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Objectives: There is uncertainty about the optimal teicoplanin regimens for neonates. The study aim was to
determine the population pharmacokinetics (PK) of teicoplanin in neonates, evaluate currently recommended
regimens and explore the exposure-effect relationships.

Methods: An open-label PK study was conducted. Neonates from 26 to 44 weeks post-menstrual age were
recruited (n=18). The teicoplanin regimen was a 16 mg/kg loading dose, followed by 8 mg/kg once daily.
Therapeutic drug monitoring and dose adjustment were not conducted. A standard two-compartment PK
model was developed, followed by models that incorporated weight. A PK/pharmacodynamic (PD) model with
C-reactive protein serial measurements as the PD input was fitted to the data. Monte Carlo simulations (n=5000)
were performed using Pmetrics. The AUCs at steady state and the proportion of patients achieving the recom-
mended drug exposures (i.e. Cmin >15 mg/L) were determined. The study was registered in the European Clinical
Trials Database Registry (EudraCT: 2012-005738-12).

Results: The PK allometric model best accounted for the observed data. The PK parameters medians were:
clearance=0.435x (weight/70)%7® (L/h); volume=0.765 (L); K;,=1.3 (h™1); and Kpc=0.629 (h™"). The individual
time-course of C-reactive protein was well described using the Bayesian posterior estimates for each patient. The
simulated median AUCgg-120 Was 302.3 mg-h/L and the median Cqin at 120 h was 12.9 mg/L; 38.8% of patients
attained a Cpin >15 mg/L by 120 h.

Conclusions: Teicoplanin population PK is highly variable in neonates, weight being the best descriptor of PK
variability. A low percentage of neonates were able to achieve Crin >15 mg/L. The routine use of therapeutic
drug monitoring and improved knowledge on the PD of teicoplanin is required.

Introduction

Gram-positive bacterial pathogens are an important cause of
nosocomial infection in neonates® and risk factors include prema-
turity and the extensive use of central venous catheters. There is
high attributable mortality and the potential for serious longer-
term morbidity." ~> Teicoplanin is a glycopeptide antibiotic with
activity against methicillin-resistant staphylococci (MRSA and
CoNS) and has several potential advantages over vancomycin,
including better tolerability, lower risk of nephrotoxicity and
improved ease of administration.” In older children, there is con-
siderable pharmacokinetic (PK) variability in comparison with

adults, with a much wider drug exposure (AUC) distribution
among children.® Little is known about the pharmacokinetics
(PK) of teicoplanin in neonates.

Serial concentrations of C-reactive protein (CRP) are a useful
adjunct to the clinical assessment of neonates with acute infec-
tion.” The diagnosis of neonatal bloodstream infection and its
subsequent management remains challenging. Clinical signs are
non-specific. Blood cultures are notoriously insensitive and often
only intermittently positive in this population because of the low
yield of small blood volumes collected.®° A fall in CRP is reassuring
evidence of the response to antimicrobial therapy and CRP is fre-
quently used to guide antimicrobial therapy in neonates with
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proven or suspected infection.*®*! Much of this decision-making
has not been formalized using PK/pharmacodynamic (PD) models
or dosing algorithms.

In this study, we developed a population PK/PD mathematical
model to describe the serum PK of teicoplanin in neonates with
the PD quantified in terms of circulating CRP concentrations. Our
objectives were as follows: (i) describe and quantify measures of
central tendency and inter-patient neonatal PK variability; (i) evalu-
ate teicoplanin exposure in the neonatal population with currently
recommended regimens; and (iii) investigate the relationship
between drug exposure and time-course of CRP. The latter is a
first critical step for the development of algorithms to control
both serum drug concentrations and clinically relevant biomarkers
such as CRP.

Methods

Study design, patient population and sample collection

An open-label, hospital-based PK study using a sparse blood sampling
strategy was conducted. Both pre-term and term neonates from 26 to
44 weeks post-menstrual age (PMA) were recruited from Alder Hey
Children’s NHS Foundation Trust and Liverpool Women’s NHS Foundation
Trust (Liverpool, UK).

Participants were screened and recruited according to five age categor-
ies to ensure a range of sizes was studied. The following categories were
used for recruitment: 24-27, 28-31, 32-35, 36-39 and 40-44 weeks
PMA. All patients that received teicoplanin for proven or suspected CoNS
sepsis and/or central-line associated infection and likely to survive >72 h
were eligible for the study. All patients also received ciprofloxacin or genta-
micin as part of the combined empirical therapy for central-line associated
bloodstream infection. Additional therapeutic interventions were the use of
inotropes, diuretics, paracetamol, anticonvulsants, muscle relaxants and
assisted mechanical ventilation depending on the individual case.

Teicoplanin was used at the discretion of the treating neonatologist. The
regimen for neonates <44 weeks PMA was a loading dose of 16 mg/kg, fol-
lowed 24 h later by 8 mg/kg administered once daily.'? Teicoplanin was
infused over 30 min. Therapeutic drug monitoring (TDM) is not routinely per-
formed and dose adjustment was not conducted in this study. The duration
of treatment was also at the discretion of the treating neonatologist.

Blood samples (0.2 mL) were obtained throughout the first and last dose
intervals (1, 3, 6 and 24 h post-dose). Patients weighing <1000 g at inclu-
sion could have a maximum of two study-specific sampling episodes per
dose interval to minimize blood loss. The total sampling period was to a
maximum of 168 h for the majority of patients. If the first dose administra-
tion occurred before informed consent had been obtained, a pre-dose sam-
ple was obtained. Whenever possible, a washout sample was collected 24 h
after the last dose. Samples were centrifuged at 1500 g for 10 min and
serum was stored at —80°C prior to analysis.

The demographic variables with a potential impact on the PK of teico-
planin and/or influence on the determination of teicoplanin (concomitant
medications) were collected for each patient (i.e. weight and serum creatin-
ine). Concentrations of CRP before, during and after teicoplanin treatment
were measured as part of standard care. Demographic data were analysed
with SPSS Statistics version 22 (IBM Corporation, Armonk, NY, USA; http:/
www-01.ibm.com/software/analytics/spss/downloads.html).

Ethics

The study was approved by the Medicines and Healthcare Products
Regulatory Agency (clinical trial authorization reference number: 21362/
0003/001-0002) and the National Research Ethics Service and Regional
Committee (REC: 13/NW/0023). Written informed consent was obtained

from parents and/or legal guardians. The study was registered in the
European Clinical Trials Database Registry (EudraCT: 2012-005738-12).

Measurement of teicoplanin concentrations

Teicoplanin concentrations were measured using a commercially available
fluorescence polarization immunoassay (Thermo Fisher Scientific,
Germany). The limit of quantification was <3.0 mg/L. The dynamic
range was 3-100 mg/L and overall precision was <6%.

Measurement of CRP concentrations

A Multigen CRP Vario® (Abbott, Wiesbaden, Germany) latex immunoassay
was used for the immunoturbidimetric determination of CRP in the plasma
of patients, and was implemented in the Abbott Architect ci4100 system.
The limit of quantification was <0.2 mg/L (reported clinically as <4 mg/L)
for the standard and wide range methods (analyte concentration at which
the CV=20%). The dynamic range was 0.2-480 mg/L (wide range
method) and total precision was <6%. A CRP cut-off value >10 mg/L
was considered positive.

Microbiological investigation

Microbiological specimens, including blood cultures, were collected as part
of routine clinical care. Positive microbiological samples were stored for
identification with a Bruker Biotyper MALDI-TOF MS System (Bruker
Daltonics, Billerica, MA, USA) and susceptibility testing was performed
using Etest® (bioMérieux, Hampshire, UK), following BSAC methodology.*?

Population PK models

All data were analysed using Pmetrics.** The inverse of the estimated
assay variance was used as the weighting function for all models. Three
structural PK models were explored in this study. The first represented a
standard two-compartment PK model with time-delimited zero-order
intravenous input and first-order elimination from central compartment.
The model is described by the differential Equations (1a) and (1b) below.

dx(1 SCL
KD _ g - (ch + 7) XD + [Kpe - X1 (10)
C
dxQ2
% — Kep - X(1) — Koc - X(2) (1b)

Where X(1) and X(2) represent the amount of teicoplanin (mg) in the cen-
tral (c) and peripheral (p) compartments, respectively. R(1) is the rate of
infusion of drug into the central compartment (mg/h). The central com-
partment has volume (V) in L, from which there is clearance (SCL) in
L/h. The central and peripheral compartments are connected by the first-
order rate constants Kep, and Kpe (h™1).

The effect of weight, PMA, postnatal age, serum creatinine and esti-
mated glomerular filtration rate (eGFR) using the Haycock-Schwartz for-
mula (K xheight/serum creatinine®®; the UK population median height
values for age and sex were used for each patient; and K=0.33 for pre-
term neonates and K=0.45 for term neonates) on the population PK of
teicoplanin was explored.’®'” The Bayesian estimates for clearance and
volume of distribution from each patient were obtained from the standard
model (above) and plotted against weight, PMA, postnatal age, serum cre-
atinine and GFR, using both linear and logarithmic scales. Since both linear
and logarithmic relationships between clearance and weight appeared
tenable, the linear and allometric models that incorporated weight as a
covariate were developed. Ultimately, an allometric power model was
used. Such a model has been widely used to determine the effect of size
on the PK of various compounds in children and neonates.*®!° The

3169


http://www-01.ibm.com/software/analytics/spss/downloads.html
http://www-01.ibm.com/software/analytics/spss/downloads.html
http://www-01.ibm.com/software/analytics/spss/downloads.html
http://www-01.ibm.com/software/analytics/spss/downloads.html
http://www-01.ibm.com/software/analytics/spss/downloads.html

Ramos-Martin et al.

allometric scaling exponent in Equation (2a) was fixed at 0.75. Only clear-
ance and not volume had a relationship with weight, and therefore clear-
ance was normalized to a 70 kg adult, as described elsewhere.!® The
differential equations describing the allometric model are as follows:

H 0.75
KD _ ray - [ch 4 SCLstd- w] XD + Koe - X (20)
X2
% = Kep - X(1) — Ko - X(2) 2b)

Where SCLstd represents the normalized estimate for clearance in a 70 kg
individual, the other parameters are described above.

After establishing the model that best described the PK of teicoplanin,
the following PD equation was used to describe the time-course of CRP
concentrations:

dX3)
at

1 H
(KCRPprod*XG)* (1 X3) )) _ (KCRP'nh £ X(3) % (X()/ Vo) ))

~ POPmax (ECsg) + (X(D)/VO))
0

Where KCRPprod is the maximum rate of CRP production (mg-h/L),
POPmax is the theoretical maximum CRP concentration (mg/L), KCRPinh
is the maximum rate of CRP inhibition (mg-h/L), ECsq is the concentration
of teicoplanin (mg/L) that produces the half-maximal effect (CRP inhib-
ition) and H is the slope function for the CRP inhibition term.

Given the high PK variability in the population and to avoid biased par-
ameter estimates in the PK/PD model, the Bayesian posterior estimates for
each patient’s PK parameters (from the final PK model described above)
were fixed and the PD parameters were then estimated by fitting the PD
component of the model to each patient’s CRP data. The Bayesian posterior
estimates for each subject were used to estimate the concentration-time
profiles for teicoplanin and CRP for each patient. Average AUC and trough
(Cmin) for each 24 h of therapy were calculated from the Bayesian posterior
estimates.

Monte Carlo simulation

Monte Carlo simulations were performed using a semi-parametric sam-
pling methodology#?° that generated a simulated population of 5000
neonates receiving a given teicoplanin regimen. For each simulated
patient, the weight-based dose of teicoplanin (in mg/kg) was administered
to each neonate (30 min infusion) as an absolute dose of teicoplanin (in
mg) by multiplying the rate of infusion (in mg/h) by the simulated weight.

All calculations were performed at steady state between day 4 and 5 of
treatment. The proportion of patients achieving Cin >10, >15, 20, 30, 40
and 60 mg/L (recommended safety cut-off) was determined. A compari-
son of the variability of distribution of drug exposures (AUCs) achieved in
the neonatal simulated population was performed with the distribution of
drug exposures in older children (1 month-16 years old) and adults
receiving currently recommended dosage regimens of teicoplanin. This
comparison was based on Monte Carlo simulations conducted on a previ-
ous teicoplanin PK study with older children and adults.®

Exposure-response relationships

A newly described PD index (AUC:ECsq) was used to link drug exposure with
therapeutic response (terminal CRP concentration).?! An Epqy sigmoidal
model was fitted to the data. The use of a more conventional index (e.g.
AUC:MIC ratio) was infeasible because the MIC of the invading microorgan-
ism was not available for the majority of patients. ECsg is the estimated
drug concentration required to induce half-maximal reduction in the CRP
concentrations and it is therefore an in vivo estimate of drug activity.

Table 1. Demographics

CRP (last day of

CRP (first day

Creatinine (first day Creatinine (last day

eGFR
(mL/min/1.70 m?)

Weight at

enrolment (kg)

Weight at

TEC) (mg/L)

of TEC) (wmol/L) of TEC) (mg/L)

of TEC) (wmol/L)

Age (days) birth (kg)

PMA (weeks)

16

18

13

18

18

18

18

18

18

4-163.7

4-172.6

21-265 28-114

5.4-95.2

0.69-4.2 0.69-5.08

26-44 4-69

Median (IQR) 37 (29.7-40) 17 (10.5-26)

Range

44.5 (36-57.7) 38 (34-63.5) 41.9(12.1-122.25) 6.9 (4-13.1)

42.8 (27.8-53.3)

2.04(1.16-3.23)

1.42 (0.9-3)
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Results

Demographics

A total of 18 neonates were recruited from two different hospitals
in Liverpool (Alder Hey NHS Children’s Foundation Trust and
Liverpool Women'’s Hospital) over a 20 month period (between
April 2013 and January 2015). Ten patients were recruited from
the neonatal intensive care unit at the Liverpool Women’s
Hospital. The number of recruited patients by sub-category PMA
(weeks) was: 24-27 (n=1); 28-31 (n=5); 32-35 (n=2); 36-39
(n=5); and 40-44 (n=5). A description of the demographic data
is presented in Table 1.

Microbiological results

Atotal of 44.4% of recruited patients (n=8) had a positive blood cul-
ture obtained from either a central or peripheral intravenous line. A
total of 33.3% of those recruited (n=6) were Gram-positive infec-
tions [100% CoNS including Staphylococcus haemolyticus (n=2),
Staphylococcus epidermidis (n=1) and n=3 unidentified species].
All were susceptible to teicoplanin (MIC <4 mg/L using the EUCAST
breqkpoint).22 The remaining 11.1% (n=2) were Gram-negative
bacterial infections (=1 had Pseudomonas aeruginosa and n=1
had Klebsiella oxytoca). (These two patients only received two
doses of teicoplanin each and were excluded from the subsequent
exposure-relationship analysis.)

(a) 40
35 4
30 A
25 A
20 A

15 1

Teicoplanin (mg/L)

10 A

200

150 A

100 A

CRP (mg/L)

50 1

150 200

Figure 1. (a) Teicoplanin (circles) and (b) CRP (triangles) concomitant concentration-time profiles for the 18 neonates.

Table 2. Model diagnostics for the PK models

Model Log-likelihood Pop r® Post r2® Slope (95% CI) Intercept (95% CI)
Standard PK —253.8 0.159 0.814 0.925 (-1.3-2.8) 0.768 (-1.3-2.8)
Linear (weight) PK —254.1 0.271 0.807 0.941 (0.8-1.04) 0.922 (—1.14-2.98)
Allometric (weight) PK —254.4 0.249 0.815 0.981 (0.9-1.1) 0.26 (-1.8-2.3)

Pop, population; Post, individual posteriors.

“Relative to the regression line fitted for the observed versus predicted values before and after the Bayesian step.
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Teicoplanin and CRP concentrations

The concentration-time profile of teicoplanin and corresponding
CRP concentrations for each patient is shown in Figure 1(a) and
Figure 1(b), respectively. A total of 96 PK samples were available
for analysis (mean of 5.3 samples per patient). Fourteen PK con-
centrations, from four patients were excluded from the analysis
because of incorrect or absent sampling times. The mean (SD)
from the observed teicoplanin concentrations was 18 (9.11) mg/L
and a median of 17.32 mg/L (range 3.1-38.7 mg/L). A total of 104
CRP samples were available for analysis as part of the standard
care of the patients.

Population PK models

Both the population PK linear and allometric models performed
similarly with an acceptable fit to the observed data and compar-
able measures of bias and precision. However, on the basis of the
individual Bayesian estimates of the observed versus predicted fit
of the data, the allometric PK model better accounted for the
observed data and was chosen for further analyses. The model
diagnostics are shown in Table 2. For the allometric model the
linear regression of observed versus predicted values had a

coefficient of determination of r?=0.815 with measures of bias
and precision of 0.03 and 0.8, respectively. The population PK par-
ameter estimates of the allometric model are shown in Table 2.

Population PK/PD model

The fit of the PK/PD data was acceptable (shown in Figure 2a and
b). The linear regression of observed versus predicted values for
CRP had a coefficient of determination of r*=0.95 with measures
of bias and precision of 0.09 and 0.9, respectively (shown in
Figure 2b). The time-course of CRP in each individual patient
was described with a high degree of precision and minimal bias
using the Bayesian posterior median estimates for each patient.
The population PK/PD parameter estimates are summarized in
Table 3. The Bayesian individual posterior estimates for the linked
PK and the PD are shown in Figure 3.

Monte Carlo simulation

Based on the simulations, the mean (SD) 24 h steady-state AUC from
96 to 120 h was 365.4 (267.1) with a median of 302.3 mg:h/L. The
mean (SD) trough at 96 h was 15.7 (11.7) mg/L with a median of
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o R-squared=0.774
Inter=-0.0612 (95% CI -2.39 to 2.26)
10 Slope=0.917 (95% CI 0.808 to 1.03)
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Imprecision=0.791
10 20 30 40
Individual posterior predicted (PK)
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Figure 2. Individual posterior observed versus predicted plots (after the Bayesian step) from the PK/PD model. (a) PK (teicoplanin concentrations);
predicted teicoplanin concentrations=0.917x—0.06. (b) PD (CRP concentrations); predicted CRP concentrations=1.01x+0.254.
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Table 3. Population PK and PD parameter estimations

Mean SD Median
Population PK parameter
Clstd (L/h) 0.45 0.2 0.43
Ve (L) 0.81 0.48 0.76
Kep (W) 1.45 0.99 1.3
Koc (h71) 0.84 1.05 0.63
Population PD parameter
KCRPprod (mg-h/L) 0.05 0.03 0.05
Popmax (mg/L) 159.76 62.6 139.15
H 18.48 3.46 19.99
KCRPinh (mg-h/L) 0.05 0.02 0.06
ECsp (mg/L) 7.1 6.11 5.79
IC3 (mg/L) 55.32 54.24 24.99

CLstd, clearance standardized [clearance=CLstd x (weight/70)%7°]; V,
volume of distribution in the central compartment; K., and Ko, first-order
rate constants from central compartment to peripheral compartment
and from peripheral compartment to central compartment, respectively;
KCRPprod, maximum rate of CRP production; Popmax, theoretical
maximum CRP concentration; H, Hill slope; KCRPinh, maximum rate of CRP
inhibition; ECsg, teicoplanin concentration producing half-maximal CRP
reduction; IC3, initial condition in CRP concentrations.

12.9 mg/L. Only 38.8% of neonates achieved a Cpn at 120 h
>15 mg/L. In addition, 69.1%, 22.4%, 8.56%, 3.92% and 1.1%
achieved Cnin >10, 20, 30, 40 and 60 mg/L, respectively. Compar-
ative distribution histograms of the achieved AUCs at steady state
for the simulated neonates, as well as for simulated older children
and adult populations are shown in Figure 4. The neonatal population
achieved median AUCs at steady state (302.3 mg-h/L) comparable
to the median AUC attained by a population of adults receiving
400 mg/day (291.81 mg-h/L), but with more variability (neonatal
AUC IQR=227.5 versus adult AUC IQR=101.59 mg-h/L).

Exposure-response relationships

The Bayesian posterior estimates for the exposure-response rela-
tionships (AUC, Cin and AUC:ECsg) are shown in Figure 5. If patients
1 and 7 (infected with P. aeruginosa and K. oxytoca, respectively)
are excluded, 56% of the patients (9 of 16) were able to suppress
CRP under the cut-off value of 10 mg/L by 96-120 h. Subject 16
(gastroschisis) was not included in the inhibitory sigmoid Epmax
model (the patient’s data are shown in Figure 5c). An AUCECsq of
~68.3 is predictive of a terminal CRP <10 mg/L. The relationship
between AUC:ECsq and predicted CRP at the end of therapy is
shown in Figure 5(c). Patients with an AUC:ECso >68.3 tended to
have a more consistently lower terminal CRP level than patients
with an AUC:ECsp <68.3 (P=0.002) (Figure 6).

Discussion

Teicoplanin is used for the treatment of serious staphylococcal
infections.?®>~ % Currently, teicoplanin is not licensed in the EU
for the treatment of neonates or infants <2 months of age. The
PK/PD study provides a rationale to address the appropriate

teicoplanin regimen and extent of variability in both drug expos-
ure and response. Furthermore, the study provides the necessary
tools to take the next critical steps to provide truly individualized
antimicrobial therapy for neonates receiving teicoplanin.

The extent of inter-patient PK variability in this neonatal popu-
lation was high (Figure 1a). Of the multiple covariates that were
studied, only weight accounted for any portion of the observed
PK variability. Incorporation of weight into structural PK models
resulted in better fits and statistically more likely solutions. Of
note, we could have reasonably related weight to clearance
using linear or power scaling terms, despite the convention for
using a scaling exponent of 0.75.%?° We could not demonstrate
any relationship between teicoplanin clearance and PMA, eGFR or
serum creatinine. This is somewhat surprising because teicoplanin
is almost completely renally (98%) cleared by glomerular filtra-
tion.?” The absence of any relationship probably reflects the
small sample size as well as the relatively poor estimates of
eGFR in neonates using current nomograms. This finding does
call into question whether teicoplanin dosing should be adjusted
based on eGFR and further studies are required to address specif-
ically this question. Other factors associated with disease, such as
variability in regional blood flow, organ perfusion, changes in
acid-base balance or cardiac output might have potentially influ-
enced the drug’s disposition characteristics in our patient popula-
tion; however, this also requires further and targeted study. Using
a non-parametric modelling methodology, we took a pragmatic
approach by investigating the clinical parameters known to have
a significant impact on our patient population PK variability
(weight as an estimate of size, age and serum creatinine/eGFR).

Monte Carlo simulations suggest that the median AUCs at
steady state in neonates receiving 16 mg/kg as a loading dose,
followed by 8 mg/kg every 24 h are comparable to adults receiv-
ing 400 mg/day. However, there is a much larger PK variability in
the AUCs of neonates (Figure 4). While the matching of measures
of central tendency is straightforward, the best way to match two
completely different AUC distributions is less clear. The high vari-
ability makes identification of a fixed weight-based regimen chal-
lenging because of the unacceptably high proportion of neonates
with both low and high drug exposure. Any attempt to address
this problem results in an unsatisfactory trade between effect
and toxicity and eventual acknowledgement that TDM is required
to optimize dosing and drug exposure.

While TDM is the only current way teicoplanin dosing can be
optimized, there are a number of significant challenges to this pro-
cess. First and most obviously obtaining repeated blood draws in
premature neonates is never trivial, and second, there is persistent
uncertainty about drug exposure targets for TDM. A trough con-
centration of 15 mg/L (measured by fluorescence polarization
immunoassay) is proposed in the summary of product character-
istics by days 3-5 of therapy for both adults and children, but
recently increased to 20 mg/L and 30-40 mg/L for the treatment
of deep-seated infections and infective endocarditis, respect-
ively.”® Moreover, concentrations are not recommended to
exceed 60 mg/L, despite little evidence for any relationship
between serum concentrations and toxicity in neonates.?® Such
recommendations are based on scant clinical evidence in adult
patients and with only a rudimentary understanding of the PD
of teicoplanin.®°~3? The use of Bayesian feedback tools for dosage
individualization, which requires the availability of robust popula-
tion PK models and optimally sampled concentrations, may
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Figure 3. Individual concentration-time plots after the Bayesian step showing teicoplanin (black) and CRP (grey) predicted (continuous line) and
observed (crosses) concentrations over time for each of the patients. The y-axis ‘Observation’ refers to both teicoplanin and CRP concentrations.
Individuals 1 and 7 were infected with Gram-negative bacteria and only received two doses of teicoplanin. The individual average Crnin and AUC drug
exposures are reported for each patient.
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Figure 4. Comparison of the simulated (n=5000 per population group) teicoplanin AUC (mg-h/L) distribution histograms in different populations
receiving the current teicoplanin dosage regimen: (a) neonates (0.7-5 kg); (b), (c) and (d) children >1 month-16 years old with fixed weights of 10,

25 and 50 kg, respectively; and (e) adults.

enable the attainment of desired AUC targets (and surrogate
trough concentrations) for any individual patient.**

This study is too small to resolve clinical exposure-response
relationships. Inadequate power was further compounded by a
Gram-positive pathogen being isolated in only 6 of 18 (33.3%)
patients. Hence, there was no opportunity to examine the rela-
tionship between the magnitude of any traditional PD indices
(e.g. AUC:MIC) and outcome. Even in larger datasets, the problem

of culture negativity is frequently present. In this situation, most
investigators use a population value (e.g. MICqp) to calculate drug
exposure for an individual patient. Assuming such patients are
infected with the most resistant pathogen is conservative, but
necessarily biased. The use of CRP and a novel PD index (the
AUC:ECs) circumvents some of these issues. The rationale behind
this quotient is that ECsq is an in vivo measure of drug potency and
the AUC:ECsq is a measure of the exposure of drug relative to the
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Figure 5. Exposure-response relationships from the Bayesian posteriors
from the PK/PD linked model using (a) AUC average, (b) Cmin average
and (c) AUC:ECsp ratio (logio scale) as the PD relevant index versus
predicted CRP concentrations at the end of therapy. An Eqqx model was
fitted to the data. Patients with ID 1, 7 (Gram-negative bacterial
infection) and 16 (multiple inflammatory comorbidities with persistently
high CRP levels >100 mg/L and negative blood culture) were excluded
from this analysis, but are shown in (c).

potency of its effect. A major advantage of this approach is that it
allows for drug exposure targets that are more individualized for a
specific patient. The ECso (and therefore AUC:ECsp) is influenced by
both the patient and characteristics of the infecting organism. The
ECso captures the impact of multiple variables on exposure -
response relationships (e.g. in vitro resistance, high bacterial
load, a persistent infective focus, biofilms and immune response).
In contrast, when the measure of potency is the MIC alone, as for
AUCMIC, it is only the organism’s characteristics that are consid-
ered, and all the other factors implicit in ECso are ignored. The
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Figure 6. AUC:ECso box-plot suggesting that patients attaining >68.3
drug exposures (~>AUC 389.3 mg-h/L) had a more consistently lower
CRP at the end of therapy (mean 18.18 versus 5.7 mg/L); P=0.002 (two
sample t-test).

Bayesian posterior ECso estimates ranged widely (0.6-18.7 mg/L),
which again reflects highly variable PD and in vivo potency. In this
study, the AUC:ECsq predicted the terminal CRP levels after 5 days
of therapy (Figure 5c¢) for the majority of patients.

The use of CRP as a biomarker deserves some comment. CRP is
widely used in clinical practice to quide anti-infective therapy, but
much of that process is informal and intuitive.* >3 In this study,
we explicitly link teicoplanin serum concentrations and changes in
circulating CRP. The measurement of CRP in an individual patient
provides a real-time estimate of the response to drug. There are
clearly some advantages to such an approach: CRP is quantitative,
widely available, well validated and readily accepted by clinicians.
[t is the most extensively studied biomarker in neonatal sepsis. In
addition, a recent systematic review has showed higher specificity
and predictive values at symptom onset and after 24-48 h than
procalcitonin in neonatal bacterial sepsis.*® Procalcitonin has
been investigated mainly in early onset sepsis and with different
cut-off values depending on time after birth. Its value in neonates
is limited by a marked physiological increase after birth.2’ The abil-
ity to link drug concentrations with a biomarker provides the pro-
spect for truly individualized therapy where the dosing of drug is
designed to manage a biomarker rather than a serum drug con-
centration. However, there are some limitations. CRP is a non-
specific marker of infection and inflammation, and adjusting a
dose solely on the basis of climbing CRP may be dangerous if
the CRP elevation is the result of Gram-negative bacteraemia as
was the case in patients 1 and 7, or the result of a severe non-
infectious inflammation as appears likely for patient 16
(Figure 3). Thus, to guide teicoplanin dosing, there needs to be
confidence that the CRP elevation is a result of a teicoplanin-
susceptible pathogen. In our study, we had microbiological evi-
dence of a teicoplanin-susceptible organism in a third of patients.
However, there was a high clinical suspicion of this being the case
for the remaining patients (clinical, laboratory markers of infection
and specific risk factors such as a central line inserted). In our set-
ting, teicoplanin and ciprofloxacin constitute the empirical treat-
ment in the context of central-line-associated bloodstream
infection. All patients received ciprofloxacin or gentamicin until a
blood culture result became available. The other antimicrobial
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could potentially have had an impact on CRP decline in the case of a
Gram-negative microorganism. Nevertheless, CoNS was the most
commonly isolated microorganism and teicoplanin was only discon-
tinued in two patients with Gram-negative infection. Interestingly, a
recent study has also demonstrated that serial CRP measurements
can predict whether an organism is sensitive to the empirical anti-
microbial therapy in the first 48 h of treatment of neonatal sepsis.*®
These findings now need prospective evaluation.

Despite any potential limitations, this study extends the stand-
ard pharmacometric approach whereby the population PK is
described, Monte Carlo simulations are performed and post hoc
analyses such as the probability of target attainment analyses
are performed, often using PD targets of questionable clinical sig-
nificance. While the current approach has limitations because of
the non-specificity of the biomarker, the analyses begin to refocus
therapeutic arguments on the individual patient, using real data
to deliver a regimen that is both safe and effective for the clinical
problem in hand.
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