectic environment of hospital wards, it isoften
difficult for clinicians to cater to the collection of study data.
Making use of EHRs can ease the data collection process by
minimizing the clinical workforce required. Moreover, since
most EHR fields are aready standardized, organized, and
validated to a certain extent, typographical errors are less of a
concern when extracting information from EHR sources.

popPK Model Development

The covariates can explain a significant proportion of BSV as
expected. Diagnostic plots and the prediction-corrected visual
predictive check show good predictive performance. The
agreement between final parameter estimates against
bootstrapping results and the relatively small condition number
demonstrates the stability of the estimates. The choices of
parameter-covariate relationships in the final model structures
and the resultant parameter estimates in this study generally
agreewith previously reported models[26,28,29]. These positive
results of evaluations help establish the validity of the model
for implementation into the dose individualization interface.
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Advantages of the Web-Based Dosing I nterface

It is anticipated that the implementation of the developed
interface can bring about several improvements to the current
practice of administering 1V vancomycin to treat severe
infectionsin critically ill neonates. First, with the support of the
popPK model developed, the interface can estimate individual
AUC more accurately and enhance the optimality of the
recommended initial dose (with the empirical approach) and
maintenance dose (with the Bayesian approach). The
recommended dose is also adaptive to significant changes in
individual vancomycin PK due to variations in body weight,
PMA, and renal functions during treatment. Moreover, with the
Bayesian approach, presteady-state VC is aso usable for
estimation, such that waiting until the release of a steady-state
VC, measurement result for dose adjustment is no longer
required. Together, these advantages promote the PTA profile
and shorten the time to achieve the pharmacokinetic target by
reducing the number of dose adjustments required. Thisis, in
turn, expected to improve the treatment outcomes by promoting
recovery while mitigating the risk of developing AKI. Apart
from that, implementing the interface eliminates the need for
manual calculation and thus reduces the risks of arithmetic
errors in dose adjustments. The interface is also designed in a

Hui et a

user-friendly and foolproof manner to ease its application by
clinicians. Furthermore, the interface is developed using
open-source software such that accessibility is guaranteed and
licensing costs can be saved.

Conclusions and Future Studies

Based on a data set reconciled from real-world data extracted
from multiple EHR sources, apopPK model of 1V vancomycin
has been devel oped and verified for the local NICU population.
Based on the verified model and adoption of a previously
published framework, a web-based dosing interface has been
built to apply model-based approaches to individual AUC
estimation and dose optimization of IV vancomycin. The
developed interface is expected to improve clinical outcomes
of the treatment of severe infections compared with previously
adopted approaches, namely, the weight-based approach for
initial dosing and the trough-based approach for dose
adjustments. A cohort study will be performed later to show
the superiority of using theinterface compared with the previous
approaches in terms of clinical outcomes. The experiences
gained in this study will be valuable for the future use of the
data collected from EHR sources for popPK analyses and the
development of similar interfaces for other drug entities with
narrow therapeutic indices.

Acknowledgments

The authors would like to thank Ms IU, Pui Ching Irisfor her assistance with the manuscript.

Authors Contributions

KHMH and TNTL designed the research. CHTC, YSIL, PHTL, and LY BC collected the data. KHMH analyzed the data and
developed the dosing interface. KHMH wrote the manuscript. HSL, TNTL, CPL, CLYE, and Y TC reviewed the final manuscript.

Conflictsof Interest
None declared.

Multimedia Appendix 1

Detailed screenshots of the web-based dosing interface.
[DOCX File, 441 KB-Multimedia Appendix 1]

References

1. Baumgart S, Hall SE, Campos M, Polin RA. Sepsis with coagulase-negative staphylococci in critically ill newborns. Am
JDis Child 1983 May 01;137(5):461-463. [doi: 10.1001/archpedi.1983.02140310043012] [Medline: 6846275]

2. Lodise TP, Patel N, Lomaestro BM, Rodvold KA, Drusano GL . Relationship between initial vancomycin concentration-time
profile and nephrotoxicity among hospitalized patients. Clin Infect Dis 2009 Aug 15;49(4):507-514. [doi: 10.1086/600884]

[Medline: 19586413]

3. Linder A, Fdl C, Levin A, Walley KR, Russall JA, Boyd JH. Small acute increasesin serum crestinine are associated with
decreased long-term survival in the critically ill. Am J Respir Crit Care Med 2014 May 01;189(9):1075-1081. [doi:

10.1164/rccm.201311-20970C] [Medline: 24601781]

4. Matzke GR, Kovarik M, Rybak M J, Boike SC. Evaluation of the vancomycin-clearance:creatinine-clearance relationship
for predicting vancomycin dosage. Clin Pharm 1985;4(3):311-315. [Medline: 4006395]
5. Cockcroft DW, Gault H. Prediction of creatinine clearance from serum creatinine. Nephron 1976;16(1):31-41. [doi:

10.1159/000180580] [Medline: 1244564]

6.  Schwartz GJ, Haycock GB, Edelmann CM, Spitzer A. A simple estimate of glomerular filtration rate in children derived
from body length and plasma creatinine. Pediatrics 1976 Aug;58(2):259-263. [Medline; 951142]

7. ChuY,LuoY,J S, Jang M, Zhou B. Population pharmacokinetics of vancomycin in Chinese patients with augmented
renal clearance. Journal of Infection and Public Health 2020 Jan;13(1):68-74 [FREE Full text] [doi:

10.1016/.jiph.2019.06.016] [Medline: 31277936

https://medinform.jmir.org/2022/1/e29458

JMIR Med Inform 2022 | vol. 10 | iss. 1| €29458 | p. 11
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=medinform_v10i1e29458_app1.docx&filename=f75e5ff179154945db7f1a0c24273b93.docx
https://jmir.org/api/download?alt_name=medinform_v10i1e29458_app1.docx&filename=f75e5ff179154945db7f1a0c24273b93.docx
http://dx.doi.org/10.1001/archpedi.1983.02140310043012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6846275&dopt=Abstract
http://dx.doi.org/10.1086/600884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19586413&dopt=Abstract
http://dx.doi.org/10.1164/rccm.201311-2097OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24601781&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4006395&dopt=Abstract
http://dx.doi.org/10.1159/000180580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1244564&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=951142&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1876-0341(19)30204-7
http://dx.doi.org/10.1016/j.jiph.2019.06.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31277936&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Hui et d

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Marqués-Mifiana MR, Saadeddin A, Peris J. Population pharmacokinetic analysis of vancomycin in neonates. A new
proposal of initial dosage guideline. Br J Clin Pharmacol 2010 Nov;70(5):713-720 [FREE Full text] [doi:
10.1111/j.1365-2125.2010.03736.x] [Medline: 21039765]

Moffett BS, Morris J, Munoz F, Arikan AA. Population pharmacokinetic analysis of vancomycin in pediatric continuous
rena replacement therapy. Eur J Clin Pharmacol 2019 Aug; 75(8):1089-1097. [doi: 10.1007/s00228-019-02664-7] [Medline:
30937470]

Okada A, KariyaM, Irie K, Okada Y, Hiramoto N, Hashimoto H, et al. Population Pharmacokinetics of Vancomycin in
Patients Undergoing Allogeneic Hematopoietic Stem-Cell Transplantation. J Clin Pharmacol 2018 Sep;58(9):1140-1149.
[doi: 10.1002/jcph.1106] [Medline: 29762865]

Stockmann C, Hersh AL, Roberts JK, Bhongsatiern J, Korgenski EK, Spigarelli MG, et al. Predictive Performance of a
Vancomycin Population Pharmacokinetic Model in Neonates. Infect Dis Ther 2015 Jun;4(2):187-198 [FREE Full text]
[doi: 10.1007/s40121-015-0067-9] [Medline: 25998107]

Rhodin MM, Anderson BJ, Peters AM, Coulthard MG, Wilkins B, Cole M, et a. Human rena function maturation: a
guantitative description using weight and postmenstrual age. Pediatr Nephrol 2009 Jan;24(1):67-76. [doi:
10.1007/s00467-008-0997-5] [Medline: 18846389]

Rybak M, Lomaestro B, Rotschafer JC, Moellering R, Craig W, Billeter M, et al. Therapeutic monitoring of vancomycin
in adult patients: aconsensus review of the American Society of Health-System Pharmacists, the Infectious Diseases Society
of America, and the Society of Infectious Diseases Pharmacists. Am J Health Syst Pharm 2009 Jan 01;66(1):82-98. [doi:
10.2146/ajhp080434] [Medline: 19106348]

Rybak MJ, Le J, Lodise TR, Levine DP, Bradley JS, Liu C, et a. Therapeutic monitoring of vancomycin for serious
methicillin-resistant Staphylococcus aureusinfections: A revised consensus guideline and review by the American Society
of Health-System Pharmacists, the Infectious Diseases Society of America, the Pediatric Infectious Diseases Society, and
the Society of Infectious Diseases Pharmacists. Am JHealth Syst Pharm 2020 May 19;77(11):835-864. [doi:
10.1093/ajhp/zxaa036] [Medline: 32191793]

Neely MN, Kato L, Youn G, Kraler L, Bayard D, van Guilder M, et a. Prospective Trial onthe Use of Trough Concentration
versus Area under the Curve To Determine Therapeutic Vancomycin Dosing. Antimicrob Agents Chemother 2018
Feb;62(2):02042 [FREE Full text] [doi: 10.1128/AAC.02042-17] [Medline: 29203493]

Neely MN, Youn G, Jones B, Jelliffe Rw, Drusano GL, Rodvold KA, et a. Arevancomycin trough concentrations adequate
for optimal dosing? Antimicrob Agents Chemother 2014;58(1):309-316 [FREE Full text] [doi: 10.1128/AAC.01653-13]
[Medline: 24165176]

Frymoyer A, Stockmann C, Hersh AL, Goswami S, Keizer RJ. Individualized Empiric Vancomycin Dosing in Neonates
Using aModel-Based A pproach. J Pediatric Infect Dis Soc 2019 May 11;8(2):97-104. [doi: 10.1093/jpids/pix109] [Medline:
29294072]

de Hoog M, Schoemaker RC, Mouton JW, van den Anker JN. Vancomycin population pharmacokinetics in neonates. Clin
Pharmacol Ther 2000 Apr;67(4):360-367. [doi: 10.1067/mcp.2000.105353] [Medline: 10801244]

Eichler H, Bloechl-Daum B, Broich K, Kyrle PA, Oderkirk J, Rasi G, et a. Data Rich, Information Poor: Can We Use
Electronic Health Records to Create a L earning Healthcare System for Pharmaceuticals? Clin Pharmacol Ther 2019
Apr;105(4):912-922 [FREE Full text] [doi: 10.1002/cpt.1226] [Medline: 30178490]

Choi L, Beck C, McNeer E, Weeks HL, Williams ML, James NT, et al. Development of a System for Postmarketing
Population Pharmacokinetic and Pharmacodynamic Studies Using Real-World Data From Electronic Health Records. Clin
Pharmacol Ther 2020 Apr;107(4):934-943 [FREE Full text] [doi: 10.1002/cpt.1787] [Medline: 31957870]

Mould DR, Upton RN. Basic concepts in population modeling, simulation, and model-based drug development. CPT
Pharmacometrics Syst Pharmacol 2012 Sep 26;1(9):1-14 [FREE Full text] [doi: 10.1038/psp.2012.4] [Medline: 23835886]
Mould DR, Upton RN. Basic concepts in population modeling, simulation, and model-based drug development-part 2:
introduction to pharmacokinetic modeling methods. CPT Pharmacometrics Syst Pharmacol 2013 Apr 17;2(4):1-14 [FREE
Full text] [doi: 10.1038/psp.2013.14] [Medline: 23887688]

Karlsson MO, Sheiner LB. The importance of modeling interoccasion variability in population pharmacokinetic analyses.
Journal of Pharmacokinetics and Biopharmaceutics 1993 Dec 1;21(6):735-750. [doi: 10.1007/bf01113502]

Keizer RJ, Karlsson MO, Hooker A. Modeling and Simulation Workbench for NONMEM: Tutorial on Pirana, PsN, and
Xpose. CPT Pharmacometrics Syst Pharmacol 2013 Jun 26;2(6):1-9 [FREE Full text] [doi: 10.1038/psp.2013.24] [Medline:
23836189

Holford NHG, Anderson BJ. Allometric size: The scientific theory and extension to normal fat mass. Eur JPharm Sci 2017
Nov 15;109S:S59-S64. [doi: 10.1016/].€jps.2017.05.056] [Medline: 28552478]

Anderson BJ, Woollard GA, Holford NH. A model for size and age changes in the pharmacokinetics of paracetamol in
neonates, infants and children. Br J Clin Pharmacol 2000 Aug;50(2):125-134 [FREE Full text] [doi:
10.1046/j.1365-2125.2000.00231.x] [Medline: 10930964]

KimuraT, SunakawaK, MatsuuraN, Kubo H, Shimada S, Yago K. Population Pharmacokinetics of Arbekacin, Vancomycin,
and Panipenem in Neonates. Antimicrob Agents Chemother 2004 Apr;48(4):1159-1167 [FREE Full text] [doi:
10.1128/aac.48.4.1159-1167.2004] [Medline: 15047516]

https://medinform.jmir.org/2022/1/e29458 JMIR Med Inform 2022 | vol. 10 | iss. 1 | €29458 | p. 12

(page number not for citation purposes)


https://doi.org/10.1111/j.1365-2125.2010.03736.x
http://dx.doi.org/10.1111/j.1365-2125.2010.03736.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21039765&dopt=Abstract
http://dx.doi.org/10.1007/s00228-019-02664-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30937470&dopt=Abstract
http://dx.doi.org/10.1002/jcph.1106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29762865&dopt=Abstract
http://europepmc.org/abstract/MED/25998107
http://dx.doi.org/10.1007/s40121-015-0067-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25998107&dopt=Abstract
http://dx.doi.org/10.1007/s00467-008-0997-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18846389&dopt=Abstract
http://dx.doi.org/10.2146/ajhp080434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19106348&dopt=Abstract
http://dx.doi.org/10.1093/ajhp/zxaa036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32191793&dopt=Abstract
http://europepmc.org/abstract/MED/29203493
http://dx.doi.org/10.1128/AAC.02042-17
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29203493&dopt=Abstract
http://europepmc.org/abstract/MED/24165176
http://dx.doi.org/10.1128/AAC.01653-13
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24165176&dopt=Abstract
http://dx.doi.org/10.1093/jpids/pix109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29294072&dopt=Abstract
http://dx.doi.org/10.1067/mcp.2000.105353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10801244&dopt=Abstract
http://europepmc.org/abstract/MED/30178490
http://dx.doi.org/10.1002/cpt.1226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30178490&dopt=Abstract
http://europepmc.org/abstract/MED/31957870
http://dx.doi.org/10.1002/cpt.1787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31957870&dopt=Abstract
https://doi.org/10.1038/psp.2012.4
http://dx.doi.org/10.1038/psp.2012.4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23835886&dopt=Abstract
https://doi.org/10.1038/psp.2013.14
https://doi.org/10.1038/psp.2013.14
http://dx.doi.org/10.1038/psp.2013.14
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23887688&dopt=Abstract
http://dx.doi.org/10.1007/bf01113502
https://doi.org/10.1038/psp.2013.24
http://dx.doi.org/10.1038/psp.2013.24
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836189&dopt=Abstract
http://dx.doi.org/10.1016/j.ejps.2017.05.056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28552478&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0306-5251&date=2000&volume=50&issue=2&spage=125
http://dx.doi.org/10.1046/j.1365-2125.2000.00231.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10930964&dopt=Abstract
http://aac.asm.org/cgi/pmidlookup?view=long&pmid=15047516
http://dx.doi.org/10.1128/aac.48.4.1159-1167.2004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15047516&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Hui et d

28.

29.

30.

31.

32.

33.

35.

36.
37.

Anderson BJ, Allegaert K, Van den Anker JN, Cossey V, Holford NHG. Vancomycin pharmacokineticsin preterm neonates
and the prediction of adult clearance. Br J Clin Pharmacol 2007 Jan;63(1):75-84 [FREE Full text] [doi:
10.1111/j.1365-2125.2006.02725.x] [Medline: 16869817]

Grimsley C, Thomson AH. Pharmacokinetics and dose requirements of vancomycin in neonates. Arch Dis Child Fetal
Neonatal Ed 1999 Nov 23;81(3):F221-F227 [FREE Full text] [doi: 10.1136/fn.81.3.f221] [Medline: 10525029]
Boeckmann A, Sheiner L, Beal S. NONMEM Users Guide. Ellicott City, MD: Icon Development Solutions; 2009.

Ahn JE, Karlsson MO, Dunne A, Ludden TM. Likelihood based approaches to handling data bel ow the quantification limit
using NONMEM V1. JPharmacokinet Pharmacodyn 2008 Aug;35(4):401-421. [doi: 10.1007/s10928-008-9094-4] [Medline:
18686017]

Lindbom L, Pihlgren P, Jonsson EN. PsN-Toolkit--a collection of computer intensive statistical methods for non-linear
mixed effect modeling using NONMEM. Comput Methods Programs Biomed 2005 Sep;79(3):241-257. [doi:
10.1016/j.cmph.2005.04.005] [Medline: 16023764]

Nguyen THT, Mouksassi M, Holford N, Al-Huniti N, Freedman |, Hooker AC, Model Evaluation Group of the International
Society of Pharmacometrics (ISoP) Best Practice Committee. Model Evaluation of Continuous Data Pharmacometric
Models: Metrics and Graphics. CPT Pharmacometrics Syst Pharmacol 2017 Feb;6(2):87-109 [FREE Full text] [doi:
10.1002/psp4.12161] [Medline: 27884052]

Tha H, Mentré F, Holford NHG, Veyrat-Follet C, Comets E. Evaluation of bootstrap methods for estimating uncertainty
of parameters in nonlinear mixed-effects models: a simulation study in population pharmacokinetics. J Pharmacokinet
Pharmacodyn 2014 Feb;41(1):15-33. [doi: 10.1007/s10928-013-9343-7] [Medline: 24317870]

R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical
Computing URL : https:.//www.r-project.org/ [accessed 2022-01-17]

Wickham H. Ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag; 2016.

Hui KH, Chu HM, Fong PS, Cheng WTF, Lam TN. Population Pharmacokinetic Study and Individual Dose Adjustments
of High-Dose Methotrexate in Chinese Pediatric Patients With Acute Lymphoblastic Leukemia or Osteosarcoma. J Clin
Pharmacol 2019 Apr;59(4):566-577. [doi: 10.1002/jcph.1349] [Medline: 30556906]

Abbreviations

AKI: acutekidney injury

AUC: steady-state area under the curve of the serum vancomycin concentration-time profile
AUC,,: steady-state area under the curve of the serum vancomycin concentration-time profile over 24 hours
BLQ: below thelimit of quantification

BOV: between-occasion variability

BSV: between-subject variability

CIS: Clinical Information System

CL: vancomycin clearance

CV: coefficient of variance

CVCL.: coefficient of variance of between-subject variability in vancomycin clearance
CVClLpgpy: coefficient of variance of between-occasion variability in vancomycin clearance
dOFV: changein objective function value

EHR: electronic health record

ePR: electronic Patient Record

GFR: glomerular filtration rate

IPMOE: In-Patient Medication Order Entry

IV: intravenous

LLOQ: lower limit of quantification

MIC: minimum inhibitory concentration

NICU: neonatal intensive care unit

OFV: objective function value

pcVPC: prediction-corrected visual predictive check

PMA: postmenstrua age

PNA: postnatal age

popPK: population pharmacokinetic

PTA: probability of target attainment

Q: vancomycin intercompartmental clearance

SCr: serum creatinine

TDM: therapeutic drug monitoring

V. vancomycin central volume

VCg serum vancomycin concentration
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VCspeak: PESK SErUM Vancomycin concentration

VCsespeak: Steady-state peak serum vancomycin concentration
VCssstrough: Steady-state trough serum vancomycin concentration
VCsirougn: trough serum vancomycin concentration

Vi vancomycin peripheral volume
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