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Gentamicin is commonly used in the management of neonatal infections. Development of adaptive resistance is typical for
aminoglycosides and reduces the antibacterial effect. There is, however, a lack of understanding of how this phenomenon
influences the effect of different dosing schedules. The aim was to develop a pharmacokinetic-pharmacodynamic (PKPD)
model that describes the time course of the bactericidal activity of gentamicin and its adaptive resistance and to investigate
different dosing schedules in preterm and term newborn infants based on the developed model. In vitro time-kill curve
experiments were conducted on a strain of Escherichia coli (MIC of 2 mg/liter). The gentamicin exposure was either con-
stant (0.125 to 16 mg/liter) or dynamic (simulated concentration-time profiles in a kinetic system with peak concentrations
of 2.0, 3.9, 7.8, and 16 mg/liter given as single doses or as repeated doses every 6, 12, or 24 h). Semimechanistic PKPD mod-
els were fitted to the bacterial counts in the NONMEM (nonlinear mixed effects modeling) program. A model with com-
partments for growing and resting bacteria, with a function allowing the maximal bacterial killing of gentamicin to reduce
with exposure, characterized both the fast bactericidal effect and the adaptive resistance. Despite a lower peak concentra-
tion, preterm neonates were predicted to have a higher bacterial killing effect than term neonates for the same per-kg dose
because of gentamicin’s longer half-life. The model supported an extended dosing interval of gentamicin in preterm neo-
nates, and for all neonates, dosing intervals of 36 to 48 h were as effective as a 24-h dosing interval for the same total dose.

Bacterial infections with Escherichia coli is common in both
preterm and term newborn infants (31, 40), and gentamicin
has traditionally been used as standard treatment for confirmed
Gram-negative infections and also used empirically in suspected
sepsis (37). The approach to dosing in newborns has been sug-
gested to be based on their body weight, gestational age (GA), and
postnatal age as these characteristics reflect the pharmacokinetics
(PK) in this population (43). A three-compartment PK model of
gentamicin disposition in preterm and term newborn infants was
recently described based on a prospective study (35).

Gentamicin is an antibiotic with a concentration-dependent
bacterial killing effect, and based on studies in vitro and in pa-
tients, it has been suggested that it is important to achieve a ratio of
peak plasma concentration to MIC (C,,,,,/MIC) higher than 8 to
10 (12, 25, 30). Nephrotoxicity, a well-known side effect, has been
suggested to be related to trough levels above 1 to 2 mg/liter (6, 9,
13). In order to increase the peak concentrations and allow for
lower trough concentrations, the administration of gentamicin
for adults has changed from three-times-daily dosing to an ex-
tended dosing interval of 24 h (33). In newborn infants dosing
intervals of 24, 36, or 48 h with an increased daily dose are fre-
quently used (11, 26, 33, 38). However, irrespective of the dosing
there seems to be a need for therapeutic drug monitoring of gen-
tamicin in this population (16, 17, 20, 39). The changed practice to
extended dosing intervals of gentamicin has also been based on
gentamicin’s postantibiotic effect and the presence of adaptive or
phenotypic resistance (3).

Adaptive resistance of gentamicin is a pharmacodynamic (PD)
process that is characterized by a reversible refractoriness to the
bactericidal action that has been demonstrated by in vitro and in
vivo studies (4, 5, 14, 15, 44). The resistance emerges already at the
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initiation of therapy, is enhanced by higher exposures, and is aug-
mented by consecutive doses if they are administered before the
bacteria return to their susceptible stage (10). The time to full
recovery of the susceptibility is longer for the higher doses (4).
However, there is limited understanding of how the emergence of
adaptive resistance (AR) is influenced by different dosing regi-
mens.

PKPD models developed based on in vitro data may be used to
predict bacterial killing following different dosing schedules. The
adaptive resistance observed for Pseudomonas aeruginosa and
Acinetobacter baumannii exposed to constant gentamicin concen-
trations has been modeled as an increase in 50% effective concen-
tration (ECs,) with time and drug concentration (41). However,
this model predicts a continuous development of resistance as it is
dependent on time, prohibiting the bacteria from reverting to the
initial susceptibility when gentamicin exposure diminishes. In ad-
dition, the model does not consider the coexistence of sensitive
and resting bacteria with different susceptibilities to antibacterial
agents (21). While other PKPD models have this capability (36),
they lack the capability to predict adaptive resistance without in-
creasing the model complexity.

The aim of this work was to develop a predictive PKPD model
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that characterizes the bactericidal activities of a range of gentami-
cin exposures, both static and dynamic, and thereby to consider
the development of adaptive resistance. This PKPD model was
linked to a previously developed PK model in preterm and term
newborn infants (35) to make predictions of the effectiveness of
different gentamicin dosing schedules.

MATERIALS AND METHODS

Bacteria and media. The bacteria used in all experiments were E. coli
ATCC (American Type Culture Collection) 25922, and bacteria were
grown on blood agar plates (Columbia agar base with 5% horse blood;
Acumedia Manufactures Inc., Baltimore, MD). Six hours prior to the
time-kill curve experiments, the bacteria were incubated in Mueller-
Hinton (MH) broth (Difco) supplemented with Ca?* and Mg? at 35°C,
resulting in an inoculum of approximately 10° CFU/ml.

Antibiotics. Gentamicin (gentamicin sulfate salt) was obtained from
Sigma-Aldrich (Schnelldorf, Germany). Stock solutions were prepared
before each experiment by dissolving the antibiotic in sterile distilled wa-
ter to a concentration of 10,000 to 12,000 mg/liter. The stock solution was
diluted in MH broth to the desired concentrations. The MIC (2 mg/liter)
was determined by using the macrodilution method, according to the
guidelines of the Clinical and Laboratory Standards Institute (formerly
NCCLS). Genetic resistance can be identified as an increase in MIC, but as
adaptive resistance is reversible and dependent on drug concentration,
MIC determinations that measure the susceptibility after an additional 16
to 20 h of drug exposure will not reflect the degree of adaptive resistance at
the sampling time point. In a selection of experiments, samples were taken
to check for possible drug degradation and to ascertain that the antibiotic
concentration decreased as intended in the dynamic experiments, i.e.,
mimicking the concentration-time profile in newborns. The gentamicin
concentrations were analyzed by fluorescence polarization immunoassay
(TDx; Abbot Laboratories, Chicago, IL).

Time-kill curve experiments. Two types of in vitro time-kill curve ex-
periments were conducted: experiments with constant (static) gentamicin
concentrations and experiments with dynamic gentamicin concentration-
time profiles with a decline in drug concentration mimicking the kinetics of
gentamicin in newborn infants. In both types of experiments, incubations
were performed at 35°C, and samples were taken frequently, diluted in series,
and cultivated on two to four blood agar plates. The blood agar plates were
incubated at 35°C, and the numbers of colonies were counted manually after
18 to 24 h. For each concentration, the time-kill curve experiment was con-
ducted in at least duplicates at different occasions. The limit of detection
(LOD) was 10 CFU/ml.

Static time-kill curve experiments. All static experiments were per-
formed in 10-ml glass tubes with 4 ml of MH broth to which bacteria were
added to obtain an initial inoculum of approximately 5 X 10> CFU/ml.
Gentamicin was added to the bacterial cultures to achieve concentrations
0f0.125,0.25, 0.5, 1, 2, 4, and 16 mg/liter. All tubes were placed in sand to
reduce temperature fluctuations. Samples were taken predose and at 1, 2,
3,4,6,9, 12, and 24 h after the start of the experiments in order to follow
the bacterial count. A growth control experiment, where no antibiotic was
added to the tube, was conducted for each day of experiment. A second set
of experiments with constant antibiotic concentrations was performed in
order to study the inoculum effect. In these experiments the start inocula
were prepared as described above, but the bacteria were allowed to grow
for an additional 12 h, resulting in a bacterial count of approximately 10°
CFU/ml, before gentamicin was added. The gentamicin concentrations
used in these experiments were 1, 2, 4, and 16 mg/liter.

Dynamic time-kill curve experiments. Experiments with dynamic
concentration-time profiles were conducted in an in vitro kinetic system
as described previously (29). The system consisted of an open-bottom
glass flask with a magnetic stirrer for homogeneous mixing. The flask was
attached to a bottom part but separated by two filters that functioned to
maintain the bacteria in the flask. A pump (P-500; Pharmacia Biotech,
Uppsala, Sweden) was connected to the bottom part, and this device
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pumped medium out from the flask to a sink vessel. The flask has two
arms; in one of the arms there was a silicone membrane for repeated
sampling, and the other arm was used to transport fresh medium to the
flask to dilute the drug concentration.

The in vitro kinetic system was used to simulate a two-compartment
concentration-time profile corresponding to the neonatal kinetics by ap-
plication of two different flow rates. The flow rates were calculated based
on typical PK parameter values in a preterm newborn infant of 1 kg that
were obtained from an interim analysis of an ongoing clinical study at the
neonatal ward at the University Children’s Hospital, Uppsala, Sweden.
From predicted concentration-time profiles, two rate constants were ob-
tained: 0.33 h™! for the first phase and 0.037 h™! for the second phase,
with corresponding flow rates in the in vitro kinetic system of 37 and 4
liters/h. The concentration-time profiles studied were those predicted to
be obtained following gentamicin doses of 1, 2, 4, and 8 mg/kg as single or
repeated doses in this population. The corresponding peak concentra-
tions obtained in the system were 2.0, 3.9, 7.8, and 16 mg/liter, respec-
tively. The 2-mg/kg dose (C,,,,, of 3.9 mg/liter) was studied with a 6- and

12-hourly dosing interval, and the 4- and 8-mg/kg doses (C,,,, of 7.8 and
16 mg/liter, respectively) were studied with a 24-hourly dosing interval.

The flask was filled with 110 ml of sterile MH broth, and E. coli was
added to the flask to obtain a start inoculum of 5 X 10> CFU/ml. Genta-
micin was added to achieve the desired start concentrations described
above. The pumps were initially set at 37 liters/h to mimic the first phase
of drug decline. Four hours after the dose, the flow rate was changed to 4
liters/h to mimic the second phase of the pharmacokinetic profile. The
change of the flow rate was repeated with subsequent dosing of gentami-
cin. Samples were taken predose and at 1, 2, 3, 4, and 6 h after the start of
the experiments and thereafter continued with a frequency dependent on
the respective dosing schedules. Each experiment was performed in du-
plicates or triplicates. For experiments where there were ambiguous re-
sults, e.g., regrowth of bacteria versus no regrowth, additional experi-
ments were performed. This occurred for the experiments with a C,_, of
16 mg/liter every 24 h, where eventually two experiments showed bacterial
counts below the LOD at the end of the experiment while in four experi-
ments regrowth had occurred. Bacterial counts from all experiments were
included in the modeling.

Semimechanistic PKPD model building. A previously developed
semimechanistic model for antibiotics (36) formed the basis and was ex-
panded to evaluate different functions describing the adaptive resistance
development (Fig. 1). The model has compartments for drug-susceptible,
growing bacteria (S) and insusceptible, resting bacteria (R) with first-
order rate constants for growth (kyo,,) and natural death (kge,,)- The
relationship in the absence of antibiotics can be described by the equations
below:

dS/dt:kgmwth-S—kdeath~S—kSR'S+kR5~R (1)
dR/dt = kg~ S — kg R — ks~ R )

All bacteria were here assumed to be in the growing stage (S) at the start of
the experiments. The bacteria transfer into a resting stage (R), with the
rate constant kg, when the total bacterial content in the system increases.
Eventually, the bacterial count approaches a stationary phase where the
total bacterial population is no longer increasing. In the resting stage,
there is no bacterial growth, but the bacteria are assumed to have the same
natural death rate (k4.,q,) as bacteria in the growing stage. In the current
model, k4., Was fixed to 0.179 h~1, the value obtained in the previous
study (36), as there was limited information on this parameter in these
experiments and fixing the parameter stabilized the model.

The transfer rate constant kg was set to be equal to a proportionality
constant times the total number of bacteria in the system (S + R). The
maximum number of bacteria in the stationary phase (B,,,,) is derived
from the difference between the rate constant of growth (kg ,.,) and the
rate constant of death (kg.,,), divided by this proportionality constant. As
in the previous model, it was assumed that there was no transfer from the
resting to the proliferating bacterial stage (kzq = 0) as there was minimal
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FIG 1 Schematic illustration of the final PKPD model. The bacteria are either in a proliferating and drug-susceptible compartment (S) or in a resting and

drug-insusceptible compartment (R). The bacteria multiply with a first-order rate constant in the susceptible compartment (k,

srowtn)> and the bacteria in both

compartments are affected by a first-order natural death rate (ky.,,). The total bacterial content in the system (S + R) stimulates the transfer from the
proliferating stage into the resting stage (ks) when numbers of bacteria are above an estimated number. The central compartment, with a first-order elimination
rate (k,), was driving the killing of the bacteria. The PD model included a binding model with a rate constant for development (k) of adaptive resistance (AR),
which was stimulated by the gentamicin concentration and a rate constant for return to susceptibility (k). The degree of AR resulted in a reduction of the

maximum bacterial killing of gentamicin (E

max)

. In the dynamic in vitro experiments and in model development, the PK model was a two-compartment model

with one peripheral compartment (P, ), while in the predictions a three-compartment model with two peripheral compartments (P, and P,) was applied.

improvement in the model fit when the rate constant kg was estimated.
To be able to predict the pronounced bacterial killing observed following
high gentamicin exposures, kg, was here set to be zero at low bacterial
counts, and the transfer from the sensitive stage into the resting stage
occurred only when the total bacterial content in the system exceeded an
estimated breakpoint value (BP).

The drug effect on bacterial killing (DRUG; equation 3) and on the
adaptive resistance (AR) (equation 4) was incorporated into equation 1 as
described in equation 5. The drug affected only the bacteria in the growing
susceptible stage (S).

DRUG = (E, - C")/(ECsyY + CY) (3)
Eax = Enax)* [1 — ARon/(ARox 1 ARs))] (4)
dS/dt = kyown S — (Kaean + DRUG) - S — ksp - S (5)

The influence of gentamicin in killing the bacteria was best described by a
simple E_ .. model as E, . models were significantly better than linear
models, and there was no improvement in the fit when y was allowed to be
estimated and to be different from 1. E, . ) represents the maximal
achievable rate constant of bacterial killing when no adaptive resistance
has developed while EC,,, is the antibiotic concentration that results in
50% of E, .x(0)-

The presence of gentamicin-initiated adaptive resistance develop-
ment was in the final model described as a binding function (1), where
the degree of binding resulted in a reduction of E, ,, from its initial
value [E,,, (o)) (equation 4 and Fig. 1). At the start of the experiments
the amount in the compartment representing the adaptive resistance
in the “off” state (AR ) was set to 1, and the amount in the compart-
ment describing the degree of adaptive resistance in the “on” state
(ARpy) was zero. The gentamicin concentration was driving the
amount to transfer from ARy to ARy, and k,,, and k¢ describe the
rate of development and reversal of adaptive resistance, respectively
(equations 6 and 7). The inhibition of E, . was determined by the
fraction of the amount in ARy, and AR;, describes the estimated
value of AR, when E,__ is reduced by 50% (equation 4).

AARep/dt = Ko ARox = Ko * ARop - C (6)

AARoN/dt = ko ARopr * C — Ko AR (7)

Several other different models for adaptive resistance were also evalu-
ated: a function where EC;,, of gentamicin at the initiation of the experi-
ment [ECy,] increases with time () and gentamicin concentration (C),

according to the equation EC5, = EC5()* (1 — e7¥) (41); a turnover
model (18) where increased gentamicin concentrations increased the pro-
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duction of a hypothetical variable that influenced EC,,; and a model in-
cluding an additional compartment with growing, insusceptible bacteria
and where the gentamicin concentration was driving the rate of bacteria
transferring from the susceptible compartment to this compartment of
adaptively resistant bacteria.

Although there was a fast killing, a time delay might exist between the
addition of a drug and bacterial killing, and to account for this, several
models were assessed including an effect compartment and lag time and
transit compartments.

As there was no observed degradation of gentamicin in these experi-
ments, the rate constant of drug elimination (Fig. 1, k,) was set to 0 for the
static experiments. For the data derived in the dynamic experiments, k,
values were set to the values of 0.33 and 0.037 h™! for the two phases,
according to the simulated elimination rates in the kinetic system as de-
scribed above.

Data analysis. All bacterial count data were transformed into natural
logarithms prior to data analysis and were fitted simultaneously. All plates
with detectable numbers of bacteria were included, and hence there was
generally more than one observation per sampling time point and exper-
iment included in the analysis. In order to avoid the bias that can occur
due to correlations between replicate samples, the residual error was esti-
mated as two components: one consistent difference common for all rep-
licates at the same time point and experiment (residual error [RE]) and
one replicate-specific difference (replicate RE [RRE]) (23). For time
points where all dilutions had bacterial counts below the LOD, the prob-
ability for the observation to be below the LOD was estimated using the
M3 method for handling data below the LOD (2, 7).

The mean tendencies in the population, i.e., the typical parameter
values, were estimated along with random effects described by the residual
errors. Interexperimental variability was not estimated. Model perfor-
mance was assessed by evaluation of diagnostic plots and the objective
function value (OFV). In order to discriminate between nested models,
the difference in OFVs (—2 log likelihood) was used. The more complex
model was selected when the reduction in OFV was at least 10.83 (P value
of <0.001 for 1 degree of freedom). The model was also evaluated by
performing visual predictive checks (VPC) (24) with stratification on the
type of experiments and on the concentration of gentamicin used. A total
of 1,000 replicates were simulated by using the original data set as a tem-
plate. Log-likelihood profiling was utilized to obtain standard errors of the
parameters.

Predictions of dosing schedules. Gentamicin concentration-time
profiles and E. coli counts were predicted based on the final model for
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FIG 2 Typical time-Kkill curves for E. coli exposed to gentamicin. (A) Static time-kill curve experiments with concentrations ranging between 0 and 16 mg/liter.

(B) Dynamic time-kill curve experiments with four single doses (C
dosing (C,

max

max

single second dose at 6 h or at 12 h interval. In panel C, some experiments with a C,

0f 2.0, 3.9, 7.8, or 16 mg/liter). (C) Dynamic time-kill curve experiments with repeated
of 7.8 or 16 mg/liter) administered at 24-h intervals. (D) Dynamic time-kill curve experiments with repeated dosing (C

max — 3.9 mg/liter) with a
of 16 mg/liter showed bacterial regrowth at approximately 12 h (black

max

dash-dotted line) while others had bacterial counts that stayed below limit of detection throughout the experiment (gray dash-dotted line). Arrows indicate the
times of dose administration. Gray arrow in panel D indicates the second dose at 6 h. Bacterial counts below limit of detection are plotted as 10 CFU/ml.

four typical newborn infants with gestational ages (GA) of 25, 29, 34,
and 40 weeks and birth weights (WT) of 778, 1,200, 2,710, and 3,500 g,
respectively. The typical ages and weights were selected based on the
same gentamicin study from which the three-compartment PK model
was chosen to drive the bacterial killing in the predictions (35). A
starting inoculum of 4.83 X 10> CFU/ml, the average value of all
starting inocula in the experiments, was applied in all predictions. The
treatments were assumed to start on the day of birth and included
doses of 2 to 7 mg/kg administered at dosing intervals ranging between
8 and 48 h as 5-min infusions.

Software. The data were analyzed using the Laplacian method and
ADVANO within the population analysis software NONMEM (nonlinear
mixed effects modeling), versions VI and VII (8). NONMEM was also
used to predict concentration-versus-time and bacterial count-versus-
time profiles. The Xpose program (version 4) (22) and R (version 2.10
[www.r-project.org]) were used for data set review and graphical evalua-
tion. Simulations and calculations for VPC and execution of log-
likelihood profiling were performed using Perl speaks NONMEM (PsN)
(28).
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RESULTS

Time-kill curve experiments. From 48 static experiments and 25
dynamic experiments, there were a total of 1,695 data points
(where 168 data time points entered in the data set were below the
LOD) in the data analysis. Time-kill curves for typical experi-
ments are shown in Fig. 2. The bacteria exposed to no gentamicin
or low concentrations of gentamicin were initially growing expo-
nentially, but at high inocula the growth rate reduced to approach
a maximum bacterial count of approximately 10° CFU/ml. In the
static experiments (Fig. 2A) regrowth occurred for concentrations
of 0.5, 1, and 2 mg/liter while the bacterial count remained below
the LOD during the 24 h of incubation following exposures to
concentrations of 4 and 16 mg/liter. In the experiments where the
bacteria were grown for 12 h before the addition of the antibi-
otic, an antibacterial effect was seen only for the highest con-
centration used, i.e., 16 mg/liter. In all dynamic experiments
with single doses administered at time zero (Fig. 2B), regrowth
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FIG 3 Visual predictive checks for the final model with observed bacterial counts (o), as well as the median (solid line) and the 80% prediction interval (dashed line) of
the simulated data. (A) Growth controls and experiments with static gentamicin concentrations. (B) Dynamic experiments using single and repeated dosing regimens
(for 3.9 mg/liter every six hours, only one additional dose was administered). (C) Experiments with static gentamicin concentrations added after a 12-h period of bacterial
growth.

occurred. There was consistently a limited bacterial killing ef-  semimechanistic PKPD model (36) could not describe the genta-
fect with subsequent doses of the same size, indicating devel-  micin data well due to the development of adaptive resistance, and
opment of resistance (Fig. 2C and D). the model was therefore further expanded. The final model de-

Semimechanistic PKPD model. As expected, the original scribed in Fig. 1 characterized the observed adaptive resistance
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TABLE 1 Population parameter estimates for the final model

Parameter Explanation Estimate for parameter (95% CI)*
Kgronen (h71) Rate constant of bacterial growth 2.00 (1.89-2.27)

kgean(h™1) Rate constant of natural bacterial death 0.179 (fix)

BP (CFU/ml) Breakpoint, the lowest total no. of bacteria required for the transfer rate constant from 2.09 X 106 (1.01 X 106-3.32 X 10°)

the sensitive (S) to the resting (R) compartment being >0

B ax (CFU/ml) Bacterial count in the stationary phase

Epaxoy (h™1) Maximal achievable kill rate constant by gentamicin

ECs, (mg/liter) The antibiotic concn that produces 50% of E, .

ARq, The relative amt in compartment for adaptive resistance needed to reduce E,

ko (litersmg='h =) Rate constant for the development of adaptive resistance in the presence of gentamicin

kogg(h™1) Rate constant for the bacteria to return to the susceptible state after developing
adaptive resistance

RE e Residual error (on In scale) for static experiments

RE g namic Residual error (on In scale) for dynamic experiments

RRE Replicate residual error (on In scale)

8.26 X 108 (6.18 X 108-11.10 X 108)
51.0 (44.6-61.6)

9.93 (8.45-12.1)

0.113 (0.0983-0.146)

0.0426 (0.0376-0.0478)

0.0139 (fix)

by 50%

1.69 (1.52-1.83)
2.80 (2.56-2.98)
0.618 (0.59-0.649)

@ The 95% confidence intervals (CI) were obtained from log-likelihood profiling. “fix” indicates that the value was fixed in the estimation.

development by the binding function (1), and as indicated by the
VPC, the model described the observed data well for both static
and dynamic experiments (Fig. 3A and B). For the experiments
where the bacteria were allowed to grow for 12 h prior to addition
of gentamicin (Fig. 3C), the model overpredicted the antibacterial
effect when the bacteria were exposed to gentamicin concentra-
tions of 2 and 4 mg/liter.

The parameter estimates of the final model were all estimated
with acceptable precision (Table 1). Gentamicin had a fast bacte-
ricidal effect, with a maximum killing rate constant [E, )] of 51
h~! and an EC;; of 9.85 mg/liter. The growth rate constant was
estimated at 2.00 h—!. The rate constant for the development of
adaptive resistance in the presence of gentamicin (k,,) was esti-
mated at 0.0426 liters mg ! h™ ! while there was limited informa-
tion in the data on the half-life for the bacteria to return to the
susceptible state after adaptive resistance developed (In 2/k.g).
This parameter was therefore fixed to 50 h as lower half-lives re-
sulted in an increased OFV. The estimated value of AR, indicated
that the maximum E, ,, inhibition by the adaptive resistance
mechanism was 90% as the maximum amount possible in AR is
1[1/(1 + 0.113)]. Experiments performed in the system with dy-
namic gentamicin concentrations were estimated to have a 66%

A. 4 mg/kg 1=24h

B. 4.5 mg/kg 1=36h

higher residual error than those performed with static concentra-
tions (AOFV of 66 units for separate REs for static and dynamic
experiments).

Alternative models could not fit the data as well. When the
adaptive resistance was modeled as a time- and concentration-
dependent ECs,, the OFV was 169 units higher, and the diagnostic
plots indicated a lack of fit at the later time points. The model with
a third bacterial compartment with adaptively resistant bacteria
had an OFV that was 53 units higher than when the binding func-
tion was applied.

Model predictions. In Fig. 4, the time courses of gentamicin
concentrations and bacterial counts following several commonly
used dosing schedules in neonates were predicted. The higher ini-
tial doses produced more bacterial killing in all typical newborn
infants during the first 24 h. In the extreme preterm newborn
infant gentamicin achieved lower peak concentrations than in the
more mature infants but nevertheless had a higher overall bacte-
rial killing effect because of the lower clearance and consequently
larger area under the concentration-time curve (AUC). The
model predicted, however, regrowth of the bacteria for all three
dosing schedules. For 4 mg/kg every 24 h, the bacterial count
reached the initial starting inoculum (5 X 10> CFU/ml) at 48 h for

C. 5 mg/kg 1=48h
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FIG 4 Model predictions of gentamicin concentration (top) and E. coli count (bottom) for four typical newborn infants at various GAs for three commonly used
dosing schedules in neonates. Gray dotted lines represent gentamicin concentrations of 2 and 10 mg/liter (top) or a bacterial count of 4.83 X 10> CFU/ml (starting

inoculum) and 1 CFU/ml (bottom). w, weeks.
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FIG 5 Model predictions of gentamicin concentration (top) and E. coli count (bottom) for different initial doses (4, 5, 6, and 7 mg/kg) and subsequent dosing
of 5 mg/kg every 36 h starting at 36 h. Predictions are shown for an extreme preterm newborn infant at a GA of 25 weeks and a term newborn infant at a GA of
40 weeks. Gray dotted lines represent gentamicin concentrations of 2 and 10 mg/liter (top) or a bacterial count of 4.83 X 10> CFU/ml (starting inocula) and 1

CFU/ml (bottom).

a typical full-term newborn. For 4.5 mg/kg every 36 h and 5 mg/kg
every 48 h, the starting inocula were reached already at 32 to 39 h
for both preterm and term neonates.

Predictions using different initial doses of 4 to 7 mg/kg for the
extreme preterm (GA of 25 weeks) and term (GA of 40 weeks)
newborn infants (Fig. 5) showed that there are only minor differ-
ences in bacterial killing between the different dose levels during
the first 6 hours. However, at 36 h the predicted difference in
bacterial counts was several log,, units for the highest and lowest
doses investigated. At all dose levels and in both groups of new-
born infants, the adaptive resistance was obvious as administra-
tion of a second dose of 5 mg/kg at 36 h produced less bacterial
killing than the initial doses. The second dose produced similar
magnitudes of bacterial killing (approximately 2 log,, CFU/ml)
for all initial doses of 4 to 7 mg/kg in both term and preterm
newborn infants, indicating no clear difference in the degree of
adaptive resistance for these dose levels.

A. 6 mg/kg initial dose

B. 4 mg/kg at Oh and 2 mg/kg at 12h

There seemed to be no major advantage of a fractionated
schedule over 36 h, as illustrated when a single dose of 6 mg/kg was
compared to fractionated schedules with the same total dose, i.e.,
when the AUC from 0 to 36 h (AUC,_5,) was the same for all
regimens (Fig. 6). The highest initial bacterial killing (8 log;, re-
duction in CFU/ml) was predicted for the single dose, but the time
for the bacterial count to reach the initial starting inoculum was
slightly longer for the fractionated schedules.

Given that trough gentamicin concentrations should be <2
mg/liter to reduce the risk for nephrotoxicity (Table 2), the highest
possible dose for the typical extreme preterm newborn infant
would be 6 mg/kg for a 36 h interval, while a dose of 7 mg/kg with
a 36-h interval would be possible in the typical term newborn
infant. For an extreme preterm newborn infant, the dosing inter-
val would need to be longer than 24 h to reach trough levels of <2
mg/liter unless the dose is reduced to less than 4 mg/kg. For the
typical extreme preterm newborn infant, none of the evaluated

C.3 mg/kg at 0 and 12h D. 2 mg/kg at 0, 8 and 16h

E.coli count (Log, CFU/ml)  Gentamicin conc (mg/L)

Time (h)

FIG 6 Model predictions of gentamicin concentrations (top) and E. coli counts (bottom) for different schedules of gentamicin with a total dose of 6 mg/kg for
the first 36 h followed by 5 mg/kg every 36 h. Gray dotted lines represent gentamicin concentrations of 2 and 10 mg/liter (top) or bacterial counts of 4.83 X 10>

CFU/ml (starting inocula count) and 1 CFU/ml (bottom).
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TABLE 2 Predictions of the duration that gentamicin concentration is
below the target trough level for different initial doses within the
first 36 h

Duration (h) of the indicated gentamicin concn in:®

Extreme preterm newborn

.. infant Term newborn infant
Initial dose
(mg/kg) <2 mg/liter <1 mg/iter <2 mg/liter <1 mg/liter
7 NA NA 3.5 NA
6 0.1 NA 7.6 NA
5 4.8 NA 11.3 1
4 11.5 NA 16.4 4.5

@ Predictions are for an extreme preterm newborn infant with a GA of 25 weeks and a
term newborn infant with a GA of 40 weeks. NA, not achieved.

doses resulted in concentrations of <1 mg/liter within 36 h. The
typical term newborn infant, however, is predicted to achieve con-
centrations of <1 mg/liter for both the 4-mg/kg and 5-mg/kg
doses for a 36-h interval.

DISCUSSION

A semimechanistic PKPD model that incorporates the adaptive
resistance of gentamicin was developed that could well character-
ize the observed time courses of bacterial killing for a wide range of
concentration-time profiles. In the developed model, gentamicin
was killing the bacteria upon introduction into the infectious en-
vironment at a maximum rate determined by E_,.. Simultane-
ously, the drug triggered the development of adaptive resistance,
resulting in a graded reduction of the E,,, value and thereby a
reduced capacity to kill the bacteria. When gentamicin dimin-
ishes, there is a reduction of the degree of adaptive resistance and
thereby a graded return of E, , to its initial level. The antibacterial
effect of subsequent administration of gentamicin will depend on
the fraction predicted in the adaptive resistance stage. Mechanis-
tically, the MexXY efflux pump has been demonstrated to be rap-
idly overproduced in the presence of aminoglycosides and to in-
teract with the OprM component to actively export gentamicin
(19). In the absence of drug, the activation of MexXY expression is
turned down, leading to a gradual return of susceptibility.

The estimated half-life of the development of the adaptive re-
sistance in the current study was concentration dependent and
was estimated at 16, 4, and 1 h for constant concentrations of 1, 4,
and 16 mg/liter, respectively. The half-life of return to susceptibil-
ity was fixed at 50 h as there was limited information on this value
in the current data and as 50 h was the lowest value that did not
result in a decreased model fit. The emergence and reversibility of
adaptive resistance of gentamicin have also previously been stud-
ied experimentally in an in vitro time-kill study (4) where Pseu-
domonas aeruginosa was exposed to gentamicin at initial peak con-
centrations of 2.5, 8, and 25 mg/liter In that study, full recovery of
drug susceptibility occurred at approximately 36 to 44 h. The ap-
parent slower return to full susceptibility in the present study may
be due to the differences in type of bacteria or experimental de-
sign. A full characterization of the rate of return to the susceptible
stage would require a wide range of additional experiments. We
regard the initial therapy to be the most important part to charac-
terize.

Predictions from the developed PKPD model showed that
adaptive resistance needs to be considered when proposing dosing
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regimens of gentamicin as there was a reduced bacterial killing
effect of subsequent doses (Fig. 4 and 5). Depending on the degree
and time course of adaptive resistance development, different
dose-fractionation schedules may result in different degrees of
bacterial killing (Fig. 6). The single dose had the best initial bacte-
rial kill but a somewhat faster return to the starting bacterial in-
oculum. With respect to initial bacterial killing, resistance devel-
opment, and risk of toxicity (i.e., trough concentration of >2
mg/liter), there was no obvious benefit of dose fractionation of
gentamicin.

The predictions for three commonly used dosing regimens in
newborn infants (Fig. 4) suggested that the dose of 4 mg/kg every
24 h is the most effective of these schedules for the term newborn
infant as the bacteria stayed below the starting inoculum for the
longest time. However, for the extended-dose intervals, higher
doses should be considered as the bacterial killing effect increased
as the loading dose increased (Fig. 5). An initial aggressive front-
loading was suggested earlier based on outcomes in adult patients
with nosocomial pneumonia (25), and as lingering bacteria may
mutate and cause further problems, it may be better to aim for a
high bacterial killing rate at first dose.

In previous dosing suggestions for gentamicin (35), it was
assumed that the clinically used peak target concentration of 8
to 10 mg/liter needs to be reached, and a standard gentamicin
dosage of 4 mg/kg was regarded as being suboptimal in preterm
neonates. With the developed PKPD model, we could show
that even though the peak concentration was lower in the ex-
treme preterm newborn infant, the bacterial killing was higher
than in the term newborn infant. This indicates the importance
of the total drug exposure (AUC), rather than the peak concen-
tration, as the driver for the bacterial killing in this patient
population (Fig. 4) (34). However, a 24-h dosing interval with
trough concentrations of <2 mg/liter is not achievable in the
extreme preterm infant, and an extended dosing interval (36 to
48 h) is therefore justified (35, 42). A meta-analysis of 16 con-
trolled trials, with 14 trials on gentamicin, evaluating the ex-
tended dosing interval (24 h in term and 36 to 48 h in preterm
infants) compared to the traditional dosing interval (8 to 12 h
for term and 12 to 24 h for preterm infants) showed that the
former is safe and effective (32). The concentration-toxicity
relationship was not studied here, but most doses, except for
the 7 mg/kg in the extreme preterm newborn infants, achieved
a trough level of <2 mg/liter at 36 h. Another limitation of the
dosage evaluations performed here is that between-subject
variability in PK and PD was not considered.

One weakness of the current and other PKPD models is that
they always predict regrowth upon drug removal as the bacteria
cannot be totally eradicated. The presence of the immune system
in vivo, depending on the maturity and status, will play an impor-
tant role in killing lingering bacteria. The simulations in this study
would reflect a worst-case scenario with a very poor immune de-
fense. It should also be noted that in clinical practice, gentamicin is
often combined with beta-lactam antibiotics, resulting in a possi-
bly more efficient eradication of the infection (27).

In summary, a semimechanistic PKPD model with a binding
function to describe the emergence of adaptive resistance of
gentamicin observed in time-kill curve experiments in vitro
was developed. For the sizes and ages of preterm newborn in-
fants investigated, the PKPD model showed that even with
lower peak gentamicin concentrations, the overall higher drug
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exposure resulted in higher bacterial killing than in the term
newborn infant. There was no obvious advantage of fraction-
ated dosing schedules, but the predictions from the PKPD
model suggest that it would be of interest to clinically evaluate
an extended dosing interval (>24 h) in the extreme preterm
infants. This study supports the idea that adaptive resistance of
gentamicin plays a role in the efficacy of gentamicin and will
affect the choice of optimal dosage. The developed semimecha-
nistic model could thereby be a valuable tool in the develop-
ment of treatment regimens and be used to design clinical stud-
ies evaluating suggested dosing regimens.
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