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Abstract

Background and Objectives

Teicoplanin is a highly protein-bound antibiotic, increasingly used to treat
serious Gram-positive infections in critically ill children. Maturational
and pathophysiological intensive care unit-related changes often
lead to altered pharmacokinetics. In this study, the objectives were to
develop a pediatric population-pharmacokinetic model of unbound and
total teicoplanin concentrations, to investigate the impact of plasma
albumin levels and renal function on teicoplanin pharmacokinetics, and
to evaluate the efficacy of the current weight-based dosing regimen.

Methods

An observational pharmacokinetic study was performed and blood
samples were collected for quantification of unbound and total
concentrations of teicoplanin after the first dose and in assumed steady-
state conditions. A populationpharmacokinetic analysis was conducted
using a standard sequential approach and Monte Carlo simulations
were performed for a probability of target attainment analysis using
previously published pharmacokinetic-pharmacodynamic targets.

Results

A two-compartment model with allometric scaling of pharmacokinetic
parameters and non-linear plasma protein binding best described the data.
Neither the inclusion of albumin nor the renal function significantly improved
the model and no other covariates were supported for inclusion in the final
model. The probability of target attainment analysis showed that the standard
dosing regimen does not satisfactory attain the majority of the proposed targets.

Conclusions

We successfully characterized the pharmacokinetics of unbound and total
teicoplanin in critically ill pediatric patients. The highly variable unbound
fraction of teicoplanin could not be predicted using albumin levels, which may
support the use of therapeutic drug monitoring of unbound concentrations.
Poor target attainment was shown for the most commonly used dosing regimen,
regardless of the pharmacokinetic-pharmacodynamic target evaluated.
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Introduction

Hospital-acquired infections caused by Gram-positive bacteria are
associated with high mortality in critically ill pediatric patients. Gram-
positive infections have historically been treated with vancomycin and this
antibiotic is still extensively used. However, in pediatric patients, there is
an increasing use of teicoplanin. This increase could be attributed to when
compared with vancomycin, teicoplanin achieves equivalent efficacy while
having a more favorable adverse-effect profile’?. The increasing use of
teicoplanin in pediatric patients warrants further characterization of its
patient group-specific pharmacokinetics to allow for treatment optimization.

The currently recommended dosing regimen of teicoplanin in pediatric
patients consists of a loading phase of three 10-mg/kg intravenous doses given
with a 12-h interval, followed by a maintenance phase of 10-mg/kg intravenous
dosing once daily®. Although therapeutic drug monitoring of teicoplanin
in pediatric populations has been recommended?, it is not commonly
routinely performed. This is most likely due to the lack of an established PK-
pharmacodynamic (PK-PD) target of teicoplanin®. Several conflicting PK-PD
targets have been reported for teicoplanin (Table 1), but there is to date no
consensus regarding which target to optimize treatment.

Critically ill pediatric patients may display highly variable
pharmacokinetics. This variability can be attributed to changes in organ
function due to maturation processes, pathophysiological changes, and drug-
drug interactions®. Changes in plasma protein binding in critically ill patients
represent another factor that may affect the pharmacokinetics of drugs’. As the
unbound concentration of antibiotics represents the pharmacologically active
driver of anti-bacterial drug action, consideration of the unbound fraction
of antibiotics in critically ill patients is of major relevance’. Teicoplanin is a
mixture of several isomorphic components, including five major compounds
(A2-1 to 5) accounting for 95% of the total product, an hydrolysis product (A3-
1), and four minor (RS-1 to 4) compounds. All main compounds are extensively
protein bound (total teicoplanin protein binding [> 95%]?), but show slightly
variable affinity to albumin®. Because of this extensive protein binding, changes
in plasma protein concentrations can influence teicoplanin efficacy?’.

Teicoplanin is exclusively renally excreted, primarily through glomerular
filtration''. The glomerular filtration rate (GFR) is therefore considered a key
determinant of teicoplanin clearance. The GFR in pediatric patients is subjected
to maturation up to approximately 1 year of age'®. Clearance of teicoplanin
in pediatric patients can therefore be affected by maturational effects in the
GFR. Pathophysiological effects on renal function may further affect the renal
clearance of teicoplanin®3. Several formulas to estimate the GFR in pediatric
patients have been derived. Most of these approximations are based on either
serum creatinine (SCr), serum cystatin C (cysC), or a combination of these
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markers'. However, a consensus regarding the most predictive formula to
reflect the GFR in children is still lacking.

The pharmacokinetics of total teicoplanin concentrations in pediatric
populations has previously been described using two-compartment population-
PK models>-*%, Unbound teicoplanin pharmacokinetics has been described
for an adult patient population with hematological malignancies'®. However,
characterization of unbound teicoplanin pharmacokinetics in the pediatric
population is currently lacking.

The current study addresses the knowledge gap of unbound teicoplanin
pharmacokinetics in the pediatric population. We aimed to (1) develop a
population-PK model for unbound and total teicoplanin pharmacokinetics in
pediatric critically ill patients, (2) investigate the predictive quality of patient-
specific differences in albumin levels and GFR metrics on inter-individual
variability (IIV) in PK parameters, and (3) evaluate target attainment of the
current standard weight-based dosing regimen using several PK-PD targets.

Methods

Study Design and Patients

A prospective PK study (ClinicalTrials.gov number NCT02456974) was
conducted at the pediatric intensive care unit of the Ghent University Hospital,
Ghent, Belgium, between May 2012 and September 2017. Patients between the
age of 1 month and 15 years were included upon admission to the pediatric
intensive care unit if treatment with intravenous teicoplanin was clinically
indicated. Patients were excluded if they lacked a catheter for blood sampling, if
there was a documented hypersensitivity to aminoglycosides, or if they were on
an extracorporeal circuit. Collected demographic and clinical variables included
bodyweight (BW), height, primary reason for admission, measures of organ
function and patient severity of illness as described by the pediatric logistic
organ dysfunction (PELOD) score, the pediatricrisk of mortality (PRISM) Il score,
presence of mechanical ventilation, co-treatmentwith vasopressors, nephrotoxic
medications, and highly plasma protein-bound drugs, presence of surgery,
fluid resuscitation, albumin level, SCr, cysC, and C-reactive protein (CRP) level.

Drug Dosing and Administration

Teicoplanin (Targocid® 400 mg; Sanofi, Diegem, Belgium) was prescribed in a
doseof10mg/kgBW every 12 hfor three doses, thereafter every 24 h. Teicoplanin
was administered intravenously over 3-30 min using a calibrated syringe driver.



Population pharmacokinetics of teicoplanin | 25

Pharmacokinetic Sampling

Serial blood samples were obtained from the first dose and/ or doses > 24 h
after the start of treatment from an indwelling catheter other than the drug
infusion line. The total number of samples collected (per individual patient)
was limited by the predefined total maximum blood volume permitted
for PK sampling (i.e., 2.4 mL/kg BW). A typical sampling scheme included
blood sampling just before dosing, a sample immediately after dosing
and a flush, a distribution sample between 5 and 360 min after the start
of infusion, a middose sample, and a trough sample just prior to the next
dose. All samples were immediately transferred on to ice to the chemistry
laboratory and centrifuged (8 min at 1885 g), after which the resulting
plasma was frozen at — 80 °C before a bioanalytical analysis was performed.

Bioanalytical Pharmacokinetic Assay

Unbound and total plasma concentrations of teicoplanin (A2-1, A2-
2, A2-3, A2-4, A2-5, A3-1) were quantified using a validated, reverse-
phase, high-performance liquid chromatography  method  with
ultraviolet detection. The lower limit of quantification (LLOQ) was
0.5 mg/L and the coefficient of variation (CV) was < 10% at all levels.

Clinical Chemistry Assays

Serum cysC was measured using the Gentian immunoassay (Gentian
AS, Moss, Norway) on an AU480 Chemistry Analyser (Beckman Coulter,
Inc,, Brea, CA, USA) [intraassay CV < 4%; inter-assay CV < 2.4%]. Serum
creatinine was quantified using an isotope dilution mass spectrometry,
traceable Jaffe rate method on a UniCel DxC 800 Synchron Clinical System
(Beckman Coulter, Inc.). Serum CRP and albumin were measured on the
Cobas 8000 (c502/c701) analyzer (Roche Diagnostics, Mannheim, Germany).

Processing of Data

Pharmacokinetic samples below the LLOQ were excluded from the
analysis, which has been shown to be appropriate for a population-
PK analysis when the number of LLOQ samples does not exceed 5%?20.
Missing time-varying covariates were imputed with linear interpolation,
next observation carried backwards, or last observation carried forward,
depending on when the missingness occurred. If a covariate was
completely missing for an individual, the population median was used.

Base ModelDevelopment

We evaluated one-, two-, and three-compartment models, with zero-order
intra-vascular administration and first-order elimination for unbound (C)
and total (C_) concentrations of teicoplanin simultaneously. The models were
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parameterized in terms of Cu. Linear and non-linear plasma proteinbinding
models were evaluated to quantify the relationship between C and C_, (Egs. 1, 2).

Crop = 2%

“TE 0
_ BmaxxCy

Ctot_ Kn+Cy +Cu (2)

Here, f is the unbound fraction of teicoplanin, k is the dissociation
constant (mg/L), and B___is the maximum protein-binding capacity (mg/L).

Inter-individual variability, including off-diagonal elements, was tested
on all estimated structural parameters as follows:

P,= P xeM (3)

where P is the individual parameter estimate for the ith individual, P is
the population parameter estimate, and 7, is assumed N(0,w?).

Residual unexplained variability was considered according to additive,
proportional, or combined error models. Separate error models were
implemented for the C_, and the C, respectively. The selection of error model
was based on a - 2 log-likelihood (- 2LL) and residual diagnostics.

Covariate Model Development Strategy

The covariate model development, i.e.,, the identification of predictors for
IIV in PK parameters, was performed in a stepwise manner with a priori
inclusion of BW on clearances and volumes of distribution. Bodyweight was
normalized over the population median?! and used with an allometric exponent
of 1 and 0.75 for volumes of distribution and clearances'* ??, respectively. We
have chosen the approach of a priori size-based scaling based on BW because
of (1) the large differences in BW and therefore the need to account for body
size differences and (2) the limited number of patients included, which may
result in inferior parameter precision of the covariate effect parameter.

Albumin-dependent binding was evaluated for both linear and non-linear
implementations of the plasma proteinbinding model. Albumin dependency of
the linear-binding model (Eq. 4) was implemented as a linear relationship with
albumin plasma levels (C, ). Tested non-linear albumindependent protein-
binding models included two variations of a saturation model, that either
included a linearly albumin-dependent maximum binding capacity (B__ ) (Eq.5)
or mechanistically derived B__ (Eq. 6)".

C _ C_u Calbumin
tot —

fu Calbuming, piinm (4)
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Calbumin
B =—23umn___ w5
max Calbumin,, gdian Bmax (5)
_ Mwrei i
Brow = Calbummin X 1.23 x ——=xeplanin . 4 500
Mwalhnmin (6)

Here, Calbumin is the albumin concentration (g/L), kD is the dissociation
constant (mg/L), and Bmax is maximum protein binding capacity (mg/L), 1.23
is the average number of teicoplaninbinding sites per albumin molecule in
respect to the different isoforms®*’, and MW, oianin @A MW, is the molecular
weight (g/mol) of teicoplanin and albumin, respectively.

For other covariates, we applied a stepwise strategy including forward
inclusion (p < 0.05; 1 degree of freedom, A — 2LL < - 3.84) and backwards
elimination (p > 0.001; 1 degree of freedom, A - 2LL > - 10.83), based on
the loglikelihood ratio test. Additional inclusion criteria for covariate effects
were good precision in the point estimate (relative standard error < 40%)
and sufficient reduction in IIV for the parameter of interest (reduction in IV >
2% units of the CV). Only clinically relevant associations were tested: sex, age,
serum CRP, PELOD score, PRISM II score, renal function metrics, concomitant
use of nephrotoxic drugs, vasodilators, and inotropic drugs on clearance, and
sex, PELOD score, PRISM II score, and serum CRP on volumes of distribution.
The effect of using highly protein-bound co-medications was tested on relevant
model parameters related to protein binding.

Dichotomous covariates were modeled according to the following
equation:

P = ﬂpop X (ﬂx)xbfn (7)
where Pis the covariate adjusted population parameter, Gpop isthe baseline
parameter estimate for parameter P, 6_is the covariate effect estimate on P, x,__
is the presence (1) or absence (0) of the binary covariate.
The inclusion of continuous covariates, except for renal function metrics,
was evaluated using a linear or an exponential relationship according to the
following formulas:

P= 6, % (1+6,x——)

Xmedian

P = 6, % (— )Sx

Xmedian

(8)
9)

where x is the covariate value and x__,is the population median of the
covariate, 6_is the covariate effect estimate on P.

An extensive evaluation of the relationship between descriptors
for renal function and clearance was performed. Evaluated renal function
descriptors included measured renal function biomarker concentrations as
well as biomarker-based GFR estimates (eGFR), calculated from three different
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formulas and one semi-physiological maturation function.

The implementation of the renal function-dependent clearance was
defined by separating total clearance of teicoplanin (CL_ ) into arenal function-
dependent (0, ) and independent clearance (CL,.). The renal biomarkers S
and cysC were tested as covariates on clearance according to the formula below:

REB
CLiot = CLnm + Ocry X gy —— (10)

where RB is the renal function biomarker, CL , is the renal function

independent clearance, and Octr is the renal function dependent clearance.
Additionally, we assessed an age dependent normalization of cysC, implemented
as described by De Cock et al.Z.

The investigation of GFR-dependent clearance was implemented
according to Eq. 11, where the eGFR used were calculated using a formula based
onS_ (Eq. 12), cysC (Eq. 13), or both in combination (Eq. 14). Additionally, the
inclusion of an upper limit of eGFR of 220 mL/min/1.73m?was evaluated for all
three eGFR.

eGFR
CLtOt B CLNR * SCLH x 8GF Rmedian (11)
where eGFR is derived from one of the equations below and €GFRyedian

is the population median.

7 0-79
Schwartz formula?*: eGFR = 0423 x (E) (12)
107.3xecysC
Pottel formula?: eGFR = — " (13)
Chehade formula?®:
(14)

0.42xHT (0.0004)(!'!?“

2
eGFR = ) = 145 x cysC — 0.69 x age + Q

Srr Srr

where eGFR is estimated glomerular filtration rate (mL/min/1.73m?), HT
is height (cm), S is serum creatinine (mg/dL), and cysC is serum cystatin C
(mg/L), Q is a sex-specific constant which is 18.25 and 21.88 for females and
males, respectively.

Additionally, the implementation of a semi-physiological maturation
function of GFR mediated clearance was investigated as an alternative to the
GFR formulas. The semi-physiological maturation function was implemented
according to the following formula (Equation 15)

sw \BPE —0.065
CLipt = CLyg + Ocp6rr X (4000) :BDE = 2.23 x BW

(15)
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where CLy, is the GFR independent clearance, 8, ... is the population
GFR dependent clearance parameter, BW is in grams, BDE is the BW-dependent
exponent derived from the model reported by De Cock et al.?’.

Model evaluation

The structural model was selected based on a combination of the likelihood-
ratio test (p<0.05), relative standard error of fixed effect parameters <40%,
and evaluation of graphical diagnostics, e.g. standard goodness-of-fit plots and
predicted corrected visual predictive check?.

Probability of TargetAttainmentAnalysis

Monte Carlo simulations were performed using the final model to generate
five simulated patient populations, each representing a BW of 5, 10, 15, 25,

Table 1. Previously published pharmacokinetic-pharmacodynamic (PK-PD) and surrogate PK targets of
teicoplanin.

PK-PD or surrogate Population (n) PD endpoint Type of Type of study Ref.
PK target analysis
Conin aay3 = 20 mg/L Endocarditis Cure or fail Fisher’s test ~ Open study 3
C,,>20mg/L 36,3%) icaemia Cure or fail Logistic Retrospective 3
(78) regression
AUC,, ;2750 MRSA patients Bacteriological Logistic Retrospective 36
mgxh/L (24) eradication or regression
persistence
AUC,, ,>800mgxh/L  MRSA patients End of the Logistic Retrospective 37
(33) therapy regression
eradication of
MRSA
AUC, ,/MIC 2900 MRSA patients Semi- Logistic Retrospective 3
(42) quantitative regression
bacterial
efficacy
AUC,,, /MIC=610.4  neutropenic 2log10 popPK-PD In vivo dose 4
mice thigh bacterial kill modelling fractionation
infection (36) study
AUC,dayl/MIC >1500 neutropenic Suppression popPK-PD In vivo dose 4
mice thigh of resistant modelling fractionation
infection (36) bacterial study
population at
end of therapy
fAUCdays/MIC 2576 HFIM (30) 21og10 popPK-PD In vitro dose *
bacterial kill modelling fractionation
study
fAUCdays/MIC >1326 HFIM (30) Suppression popPK-PD In vitro dose 4
of resistant modelling fractionation
bacterial study

population at
end of therapy

PK-PD, pharmacokinetic-pharmacodynamic
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and 50 kg (n = 1000 per weight group), respectively. The standard weight-
based pediatric dosing regimen was used for all five populations, with each
dose administered as a 5-min intravenous infusion. The probability of target
attainment (PTA) was calculated for each PK-PD target reported in Table 1 and
for each simulated population separately. Three different minimum inhibitory
concentrations (MICs), between 0.25 and 1 mg/L, were evaluated. The area
under the curve (AUC) for days 1,3, and 5 was calculated as the cumulated
exposure for 0-24, 48-72, and 144-168 h after the first dose, respectively.

Software

The development of the population-PK model was performed using
a non-linear effects modeling approach implemented in the NONMEM
software (version 7.4.0). Subroutines for general non-linear models were
used together with the first-order conditional estimation method with
interaction throughout the analysis. The Monte Carlo simulations used
for the PTA analysis were also performed in NONMEM. Perl-speaks-
NONMEM (version 4.8.1) was used for the generation of simulation-based
diagnostics, and R (3.5.0) was used for data processing and visualization.

Results

Clinical Study

A total of 42 pediatric patients were enrolled in the study. The demographics
and clinical characteristics of the study population are summarized in
Table 2. A total of 250 PK plasma samples were collected, for which both
total and unbound teicoplanin concentrations were determined. The
median number of samples was five per patient. Two measurements of
unbound teicoplanin (0.8%) were below the LLOQ and were therefore
excluded from the analysis. The missingness of time-varying covariates
were 4.0%, 4.4%, and 5.6% for albumin, cysC, and SCr, respectively.

Population-Pharmacokinetic Model

The PK data of teicoplanin were best described using a two-compartment
model with albumin independent nonlinear protein-binding kinetics (Eq.
3) and first-order elimination (Figs. 1, 2, 3). The population-PK parameter
estimates of the final model are provided in Table 3. The underlying ordinary
differential equations describing the change of unbound teicoplanin
over time in the central and peripheral compartments are stated below:

dac _ _ L _e e

e = T XA chAc+VD><Ap ' (16)
dAp_g e

e =y AT XAy 17)
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Table 2 Demographics and clinical characteristics of pediatric patients included in the study (n=42)

Demographics Unit Median (range)
Age Years 1.4 (0.17-15.6)
Female % 40.5%
Weight kg 9.2 (3.74-56)
Height cm 80.50 (19-175)
PRISM Il score 8(0-27)
PELOD score 1(0-22)
Ventilated % 52.3
Volume resuscitation % 9.5
Co-medications
Nephrotoxic % 28.6
High protein binding % 97.6
Vasopressor % 333
Biomarkers
Serum CRP 29.7 (0.10-224)
Serum albumin g/L 30 (18-46)
Serum creatinine mg/dL 0.24 (0.01-1.00)
Serum cystatin C mg/L 0.81 (0.28-1.99)

Estimated GFR
Schwartz

Pottel

Chehade

mL/min/1.73 m2

mL/min/1.73 m2
mL/min/1.73 m2

117.20 (17.32-390.15)
104.68 (36.64-260.40)
161.73 (21.64-715.24)

CRP C-reactive protein, GFR glomerular filtration rate, PELOD pediatric logistic organ dysfunction, PRISM

pediatric risk of mortality

o . e gy

Fig. 1 Schematic of the developed two-compartment pharmacokinetic model with non-linear
protein binding. CL/V_represents the elimination rate constant, @/V_and Q/ V, are distribution rate
constants, k is the dissociation constant, and B__is maximum protein binding. IV intravenous
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. 2 Prediction-corrected visual predictive check of total (left panel) and unbound concentrations (right

panel) of teicoplanin. Solid lines represent the observed 5th, 50th, and 95th percentiles of the observed
data. The shaded areas represent 95% confidence intervals around the simulated percentiles
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Fig. 3 Goodness-of-fit diagnostic plots for of unbound and total concentrations of teicoplanin. Plots
showing observed concentrations vs predicted concentrations include a line of unity (black solid line)
and a Loess smoother (orange solid line). Plots showing conditional weighted residuals include dashed
lines indicating + 2 standard deviations
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where Ac and Ap is the unbound amount of teicoplanin in the central
and peripheral compartments, respectively, CL is the clearance, Q is the inter-
compartmental clearance, and Vc and Vp is the central and peripheral volumes
of distribution, respectively.

Inter-individual variability was estimated for CL (CV 34.4%), Vc (CV
56.3%), Vp (CV 36.3%), Q (CV 46.4%), and Bmax (CV 36.3%). Off-diagonal
elements were estimated between CL, Vc, Vp, and Q (covariance range 20.8-
58.5%).

Non-linear protein binding was found to significantly improve the
description of the data compared with a linear implementation (A - 2LL = -
18.7). Introducing an empirical or mechanistic albumin-dependent binding did
not improve the model.

Covariate Analysis

During the forward inclusion step, four statistically covariate relationships
were identified; sex and Vc, (A - 2LL 8.40), eGFR calculated using the
Chechade formula (Eq. 14) and capped at 220 mL/min/1.73 m2, and CL
(A -2LL - 5.24), inotropic co-medication and CL (A - 2LL 8.177), and CRP
level and CL (A - 2LL - 6.80). None of these relationships did however
explain sufficient IIV to be considered clinically relevant (> 2% units of
CV), thus the final model included no other covariate relationships than
the a priori included relationships between BW and Vc, Vp, CL, and Q.

Probability of Target Attainment Analysis

The PTA analysis showed that the standard dosing regimen did not achieve
a satisfactory probability of success (PTA > 80%) for the majority of PK-PD
targets evaluated (Fig. 4). Higher weight was associated with greater PTA for
all targets. The PK-PD targets based on unbound teicoplanin concentration
were associated with PTAs of below 5%. The PK surrogate target most
commonly used in the clinic, steady-state plasma trough concentration
C.in Olay3), did not achieve satisfactory PTA for any population and was the target
associated with the largest between-population difference (10.1 vs 52.4%).

Discussion

To the best of our knowledge, this is the first population-PK model describing
the pharmacokinetics and plasma protein binding of teicoplanin in a critically ill
pediatricpopulation. The developed model wasbased onrich datafromarelevant
cohort of patients after the start of teicoplanin treatment and in assumed steady-
state conditions. The model provides novel insights into the study population-
specific pharmacokinetics of this antibiotic. Thus, it can be used to guide
further treatment optimization of teicoplanin treatment in critically ill children.



34 | Chapter 2

100 4 'y 3 @
754 z
W
s0{ A 5 3 S
D 3
x40 O g =
vvV
o o L
X
= 100 Bodyweight
3 g 9 (kg)
g 75 \V4 = VvV 5
5 o
§.a8, oo
g ¢ O g 3 a s
5 1o B " . . .
z oV @) \% O 25 Fig. 4 Probability of target attainment
s \V4 v A s (PTA) of eight different pharmacokinetic-
g oA | B pharmacodynamic  (PK-PD)  targets
& 00 for five simulated pediatric patient
populations (n = 1000) with different
75 specific bodyweights given the standard
= pediatric teicoplanin dosing regimen
A A g o and a minimum inhibitory concentration
S 3 v - (MIC) of 0.25, 0.5, and 1 mg/L. *Clinically
¢ 0 O e derived PK-PD and surrogate PK
540 O O g targets. °PK-PD targets .derived from
8 v v in vivo dose fractionation studies in
0+ Q M mice. ‘PK-PD targets derived from in
5 o8 o8 g '% 2 8 8 vitro experiments based on unbound
S 4’1@ 43? 439 45:'? & 4‘;3\ 4 teicoplanin concentrations. Details on
¥ FAEE I8¢ PK-PD targets are summarized in Table 1.
ESES) g} N § § § AUC area under the curve, € minimum
o & Qo‘g’ ‘90 \gfsﬂ concentration

PK-PD or surrogate PK target

Teicoplanin is a highly protein-bound drug and is mainly bound to plasma
albumin, of which concentrations may greatly vary within and between
critically ill patients. In our patient population, we observed such variability
(C, o, median 30.0 mg/L, range 18-46 mg/L). It has been shown that albumin
levels significantly affect the unbound teicoplanin concentrations in adult
patients'® 2. However, in our study, we could not identify such a relationship.
As we observed a high non-predictable variability in unbound fractions (f :
median 0.083, range 0.036-0.28), these observations support the measurement
of unbound teicoplanin concentrations for optimization of treatment.

Teicoplanin is a renally cleared drug and its clearance is known to be
decreased in the case of impaired renal function3’. Renal function biomarkers,
such as S and cysC, are often used to obtain estimates of GFR as a measure
of renal function. However, the reliability of these biomarkers in critically ill



Population pharmacokinetics of teicoplanin | 35

patients, especially pediatric, has been questioned®. Fluctuating S, levels can
be caused by many different factors unrelated to renal function, such as age,
sex, muscle mass, physical activity, and nutrition'* 3!, making it a poor marker
for renal function in critically ill pediatric patients. Cystatin C production,
although less affected than S_ by changes in muscle mass, can to some extent
be altered by disease states often found in pediatric intensive care unit
patients®2 Additionally, rapid changes in renal function can occur in critically
ill patients, due to e.g., sepsis. However, changes in serum concentrations of
renal function biomarkers are often delayed®?, limiting their use in critically
ill patients to assess GFR. A recently published study did however find eGFR
using the Swartz Scr-based formula to be predictive of teicoplanin clearance in
a neonatal patient population®®. This predictive ability of eGFR was also found
in a study conducted in a pediatric population with hematological malignancies
16, Both of these two study populations had higher Scr compared with our study
population. The population included in our analysis had an overall elevated
eGFR (Table 2), suggesting augmented clearance (Fig. S1). We were unable to
establish a significant relationship between eGFR and teicoplanin clearance,
thus strengthening the evidence that S_ and cysC-derived eGFRs are poor
predictors of renal function in critically ill pediatric patients. Another potential
explanation includes a too narrow variation in renal biomarkers to identify
a statistically significant correlation, as no patients with renal failure were
included. Additionally, including BW a priori could mask potential eGFR effects
on clearance as these are widely known to be correlated. Although we could not
identify a significant relationship between eGFR and clearance in our study, it
does not disprove the existence of such a relationship. However, using BW as
the sole predictor of teicoplanin clearance is clinically advantageous because of
its availability.

In this study, we compared target attainment using evidence-based PK-PD
targets (Table 1). Our analysis showed that the current weight-based standard
pediatric dosing regimen results in significant under-dosing regardless of the
PK-PD target used for infections caused by pathogens in the upper MIC range.
A trend of higher attainment rates in children with higher BW compared with
children with lower BW was observed (Fig. 4). These observations are in line
with previously published research in children aged older than 1 month?é. It is
important to take into account potential differences in a bio-analysis method.
Immunoassays suffer from non-specific interferences because the used
antibodies can also interact with compounds other than the main teicoplanin
isomorphic compounds3*3®,

Large differences in target attainment rates were noted, depending on
the PK-PD or surrogate PK target used. Dose fractionation studies are often
performed to characterize the driver of the antibacterial effect and derive
target values. A well-designed dose fractionation study of teicoplanin has
been published, deriving an in vivo PK-PD target for both efficacy (AUCdayl/
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MIC 610) and suppression of antibiotic resistance with methicillin-resistant
Staphylococcus aureus (AUCdayl/MIC 1500), based on total drug concentrations*.
Using the current standard dosing regimen, these targets are attained in
critically ill pediatric patients for pathogens with MICs up to 0.5 mg/L (Fig.
4). This is in accordance with what was suggested by Ramos-Martin et al.*. In
clinical practice, total trough concentration (minimum concentration [C _ ]) is
used as a surrogate PK parameter for a target total AUC exposure. The most
commonly used clinical targetis C . above 20 mg/L. In our patient population,
an overall 29.4% of patients achieved this PK target.

The unbound fraction of teicoplanin is highly variable in our patient
population and only the unbound concentration exerts a pharmacological effect,
a PK-PD target based on unbound concentrations would be most suitable for
target attainment evaluation. The only currently available PK-PD targets based
on unbound teicoplanin concentrations are based on data from an in vitro
hollow fiber infection model with methicillin-resistant S. aureus*. Although
the hollow fiber infection model is a powerful in vitro model with the capacity
of simulating in vivo pharmacokinetics, it suffers from some disadvantages
compared with in vivo models. One of these disadvantages is the lack of effect
of the immune response, thus underestimating the in vivo efficacy. Additionally,
hollow fiber infection model experiments are usually conducted in rich media, an
environment that is highly different in regard to nutrient availability compared
with in vivo. This environment greatly favors bacterial growth, leading to super-
physiological growth rates. Because of the extensive binding of teicoplanin, the
current dosing regimen fails to attain these fAUC/MIC days LATGELS for efficacy
(576) and suppression of antimicrobial resistance (1326) for pathogens with
MICs = 0.25 mg/L.

Conclusions

We successfully characterized the pharmacokinetics of unbound and total
teicoplanin in critically ill pediatric patients. We showed that the highly
variable unbound fraction of teicoplanin could not be predicted using
albumin levels. Because of the relatively high inter-individual variation in
unbound teicoplanin concentrations that cannot be predicted with covariates,
routine therapeutic drug monitoring of unbound concentrations may be
recommended in the clinic to guide treatment optimization in critically ill
pediatric patients. A poor target attainment was obtained with the most
commonly used dosing regimen, regardless of the PK-PD target evaluated. To
properly optimize treatment based on unbound concentrations, more focused
in vivo and clinical research on PK-PD targets using unbound concentrations
for the efficacy and suppression of antimicrobial resistance is warranted.
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Figure S1. Distribution of GFR values in dataset according to different
methods.






