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ABSTRACT
Purpose Antibiotic dose predictions based on PK/PD indices
rely on that the index type and magnitude is insensitive to the
pharmacokinetics (PK), the dosing regimen, and bacterial sus-
ceptibility. In this work we perform simulations to challenge
these assumptions for meropenem and Pseudomonas aeruginosa.
Methods A published murine dose fractionation study was
replicated in silico. The sensitivity of the PK/PD index towards
experimental design, drug susceptibility, uncertainty in MIC
and different PK profiles was evaluated.
Results The previous murine study data were well replicated
with fT>MIC selected as the best predictor. However, for
increased dosing frequencies fAUC/MIC was found to be
more predictive and the magnitude of the index was sensitive
to drug susceptibility. With human PK fT>MIC and fAUC/
MIC had similar predictive capacities with preference for f-
T>MIC when short t1/2 and fAUC/MIC when long t1/2.
Conclusions A longitudinal PKPD model based on in vitro
data successfully predicted a previous in vivo study of
meropenem. The type and magnitude of the PK/PD index
were sensitive to the experimental design, the MIC and the
PK. Therefore, it may be preferable to perform simulations
for dose selection based on an integrated PK-PKPD model
rather than using a fixed PK/PD index target.
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ABBREVIATIONS
AUC Area under the curve
c.i. Continuous infusion
CL Clearance
CLCR Creatinine CL
Cmax Maximum concentration
fAUC/MIC Unbound AUC divided by the MIC
fCmax/MIC Unbound Cmax divided by the MIC
fT>MIC Unbound time above the MIC
fu Fraction unbound
h Hour
i.v. Intra venous
k Rate constant
ka Absorption rate
MIC Minimum inhibitory concentration
PD Pharmacodynamic
PK Pharmacokinetic
q Dose interval
Q Inter compartmental CL
R2 Coefficient of determination
s.c. Sub cutaneous
SCr Serum creatinine
T Time
t1/2 Half-life (elimination)
t1/2β Half-life of the β-phase
TDM Therapeutic drug monitoring
V Volume
Vc Central Volume (of distribution)
Vp Peripheral volume (of distribution)
w Week
WT Weight
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INTRODUCTION

The effect of an antibiotic on the bacterial infection in a pa-
tient is dependent on the dosing regimen, and the pharmaco-
kinetic (PK) and pharmacodynamic (PD) properties of the
administered drug. The importance of understanding PKPD
relationships is recognized by the regulatory authorities and
PKPD studies are recommended to be included in antibacte-
rial drug development programs in order to guide efficacious
dosing regimens.(1–3) As the target of an antibiotic is an ex-
ogenous pathogen the PD activity of the drug may often be
studied in vitro.(3) A commonly usedmeasurement of the in vitro
PD activity of antibiotics is the minimum inhibitory concen-
tration (MIC). The MIC represents a point estimate of drug
effect (typically measured after 18–24 h) and does not take into
account the whole time course of bacterial growth and
killing.(4) Another shortcoming is that the precision of the
MIC value is limited, either by the dilution steps if derived
in liquid culture media, or by the resolution of the antibiotic
gradient if derived on solid media (e.g., Etest). A more com-
plete description of drug activity is obtained from the effect on
the bacteria over time in various in vitro systems in so called
time-kill experiments.(5)

In order to guide the dosage of antibiotics, theMIC is often
linked to a summary measure of the PK of the drug to create a
PK/PD index.(6) The regularly used PK/PD indices are
T>MIC – the fraction of the dosing interval that the drug
concentration in plasma is higher than the MIC; AUC/MIC
–the ratio of the area under the plasma concentration time
curve to the MIC; Cmax/MIC – the ratio of the maximum
drug concentration in plasma to the MIC.(7) If the index was
determined with regard to the unbound (free) concentration
the prefix f is used. Commonly the relevant type and target
magnitude of the PK/PD index for a drug-bacteria combina-
tion is decided using animal infection models in dose fraction-
ation studies. In such studies the different PK/PD indices are
derived for a wide range of exposures and dosing intervals and
then correlated to the bacterial burden at 24 h.(4) A human
dosing regimen is then suggested by extrapolating the results
using in silico Monte Carlo simulations utilizing human PK
models.(8)

The PK/PD indices share the limitations of the MIC value
they are based on and carry the additional assumption that
they are unaffected by differences in PK profiles, e.g., when
extrapolating to different target populations. An alternative to
PK/PD indices, which enable description of the whole time
course of bacterial kill and growth, is to construct in silico
PKPD models.(9) By linking such a model to a model of the
human PK, dosing regimen selection may be performed to,
for example, identify a regimen that achieves a fast bacterial
kill (10,11) or suppression of resistance.(12) A semi-
mechanistic model structure has previously been developed
and shown to describe changes in bacterial counts over time

as a function of concentration for several different
antibiotics.(13) In the model the bacteria is assumed to exist
in two states: either as growing drug-susceptible or resting
drug-insusceptible bacteria. This allows the model structure
to describe the biphasic killing often seen in time-kill studies
(13) and to predict the inoculum effect (i.e., a reduction in
bacterial killing at high inoculum) (9) which is observed for
e.g. Pseudomonas aeruginosa exposed to carbapenems.(14) Addi-
tionally, the model structure has been used to characterize
different mechanisms of resistance and has been employed
for simulation of different dosing regimens.(12)

This model based approach has recently been applied to
describe the kill and growth of two strains of P. aeruginosa of
different susceptibility to meropenem.(15) Meropenem, like
other β-lactams, is described as exhibiting a fT>MIC depen-
dent effect.(6) A commonly cited magnitude for maximum
bactericidal effect is 40% (16), however magnitudes exceeding
this target are often required in clinical practice (17) and target
requirements has been proposed to vary between
individuals.(18) Therapeutic drug monitoring (TDM) has
been suggested in order to ensure drug coverage up to
100% fT>MIC for β-lactams in critically ill patients with
variable PK, however the benefit of such intervention has
not been evaluated.(18) We believe a model based approach
to dose selection may prove more robust compared to the
fixed dosing target supplied by PK/PD indices. Thus in this
work we predicted the in vivo observed PK/PD index of
meropenem and P. aeruginosa utilizing in silico PKPD models
based on in vitro time-kill curves to replicate a previously pub-
lished in vivo dose fractionation study. After confirming the
ability to predict the in vivo outcome the model was applied
to investigate the expected impact on the type and magnitude
of the PK/PD index of experimental design, uncertainty in
the MIC, and differences in PK between patient populations.

METHODS

In this work, previously described meropenem PK models
were combined with a PKPD model for the effect of
meropenem on P. aeruginosa in order to simulate bacterial kill
and growth in response to different dosage regimens. The
predicted bacterial densities at 24 h were correlated with the
values for the PK/PD indices derived according to standard
methodology.(4)

PKPD Model

A longitudinal PKPD-model for meropenem and P. aeruginosa
wild-type (ATCC27853, MIC 1 mg/L) and meropenem-
resistant clinical isolate (ARU552, MIC 16 mg/L) was used
in the simulations.(15) The model structure (Fig. 1) consists of
two bacterial subpopulations, one susceptible (subpopulation
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1) and one pre-existing resistant (subpopulation 2). The model
parameters are reported in Table I. In each subpopulation the
bacteria may exist in two states: proliferating antibiotic sus-
ceptible (S) bacteria and resting (R) non-proliferating bacteria
unsusceptible to the antibiotic. The bacteria in the S state
proliferate with rate kgrowth and the bacteria enter the R state
with rate ktransfer as a response to high bacterial densities. Both
states share the same natural death rate constant kdeath. The
drug action increase the death rate of the S state by rate kdrug
and is modelled by a power model for ATCC27853 and a
sigmoidal Emax model for ARU552. The two subpopulations
share all parameters except kgrowth (decreased for pre-existent
resistant bacteria of strain ARU552) and the concentration
required for effect (increased by ShiftC for the pre-existent

resistant bacteria). The residual error is included as an addi-
tive error on log scale with one component of the error being
independent of other measurements (RES) and one compo-
nent of the error shared with other replicates of measurements
from the same culture vessel at the same time point (RRES).
(19)

PK Models

A model described by Katsube et al. (20) was used to simulate
PK profiles in mice. The model is based on data from a study
where 5 week old female ICR mice infected with P. aeruginosa
were given meropenem co-administered with cilastatin (which
decreases meropenem CL in mice). The meropenem

Fig. 1 Meropenem PKPDmodel developed for Pseudomonas aeruginosa (15). The model includes two bacterial subpopulations, one susceptible (subpopulation 1)
and one pre-existing resistant (subpopulation 2) present at 0.15% of the start inoculum. The pre-existing resistant bacteria require 23.5 times higher (ShiftC) antibiotic
concentration for effect. In each subpopulation the bacteria may exist in one of two discrete states: 1. Antibiotic susceptible (S) proliferating bacteria, 2. resting (R) non-
proliferating bacteria being unsusceptible to the antibiotic. The bacteria enter the R state as a response to high population densities (R+S of both subpopulations). The
drug effect is modelled as a power model for ATCC27853 and as a sigmoidal Emax model for ARU552. For definition of model parameters see Table I.

Table I Parameters for the
Meropenem PKPD Model for
Pseudomonas aeruginosa Strains
ATCC27853 and ARU552 (15)

Parameter Description ATCC27853 ARU552

Bmax (CFU/mL) Bacterial count in stationary phase 1.29*109

kgrowth (h
−1) Rate constant of bacterial growth 1.08 0.814

kdeath (h
−1) Rate constant of bacterial natural death 0.179

Emax (h
−1) Maximum kill rate constant – 1.74

EC50 (mg/L) Concentration that produces 50% of Emax – 17.7

Slope (L/mg*h) Slope drug effect 17.2 –

γ (−) Hill factor in drug-effect relationship 0.376 2.79

Mut (%) Fraction of pre-existing resistant bacteria 0.15

ShiftC (−) Shift in concentration required for effect on
pre-existing resistant bacteria

23.5

kgrowth,2 (h
−1) kgrowth for pre-existing resistant bacteria 1.08 0.378

RES (%) Residual error 164

RRES (%) Replicate residual error 8.74
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disposition was described by a one compartment model with
first order absorption. Parameter values are reported in
Table II.

For simulating the meropenem PK profile in an adult hu-
man population, a model by Li et al. (21) was used (Table II).
This model is based on a large number of individual PK
samples (1 to 12 samples per individual) from a total of 79
patients (age 18–93 years) treated for intra-abdominal infec-
tions or pneumonia. The meropenem disposition is described
by a two compartment model with the covariates creatinine
clearance (CLCR) and age (Age) included on clearance (CL),
and weight (WT) included on the central volume of distribu-
tion (Vc). CLCR was calculated according to the Cockcroft-
Gault equation.(24) Parameter values for a typical patient
(CLCR of 102 mL/min) and patients with augmented CL
(CLCR of 255 mL/min) and with renal dysfunction (CLCR of
15 mL/min) are given in Table II.

The meropenem neonatal PK model by van den Anker
et al. is based on data from 26 preterm (gestational age 29–
36 w) and 15 term (gestational age 37–42 w) neonates hospi-
talized due to a known or presumed bacterial infection.(22) In
this model the meropenem disposition is described by a two
compartment model with covariates CLCR and WT on CL.
The parameter values used to simulate PK of a typical pre-
term neonate is reported in Table II.

Simulation Settings

The PK and PKPDmodels for meropenem were implement-
ed and the unbound concentration-time profiles in the central

compartment were used to drive the bacterial killing in the
PKPDmodel. In mice the unbound fraction was set to 0.81 as
determined in the murine PK study. In humans the protein
binding was assumed to be negligible (21,22) and the unbound
fraction was set to 1, see Table II. For each dosing regimen,
the investigated PK/PD indices (fT>MIC, fAUC/MIC, f-
Cmax/MIC) and the bacterial burden at 24 h were predicted
(Fig. 2).

Simulated Mouse PK/PD Index Studies

For the simulated mouse dose fractionation studies the initial
bacterial density was set to 106.5 CFU/mL. The fraction of
cells residing in the R state was computed to 3.6% by assum-
ing that all bacteria started in the S state and then simulating
bacterial growth during the inoculum procedure used by
Sugihara et al. (23) Simulations of growth and kill of
P. aeruginosa were performed using the PK for 5 week old male
ICR mice (Table II). As the male ICR mice in the Sugihara
study were expected to be heavier compared to the female
ICR mice in the model by Katsube et al. allometric scaling
(25) was applied to account for the expected (26) weight dif-
ference. All doses were simulated as s.c. bolus injections. In
order to account for the MIC difference between the strain
used in the in vivo study (P. aeruginosa 1246,MIC=2mg/L) and
the strains in the modelled in vitro study (ATCC27853,
MIC=1 mg/L, and ARU552, MIC=16 mg/L) the dose
levels were adjusted to achieve the same steady state expo-
sures, see Table III. The following scenarios were simulated
(Table III): i) Original – replicating the dose fractionation

Table II Parameters for
Meropenem PK Models Used for
Simulating Concentration-Time
Profiles for Mouse, and Human
(adults and neonates). The Models
were Parameterized in Terms of
Absorption Rate Constant (ka; for
mice studies only), Clearance (CL),
Central Volume of Distribution (Vc),
Inter Compartmental Clearance
(Q), Peripheral Volume Of
Distribution (Vp), and Fraction
Unbound (fu). The Meropenem
Elimination Half-Life (t1/2) in Mice
and the Half-Life of the Second
Phase (t1/2 β) in Human are Given
for Reference

Parameter Mouse Human

Female (20) Male Typical patient
(21)

Augmented
CL (21)

Renal dysfunction
(21)

Preterm
neonate (22)

ka (h−1) 10.2 10.2 – – – –

CL (L/h) 0.033a 0.038b 14.6c 30d 5.0e 0.36f

Vc (L) 0.014 a 0.017b 10.8c 10.8d 10.8e 0.83

Q (L/h) – – 18.6 18.6 18.6 4.89g

Vp (L) – – 12.6 12.6 12.6 0.12g

fu (−) 0.81 0.81 1 1 1 1

t1/2 (β) (h) 0.29 0.31 1.4 0.87 3.5 2.0

a calculated for a 24.4 g female mouse
b allometrically scaled to a 29.6 g male mouse (as used in Sugihara et al.(23)) using allometric exponents of 0.75 for CL
and 1 for V
c calculated for a typical individual: WT=70 kg (ideal body weight), Age=35 years, Sex=Male, SCr= 1 mg/dl
d as c calculated for the lowest SCr observed=0.4 mg/dl
e as c calculated for the highest SCr observed=6.9 mg/dl
f calculated for CLCR=24.3 mL/min, WT=1.87 kg
g values calculated from intercompartmental transfer rate constants and Vc
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study by Sugihara et al. using the model for ATCC27853 , ii)
0.5 ×MIC – as Original but with an assumed MIC of
ATCC27853 set to 0.5 mg/L corresponding to a 0.5-fold
lower MIC (underestimation, simulated susceptibility was
not changed) , iii) 2×MIC – as Original but with an assumed
MIC of ATCC27853 set to 2 mg/L corresponding to a 2-fold
higher MIC (overestimation, simulated susceptibility was not
changed), iv) Resistant – as Original but simulating with the
PKPD model parameters for the meropenem resistant strain
ARU552 (MIC=16 mg/L), v) Frequent – simulating with
dose intervals of 4 h or lower plus continuous infusion to
investigate the influence of dosing interval to the selected in-
dex, doses were adjusted to cover the full fT>MIC range (0–
100%) for ATCC27853. Using shorter dose intervals com-
pensate for the faster PK in mice compared to humans by
bringing the ratio of elimination t1/2 (and hence fT>MIC)
to dosing interval closer to the corresponding situation in hu-
man. The simulations were performed using 10 times the
sample size of the original in vivo study design, using the vari-
ability described by the residual error of the PKPD model in
order to replicate the variability observed in the in vivo data.
Variability in PK was assumed to be low in comparison to the
PD variability and not included in the simulations.

Human PK/PD Index Simulations

The second part of the study consisted of simulations where
the antibacterial effect was driven by the PK profile expected
in humans, and are compiled in Table IV. The bacterial bur-
den and the investigated PK/PD indices at 24 h were simu-
lated in four human populations i) Typical patient, ii) Aug-
mented CL, iii) Renal dysfunction, and iv) Preterm neonate.
The same simulation settings as in the mouse simulations were
applied, except that a wider range of concentrations and dos-
ing intervals was used (Table IV) allowing for full characteri-
zation of the PK/PD index – effect relationship. In order to
test the influence of the pronounced inoculum effect previous-
ly observed for meropenem (14), simulations were also per-
formed with an increased initial bacterial density of 109 CFU/
mL (scenario v, High inoculate). The initial fraction of cells in
the resting state (R) was computed to 37% by following the
same simulation procedure as previously, but allowing for a
longer period of natural growth prior to start of treatment to
reach the higher density. The doses were set to cover the range
of unbound steady-state concentrations which achieve maxi-
mum bacterial suppression (eradication of all growing cells) to
growth up to the carrying capacity of the system for all

Fig. 2 Dose finding study for meropenem by Sugihara et al. (23) replicated in simulation for Pseudomonas aeruginosa ATCC27853 (MIC=1 mg/mL). Left:
simulated unbound meropenem concentration time profiles in mice predicted from PK by Katsube et al. (20), Right: The corresponding bacterial time-kill curves
predicted by the PKPDmodel by Mohamed et al. (15) The simulated curves corresponds to doses of 0, 200, 400, and 800 mg/kg*day (indicated by colour from
light grey to black) given once (dotted), twice (dot-dash), four-times (dash), and eight-times (solid) daily. All dose levels were administered in all dose intervals with
the exception of the highest dose level (800mg/kg*day) which in keeping with Sugihara et al. was not given once daily. The PK/PD indices (fT>MIC, fAUC/MIC,
fCmax/MIC) were computed with regard to the MIC (Left: horizontal dashed line) and correlated to the bacterial density at the study endpoint (Right: circles).

Table III The Simulated Dose
Fractionation Studies in Mice, All
Doses were Administered as s.c.
Bolus Except the Continuous
Infusion (c.i.) of the Frequent
Scenario

Scenario Bacterial strain Meropenem (mg/kg/day) Dosing intervals (h)

i) Original ATCC27853 800a, 400, 200, 0 3, 6, 12, 24

ii) 0.5×MIC ATCC27853 400a, 200, 100, 0 3, 6, 12, 24

iii) 2×MIC ATCC27853 1600a, 800, 400, 0 3, 6, 12, 24

iv) Resistant ARU552 12800a, 6400, 3200, 0 3, 6, 12, 24

v) Frequent ATCC27853 533, 267, 133, 50, 0 1, 2, 4, + c.i.

a In line with Sugihara et al. the highest daily dose was not included for the once daily dosing interval
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simulated scenarios. Meropenem was assumed to be adminis-
tered as 0.5 h i.v. infusions. As no comparison was performed
with in vivo data no variability was added to the simulated
bacterial numbers and no inter individual variability was sim-
ulated in order to make the difference between indices clearer.

PKPD Index Determination

A sigmoid maximum effect (Emax) model was used to exam-
ine the relationship between each PK/PD index (fT>MIC,
fAUC/MIC, fCmax/MIC) and the efficacy of the drug, mea-
sured as log10 bacterial density at 24 h. The Emax model was
defined according to:

E ¼ E0−
PDmax � X γ

X γ þ EX γ
50

where E is the PD endpoint (log10 bacterial burden at 24 h),
E0 is the zero effect value (maximum bacterial burden at
24 h), X is the value of the PK/PD-index, PDmax is the max-
imum effect (reduction in bacterial burden at 24 h), EX 50 is
the value of the PK/PD index required to achieve 50% of
PDmax, and γ is the sigmoidicity factor.

The analysis was performed by the fit function in
MATLAB, using the NonLinearLeastSquares method and
the robust fit option. The coefficient of determination (R2)
was used to choose the PK/PD index with best correlation
to bacterial density. The magnitude of the PK/PD indices
required for bactericidal effect (here chosen as 99% killing
from the bacterial burden at time 0, i.e., 2-log kill) was calcu-
lated from the fitted parameter values for each PK/PD index.

Software Details

MATLAB r2012a (The MathWorks, Inc., Natick, Massachu-
setts, United States) was used for simulation, nonlinear regres-
sion analysis, and plotting. WebPlotDigitizer 3.8 (http://
arohatgi.info/WebPlotDigitizer) was used for digitizing data
from published figures.

RESULTS

The relationships between the investigated PK/PD indices
and the efficacy of the drug in mice (observed and predicted)
are presented in Fig. 3. In the original in vivo study by Sugihara
et al. (23) (Fig. 3, top panel) fT>MIC had the highest predic-
tive value (R2=0.74), while fAUC/MIC was the second best
predictor (R2=0.38). The magnitude of fT>MIC associated
with a 2-log decrease from the initial bacterial density at 24 h
was 45%. The result was well replicated in silico. For the Orig-
inal scenario (strain ATCC27853,MIC=1mg/L) the predic-
tive power was highest for fT>MIC (R2=0.77) with a value
of 37% required for 2-log decrease. fAUC/MIC was found to
be a poor predictor (R2=0.33).

The magnitude of fT>MIC was found to be sensitive to
MIC misspecification. In the 0.5 ×MIC scenario (strain
ATCC27853, assumed MIC=0.5 mg/L) the magnitude re-
quired for 2-log decrease increased to 52% (R2=0.73). For
the 2 ×MIC scenario (strain ATCC27853, assumed
MIC=2 mg/L) the magnitude required for 2-log decrease
was reduced to 23% (R2 = 0.77) . In addi t ion to
misspecification of the measured MIC the influence of larger
MIC differences between strains of the same species was in-
vestigated. In the Resistant scenario (strain ARU552,
MIC=16 mg/L) a magnitude of 52% fT>MIC (R2=0.81)
was required for 2-log decrease. In all scenarios above f-
T>MIC was the best predictor of efficacy. However, by
changing the experimental design by only studying dosing
up to every 4th h in the scenario Frequent (strain
ATCC27853, MIC=1 mg/L) fAUC/MIC (R2=0.76) be-
came an equal or superior predictor of efficacy compared to
fT>MIC (R2=0.73). The values associated with 2-log de-
crease in this scenario were 45% fT>MIC and 60 fAUC/
MIC.

The human PK/PD index simulations are presented in
Fig. 4. As residual error variability was not included in the
human simulations the correlations are typically greater com-
pared to the mouse simulations and smaller differences in R2

values can be considered to bear greater weight. For a typical
patient fT>MIC and fAUC/MIC exhibit similar predictability

Table IV The Simulated Dose Fractionation Studies in Humans. The Doses were Administered as 0.5 h i.v. Infusions Except the Continuous Infusion (c.i.)

Scenario PK Start bacterial burden
(log10 CFU/mL)

Meropenem (Css, avg x MIC)a Dosing intervals (h)

Typical patient Li et al. (21) 6.5 0.0156, 0.0313, 0.0625, 0.125, 0.25,
0.5, 1, 2 4, 8, 16, 32, 64

0, 4, 8, 12, 24, + c.i.
Renal dysfunction Li et al. (21) 6.5

Augmented CL Li et al. (21) 6.5

Preterm neonate van den Anker et al. (22), 6.5

High inocula Li et al. (21) 9

aDosages achieving simulated average meropenem steady state concentrations as multiples of MIC
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for the bacterial density at 24 h (R2=0.98 and R2=0.97 re-
spectively) while fCmax/MIC was less well correlated with effi-
cacy (R2=0.88). Themagnitudes associated with 2-log decrease
from initial bacterial density at 24 h were 43% fT>MIC, and
49 fAUC/MIC which is similar to the values for the Frequent
dosing scenario in mice.

The result was only slightly affected when the terminal half-
life was decreased from the typical value of 1.4 h to 0.87 h in
the augmented CL population with fAUC/MIC becoming
slightly less predictive (R2=0.94). The simulated PK in renal
dysfunction and preterm neonate populations exhibited a lon-
ger terminal half-life (3.5 h and 2.0 h respectively) compared
to the typical value (1.4 h). In these cases fAUC/MIC had
slightly higher correlation with efficacy (R2=1.00 for renal
dysfunction and R2=0.99 for preterm neonatal), compared
to fT>MIC (R2=0.98 for both populations). Compared to

the typical adult patient the fAUC/MIC required for 2-log kill
was the same or decreased (49 for renal dysfunction and 45 for
preterm neonate) while the value of fT>MIC was increased
considerably (73% for renal dysfunction and 61% for preterm
neonate).

Lastly, the effect of an increased bacterial density at
the start of treatment was investigated for a typical pa-
tient by simulating a high initial inoculum of 109 CFU/
mL. The maximum achievable suppression of bacterial
number at 24 h (Emax) was reduced to 2.3 log10 CFU/
mL for the high inocula compared to 5.9 log10 CFU/
mL for the standard scenario. However, while the shape
of the PK/PD index-effect relationship was changed the
PK/PD index correlations were similar. The magnitudes
associated with a 2-log decrease were in this setting
43% fT>MIC and 68 fAUC/MIC.

Fig. 3 Relationship between the
PK/PD indices and the efficacy of
meropenem against P. aeruginosa in
mice. Circles – observations/
predictions, thin horizontal dashed
line - the viable cell count at start of
therapy (as CFU/thigh or CFU/mL),
thick dashed line – fitted Emax curve,
thin dashed lines – 95% prediction
interval around the fitted curve
(shown for fits with R2

values> 0.3). The magnitudes of
the PK/PD index required for a 2-
log decrease at 24 h from the viable
cell count at start of therapy are
indicated as well as the R2 values of
the curve fits. The curve fitting was
performed simultaneously for all
observations. In the plots only 10%
of the simulated observations are
shown in order to present the same
number of observations as in the
in vivo data. The top panel is
reproduced with permission from
Antimicrobial Agents and
Chemotherapy (23).
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DISCUSSION

In this work a PKPDmodel based on in vitro time-kill data was
combined with a literature PK model and found capable of
predicting the in vivo outcome in a murine PK/PD index study
of meropenem against P. aeruginosa. The simulated data was
generally in good agreement with the in vivo observations. f-
T>MIC was selected as the driver of efficacy with similar
magnitudes required for 2-log kill as observed in vivo (37% in
silico compared to 45% in vivo) (Fig. 3).

The PK/PD indexmost predictive of bacterial kill is known
to be dependent on a complex interplay of PK and PD pa-
rameters such as the drug elimination rate and rates of kill and
growth of the bacteria (27). In order to investigate how sensi-
tive the selected index and target magnitude of meropenem is
to variations in PK, PD and investigated dosages we expanded
the in silico simulations in mouse and man.

The impact of the dilution step limited uncertainty in the
MIC on the PK/PD index magnitude was exemplified by
performing simulations where theMIC of strain ATCC27853
(observed as 1 mg/mL) was miss-specified either to 0.5 or
2 mg/L. The difference in magnitude of fT>MIC was found

to be 29 percentage units (Fig. 3). This MIC derived uncer-
tainty around the magnitude required for 2-log kill can be
translated to an uncertainty in the human dose requirement.
Assuming the distribution phase (alpha-phase) to be short and
the dose large enough to exceed the MIC in at the start of the
elimination-phase, the fT>MIC is proportional to the half-
life of the elimination phase (t1/2β) and the logarithm of the
dose.(28) Hence a doubling of the dose will result in concen-
trations exceeding the MIC one t1/2β longer. Expressed differ-
ently, a shift in fT>MIC of duration ΔT h can be accom-
plished with a 2^(ΔT/ t1/2β) fold dose adjustment. Consider-
ing an eight hourly (q8h) dosing regimen the difference in
fT>MIC between the over- and underestimation scenarios
corresponds to 2.3 h per dose interval. For a human t1/2β of
1.4 h the inherent uncertainty in the MIC measurement then
translates to an approximately three-fold uncertainty in the
dose needed to achieve a certain fT>MIC target.

Similar results were found when investigating strain differ-
ences. The resistant (29) (MIC=16 mg/L) ARU552 strain
required 15 percentage units longer fT>MIC compared to
the susceptible (29) (MIC=1 mg/L) ATCC27853 strain in
order to achieve a 2-log decrease from the initial bacterial

Fig. 4 Model predicted
relationship between the PK/PD
indices and the efficacy of
meropenem against Pseudomonas
aeruginosa in humans. Predictions
for 0.5 h infusion q4h (plus), q6h
(circle), q8h (asterisk), q12h (point),
q24h (cross) and, continuous
infusion (pyramid), thin horizontal
dashed line - the viable cell count at
start of therapy (as CFU/mL), thick
dashed line – fitted Emax curve.
Indicated in the figures is the
magnitude of the PK/PD index
required for a 2-log decrease at
24 h from the viable cell count at
start of therapy and the R-square
value of the curve fit. The curve
fitting was performed
simultaneously for all observations.
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count. Using the same assumption as above, the difference
translates into an around 2-fold higher dose compared to what
would be expected by performing dose adjustments according
to the MIC of the resistant strain and the fT>MIC target
determined for the susceptible strain. This finding challenges
a core assumption of PK/PD indices, namely that the MIC
may serve as an accurate marker for dose adjustments.(4) Ad-
ditionally it puts into question how clinical breakpoints for
antimicrobial therapy are derived as these investigations as-
sume that the same target magnitude holds over a wide MIC
distribution.(8)

As mentioned previously, fT>MIC is dependent on dose,
dosing interval, and t1/2,(28), thus differences in PKmay affect
the target and required magnitude. Sugihara et al. co-
administered cilastatin and meropenem in order to bring the
mouse meropenem half-life closer to human. However, even
with the addition of cilastatin the observed mouse t1/2 is al-
most five times faster than compared to the t1/2β of a typical
adult human (Table II). The original study protocol by
Sugihara et al. thereby includes dose intervals giving far lower
fT>MIC compared to what would be seen in human (e.g., q4h
dosing in mouse approximately corresponds to q20h in human
with respect to %fT>MIC). The impact of the selected study
design was tested in the Frequent scenario by decreasing the
maximum dose interval in the simulated mouse study to 4 h,
thereby bringing the ratio of elimination t1/2 (and hence fT>MIC)
to dosing interval closer to the corresponding situation in human.
In addition, continuous infusion was included as it is an adminis-
tration form thought to be beneficial for β-lactams.(30) The alter-
nate experimental design shifted the most predictive PK/PD index
from fT>MIC to fAUC/MIC, further highlighting the importance
of PK and study design.

The influence of PK on the most predictive PK/PD index
was also evident when simulating the expected outcome in
different human populations (Fig. 4). Even though the predic-
tive value of fT>MIC and fAUC/MIC was similar for all the
simulated human scenarios, themost predictive PK/PD index
shifted from the expected fT>MIC in the short t1/2β (0.9 h)
augmented CL case to fAUC/MIC in the longer t1/2β (3.5
and 2.0 h respectively) cases of renal dysfunction and a
preterm neonate. Similar results have previously been
reported for benzylpenicillin for which a shift in the PK/PD
index from fT>MIC in adults to fAUC/MIC in neonatals
was observed in a simulation study.(31) These findings may
seem surprising given the assumed time dependent effect of β-
lactams. However, it has long been known that increasing the
concentration of β-lactams up to 4 times the MIC leads to
faster kill. (18,32) In addition, greater exposure above the
threshold of selection for resistance will increase the ability
to prevent regrowth by resistant subpopulations.(33) Com-
bined these effects explain the interdependence of PK and
dosing interval on the selected type and magnitude of the
PK/PD index of meropenem where a longer t1/2 compared

to the investigated dosing interval for most doses achieves
sufficient fT>MIC to supress regrowth of the main popula-
tion and hence favours fAUC/MIC as the best predictor.
Conversely, if the t1/2 is short compared to the dosing interval
fT>MIC is likely to be selected as the best predictor.

Of interest is not only which PK/PD index is most predic-
tive, but also which magnitude is required for a certain effect.
For the two longer t1/2 populations (renal failure and neonate)
a longer fT>MIC was required to meet the 2-log decrease
target, while the fAUC/MIC target was the same or lower
(Fig. 4). The discrepancymay be illustrated by changes in dose
as above. For the renal dysfunction population the shift to
higher fT>MIC (from 43 to 73%) matches the increase in
t1/2β (from 1.4 to 3.5 h) indicating that no dose adjustment is
expected to be necessary given a q8h dosing regimen. Con-
versely, as AUC is proportional to CL, the constant fAUC/
MIC in face of a reduction in CL from 14.6 to 5 L/h indicate
that the dose could be lowered three fold while retaining the
same effect. Further, the magnitude required for a certain
effect is not solely dependent on the PK, but rather – as for
the most predictive index – on the interplay between PK and
the choice of studied dosages. In the mouse simulations the
magnitude of fAUC/MIC shifted from a high value in the
Original scenario to a lower value when the humanised dos-
age was simulated in the Frequent scenario. This lower mag-
nitude was also more close the fAUC/MIC magnitude pre-
dicted in the simulations with human PK.

While PK/PD indices are most commonly determined in
newly infected animals where the bacteria are in the log-
growth phase, the bacteria in a patient with an established
infection might be close to stationary phase. The impact of
an increased start bacterial density was investigated by PK/
PD index simulation with an increased start density
(109 CFU/mL, High inoculate scenario Table IV). A pro-
nounced inoculum effect was predicted by the model struc-
ture, decreasing the maximum bacterial kill at 24 h by around
3 orders of magnitude (Fig. 4), which is similar to in vitro ob-
servations by Mizunaga et al.(14) The predicted inoculum ef-
fect suggests that in vivo PK/PD index studies may be overly
optimistic regarding the ability to exceed a 2-log kill for
meropenem in patients, and highlights the importance of in-
corporating a density dependent antibiotic drug effect in the
PKPD model.

This study was based on a single PKPD model and antibi-
otic which could be seen as limiting the generalisability of the
results. The ability to predict the commonly employed PK/
PD indices for a range of antibiotics have however been con-
firmed previously (31), and the optimal PK/PD index has
been shown to be mathematically dependent on the PK (27)
which brings confidence to the presented results. For simplic-
ity a 2-log kill target was used for making comparisons of drug
effect between the studied scenarios, however the alternate 3-
log kill target and the EX50 for each index (value for which
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half the maximum effect is reached) were investigated with
similar results except for the high inoculate scenario where
3-log kill was not predicted to be achievable.

It is interesting to note that while in all simulations with
human PK fT>MIC and fAUC/MIC carried similar and
high predictive value, the two most extreme dosages (iv-
bolus once daily and continuous infusion) had the worst cor-
relation with the fitted curves (Fig. 4), and were thus masking
the correlation to the respective indices. If the drug effect was
purely dependent on the time above some concentration or on
the total drug exposure this would not be the expected out-
come. The observation points to the important conclusion
that the drug effect is not solely dependent on any single met-
ric, but is affected by many factors such as time of administra-
tion in relation to start of infection and how rapidly the drug
concentration changes in the site of infection.

A more versatile approach to dose regimen evaluation,
capable of accounting for the dynamics of the drug and bac-
teria interplay, is to predict the longitudinal treatment effect in
a patient. In this study PK and PKPDmodels were coupled to
predict a single 24 h time-point in a single individual, but this
approach can be expanded to cover the full time course of
infection and treatment in a patient population. As no addi-
tional experimental data is needed (provided the PK and
PKPD data covers the time interval and population variability
of interest) the use of pre-clinical information in the design of
efficient dosage regimens is maximized. Longitudinal model
based dosage simulation allow the investigation of situations
where rapid or sustained clearance of infection is
desirable.(10–12) In comparison such investigations would re-
quire additional time points in in vivo systems, increasing cost
and complexity and potentially resulting in different pharma-
codynamic targets for each time point.

In this work PK differences between patient populations
were investigated and the efficacy was assumed to be directly
related to the drug plasma concentration. The assumption
may hold for a well perfused muscle (such as the thigh infec-
tion model) but additional PK variability exists within a single
patient due to differences in perfusion rates, permeability, and
affinity of the drug in different body compartments. As
previously proposed (18) and indicated by the presented re-
sults, such variability seems likely to affect the type and mag-
nitude of the PK/PD-index. Physiologically based pharmaco-
kinetic (PBPK) models (34) could be used in combination with
PKPD models for dose optimization of infections at specific
sites.

For various reasons, PKPD models based on in vitro data
may not be able to fully substitute pre-clinical animal studies.
However, if guided by in silico simulations animal studies may
be used more sparingly in a confirmatory rather than explor-
atory way, bringing economical and ethical advantages.
Additional advantages are found when evaluating drug
combinations. Here the ability to explain the antibiotic

interaction in vitro and to link the combined model with
separately developed PK models enables rapid evaluation of
combined dosing regimens,(15) which would be cumbersome
using PK/PD indices.

CONCLUSION

A longitudinal in vitro based PKPD model was used to repli-
cate a literature in vivo study and successfully predicted the type
of PK/PD index and magnitude associated with efficacy for
meropenem. The magnitude of the index, and hence the ex-
trapolated human dose, was sensitive to experimental design,
misspecification of the MIC, and the bacterial strain. In addi-
tion, based on the simulations, the PK/PD index in humans is
expected to be PK dependent with associated implications for
optimal dosing. Integration of PK and longitudinal PKPD
models in silico may enable more robust and versatile dose
finding than the traditionally usedmurine PK/PD index stud-
ies where a universal target is typically searched for. The in-
tegrated PK-PKPDmodels can readily be adapted to variable
patient populations and infection sites to identify a target suit-
able for the situation of interest, with the ultimate goal of
increasing the probability of safe and efficacious treatment
for the individual patient.
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