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ABSTRACT Neonatal sepsis is an underrecognized burden on health care systems
throughout the world. Antimicrobial drug resistance (AMR) is increasingly prevalent
and compromises the use of currently recommended first-line agents. The development
of new antimicrobial agents for neonates and children is mandated by regulatory agen-
cies. However, there remains uncertainty about suitable development pathways, especially
because of the propensity of premature babies to develop meningoencephalitis as a com-
plication of neonatal sepsis and difficulties studying this disease in clinical settings. We
developed a new platform and approach to accelerate the development of antimicrobial
agents for neonatal bacterial meningoencephalitis using Pseudomonas aeruginosa as the
challenge organism. We defined the pharmacodynamics of meropenem and tobramycin
in these models. The percentage of partitioning of meropenem and tobramycin into the
cerebrospinal fluid was comparable at 14.3 and 13.7%, respectively. Despite this similarity,
there were striking differences in their pharmacodynamics. Meropenem resulted in bacteri-
cidal activity in both the cerebrospinal fluid and cerebrum, whereas tobramycin had mini-
mal antibacterial activity. A hollow fiber infection model (HFIM) using neonatal CSF con-
centration time profiles yielded pharmacodynamics comparable to those observed in the
rabbit model. These new experimental models can be used to estimate the pharmacody-
namics of currently licensed agents and those in development and their potential efficacy
for neonatal bacterial meningoencephalitis.
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Neonatal sepsis is a leading global cause of morbidity and mortality. Infections caused
by drug-resistant pathogens are increasingly the norm and compromise therapeutic

responses to first-line antimicrobial agents (1). Clinical studies to establish the safety and
efficacy of new antimicrobial agents in neonates are notoriously difficult to perform (2).
This leads to slow and often failed development of new antibiotics in this special population.
Newmodel systems, development pathways, and strategies are urgently required to provide
clarity for all stakeholders, including parents, clinicians, sponsors, and regulatory authorities.

There have been concerted efforts to develop new antimicrobial agents to meet the
challenge of antimicrobial drug resistance (AMR) via several “push and pull” incentives (3).
Legislation in the United States and European Union requires sponsors developing new anti-
microbial agents to design drug development programs for children and neonates at an early
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stage (4, 5). The principal strategy for antimicrobial drug development in children and adoles-
cents is to design regimens that match the drug exposure that has been demonstrated to be
effective in adults (6). Unfortunately, this approach may not be suitable for neonates because
of important differences in the pathogenesis and clinical manifestations of sepsis in neonates
compared with children and adults (7). A deep understanding of the adequacy (or other-
wise) of an antimicrobial drug and candidate regimen to treat neonatal meningoencepha-
litis is critical for assessment of the clinical utility of a new drug/regimen for expanded use in
neonates.

Here, we address these issues by developing and characterizing new experimental
models that are mimics of neonatal meningoencephalitis and can be used for neonatal
antimicrobial drug development. We modified and extended existing rabbit models of
bacterial meningitis (8) to estimate the pharmacodynamics of antibacterial agents for
neonatal meningoencephalitis. Furthermore, we developed a hollow fiber infection
model using a microbiological medium that is similar to neonatal cerebrospinal fluid
(CSF) and simulated the concentration-time profile within CSF. We quantified the phar-
macodynamics of meropenem and tobramycin in these models and bridged the results
to neonates. We considered the implications of these models and experimental results
for neonatal drug development in an era of increasing antimicrobial resistance.

RESULTS
Challenge strain, MICs, andmutational frequency of resistance. The challenge strain

for all experiments was Pseudomonas aeruginosa ATCC 27853. The range of meropenem
MICs estimated from five independently conducted experiments using broth microdilution
with EUCAST methodology was 0.5 to 1 mg/L (mode, 0.5 mg/L) and 0.5 to 1 mg/L (mode,
1 mg/L) for meropenem and tobramycin, respectively. The frequency of mutants able to
grow on drug-containing agar at 4 times the MIC was 2.4 � 1027 and 1.3� 1026 for mero-
penem and tobramycin, respectively.

Development of an experimental rabbit model of neonatal bacterial
meningoencephalitis. Our original intention was to develop an experimental model
that enabled serial sampling of the CSF to define the pharmacokinetics and pharmaco-
dynamics at the effect site. However, preliminary experiments showed this was not pos-
sible because repeated anesthesia was poorly tolerated, leading to unacceptable rates of
mortality. Hence, a destructive design was employed where each rabbit contributed
plasma samples and a single terminal set of observations from each subcompartment.
Inoculation of Pseudomonas aeruginosa into the cistern of immunocompetent rabbits
resulted in a rapidly progressive and fulminant meningoencephalitis that was universally
lethal beyond 30-h. A florid meningoencephalitis was observed macroscopically with a
rapid and progressive ventriculitis and meningoencephalitis evident on histopathologi-
cal sections (Fig. 1). A Gram stain showed Gram-negative bacilli concentrated intracellu-
larly within mononuclear cells. Extracellular bacilli were visible but difficult to distinguish
from the brisk inflammatory infiltrate.

A delay of 6 h in the initiation of antimicrobial therapy enabled 24 h of antimicro-
bial therapy to be administered before the onset of mortality in vehicle-treated con-
trols. Infection was well established at this time point (Fig. 1). These well-characterized
experimental conditions provided a clinically relevant model system (i.e., severe rapidly
lethal infection) but also enabled sufficient time for the elucidation of the pharmacody-
namics of meropenem and tobramycin. The regimens of both meropenem and tobra-
mycin resulted in clinically relevant drug exposures (quantified in terms of the area
under the curve [AUC]) resulting from currently recommended neonatal regimens.

Pharmacokinetics of meropenem and tobramycin in the central nervous system. A
satellite pharmacokinetics (PK) study was used to define partitioning of meropenem and
tobramycin into the CSF (Fig. 2 and 3). The PK of meropenem at 5, 10, and 30 mg/kg body
weight every 8 h (q8h) administered intravenously (i.v.) was well described using a linear
structural PK model (see “Pharmacokinetic-Pharmacodynamic Modeling” for details). The pa-
rameter estimates for the population PK model fitted to the PK data for meropenem and
tobramycin are summarized in Tables 1 and 2, respectively. Meropenem readily partitioned
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into the cerebrum and CSF with an AUCCSF:AUCplasma of 14.3% and was calculated from the
Bayesian posterior estimates of those rabbits that had a CSF sample measured. Similarly, the
partition ratio of tobramycin was 13.7%. There was a degree of hysteresis for both drugs,
with the concentration-time profile in the CSF being much flatter than that observed in
plasma. These estimates reflect an estimate obtained from the combined data set from the
duration of the study and an assumption that the estimates of drug transfer coefficients are
invariant (the rate and extent of drug partitioning may conceivably vary with time as the
degree of inflammation changes).

Pharmacodynamics of meropenem and tobramycin. There was a dose-dependent
response of meropenem at 5 to 30 mg/kg q8h i.v. in terms of the antibacterial activity in
both CSF and the cerebrum. A total of 51 rabbits and multiple experiments were used to
define these relationships (including controls) (Fig. 4 and 5). Sterilization was not achieved in
any rabbits, although a regimen of 30 mg/kg q8h i.v. induced a progressive decline in bacte-
rial burden in both the CSF and cerebrum throughout the experimental period. The pharma-
codynamics in the cerebrum and CSF were comparable. In contrast, there was no obvious
dose-exposure-response relationship for tobramycin (n = 55; multiple experiments) despite
clinically relevant drug exposures in both plasma and CSF being achieved and fractional par-
titioning into CSF comparable to that observed with meropenem (Fig. 6 and 7).

Pharmacokinetic-pharmacodynamic modeling. A PK-pharmacodynamic (PD)
mathematical model was used to estimate the bacterial burden at 30 h postinoculation
(rabbits had been serially sacrificed to define the temporal changes of drug in plasma
and CNS along with changes in bacterial burden with time). Several integrative meas-
ures of drug exposure were explored, including fT . MIC in plasma and AUC:MIC in
both plasma and CSF. We did not use fT.MIC in CSF for meropenem because concen-
trations were never greater than the MIC of 0.5 mg/L. A regression of various measures
of drug exposure and the antibacterial effect is shown in Fig. 8.

Hollow fiber infection model. Preliminary experiments using Mueller-Hinton broth me-
dium revealed pharmacodynamic effects that were not consistent with broad clinical experien-
ces with meropenem. Bacterial killing was only observed with CSF concentrations (modeled in
the HFIM) of 10 mg/L, which is an order of magnitude higher than concentrations achieved in

FIG 1 Representative histopathological sections stained with hematoxylin and eosin and Gram stain
obtained from untreated rabbits at 6 and 24 h postinoculation. (a and b) At 6 h postinoculation in
the meninges there is minimal perivascular hemorrhage, minimal inflammation with intracellular
bacteria seen within circulating monocytes (blue arrow), and subpial cerebral microglia (green arrow).
(c and d) In the cerebrum there is minimal hemorrhage with no discernible inflammation. There are
Gram-negative bacilli in the microglia in the subpial cerebral parenchyma (green arrows) and within
blood vessel walls (black arrows). (e and f) In the ventricles there are multiple Gram-negative bacilli
within the ependymal lining cells (black arrows). (g and h) At 24 h in the meninges there is mild
perivascular hemorrhage, mild heterophilic inflammation and Gram-negative bacilli within circulating
and perivascular monocytes (blue arrows). (i and j) There are similar findings in the cerebrum. (k and
l) In the ventricles there is acute periventricular hemorrhage, inflammation, and abscess formation
with intracellular Gram-negative bacilli visible within intravascular monocycles, microglia, and
ependyma. Original magnifications: �60 (a, b, d, e, f, j, l), �40 (c and i), �20 (g and h), �4 (k).
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human neonatal CSF (circa0.5 to 1 mg/L) and in the rabbit model of meningoencephalitis.
Hence, we used artificial CSF as a mimic of human CSF (9) (Fig. 9).

Human neonatal-like concentration-time profiles for meropenem and tobramycin were
recapitulated in the HFIM. For meropenem, an AUC:MIC of 42.57 was required to achieve
sustained bacterial killing. For tobramycin, an AUC:MIC of 6.16 resulted in a reduced bacterial
density of only 1 to 2 log10CFU/mL compared with controls. The pharmacodynamics of both
meropenem and tobramycin was well aligned with that of the rabbit model of meningoen-
cephalitis shown in Fig. 8.

DISCUSSION

The development of new antimicrobial agents for neonates is mandated by regulatory
processes designed to provide new treatment options to a special population with other-
wise limited therapeutic options. However, unlike those for adults, the development path-
ways remain poorly defined. Differences in the pharmacokinetics related to size (allometry)
and development of function (ontogeny) are relatively well understood and can be used
to scale regimens to match plasma drug exposures that have been demonstrated to be

FIG 2 Concentration-time profiles of meropenem in the plasma and CSF of rabbits receiving 5, 10, and
30 mg/kg as a single dose. Panel A shows the plasma PK from all rabbits (n = 36). Panel B (n = 8) shows
the CSF concentrations in a dedicated satellite experiment to estimate the percentage partitioning of
meropenem from plasma into the CSF. In panel A, the data are the mean 6 the standard deviation. In
panel B, each observation is obtained from a single rabbit.
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effective in adults (6). However, the pharmacodynamics of a drug-pathogen combination
in an adult and neonate are not necessarily comparable because the pathogenesis and dis-
ease manifestations are different. Most importantly, neonatal bloodstream infection (regardless
of source) may result in meningoencephalitis because of an immature blood-brain barrier, and
innate and adaptive immunological defenses are immature (10). Hence, an understanding of
the likelihood of a given drug and regimen being effective against both bloodstream and cen-
tral nervous system infection is paramount.

While it may be tempting to simply conceive the whole problem of antimicrobial drug de-
velopment and regimen identification for neonatal sepsis as one based on partitioning of drug
from plasma into the CSF, this is not necessarily correct. At best, such an assessment is of limited
relevance and at worst may be completely misleading. The current study demonstrates that
antimicrobial agents may partition into the CSF, but this does not in any way guarantee clinically
useful antimicrobial activity in that compartment. In this regard, our results suggest tobramycin
should not be used as a monotherapy for meningoencephalitis. The potential utility of an anti-
microbial agent for neonatal meningoencephalitis should be initially focused on a pharmacody-
namic assessment of the drug-pathogen combination in the central nervous systemwith subse-
quent PK-PD bridging studies to identify a potential regimen for premature neonates.

FIG 3 Concentration-time profiles of tobramycin in the plasma and CSF of rabbits receiving 0.67, 2,
and 3.33 mg/kg as a single dose. Panel A shows the plasma PK from all rabbits (n = 36). Panel B shows
the CSF concentrations from a dedicated satellite experiment to estimate the percentage of partitioning
of tobramycin from plasma into the CSF. In Panel A, the data are the mean 6 the standard deviation.
In Panel B, each data point represents an observation from a single animal (n = 12).
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The design of clinical studies for the treatment of neonatal sepsis is possible using
primary endpoints such as all-cause 28-day mortality. However, the clinical assessment
of a new antimicrobial drug/regimen for the treatment of neonatal meningoencephali-
tis is more difficult for several reasons. First, there is often significant diagnostic uncer-
tainty for CNS infection with an inability to enroll babies with suspected CNS infection
into clinical studies for licensing; second, neonatal meningoencephalitis is associated
with longer-term neurodevelopmental abnormalities that manifest well after the incit-
ing event, leading to difficulties linking drug exposure with the ultimate clinical
response; and finally, there are significant practical obstacles for enrolling babies with
meningoencephalitis into clinical trials powered for inferential testing. For example, a
recent study of micafungin versus amphotericin B deoxycholate was terminated early
because of slow enrollment (2). These limitations have led the U.S. FDA to consider
using laboratory animal data and PK-PD analyses to guide therapeutic decisions in
those circumstances where clinical data are unobtainable (7). The FDA has also
included conclusions from laboratory animal models in the micafungin license to help
guide clinical decision making (11).

A suite of laboratory models is now available to identify new antimicrobial regimens
for neonatal sepsis (10, 12–14). These consist of a series of rabbit models of neonatal
sepsis and meningoencephalitis and hollow fiber infection models that enable plasma
and CSF concentration time profiles to be simulated. These model systems have
strengths and limitations and should be viewed as complementary rather than hier-
archical. The principal advantage of the rabbit models is that they are mimics of clinical
disease and have anatomical barriers that are ultimately critical determinants of the

TABLE 1 Population PK-PD parameters for meropenema

Parameterb (units) Mean Median SD
Clearance (L/h) 3.409 3.388 0.919
Vol (L) 1.212 1.045 0.811
K12 (h21) 3.059 1.694 3.716
K21 (h21) 3.347 3.113 4.469
K13 (h21) 0.076 0.082 0.026
K31 (h21) 0.728 0.738 0.283
Vol CSF (L) 2.577 2.123 1.565
Kgmax (log10 CFU/mL/h) 0.387 0.284 0.307
popmax (CFU/mL) 3,352,281 144,355 4,406,617
kkmax (log10 CFU/mL/h) 0.859 0.860 0.117
Hk 8.866 4.517 6.678
C50k (mg/L) 0.075 0.079 0.021
Initial condition (CFU/mL) 721 739 271
aThe population PK-PD parameters for meropenem are from the rabbit model.
bParameters are defined in Materials and Methods.

TABLE 2 Population PK-PD parameters for tobramycina

Parametera (units) Mean Median SD
Clearance (L/h) 0.384 0.396 0.103
Vol (L) 0.477 0.409 0.185
K12 (h21) 5.339 1.063 6.780
K21 (h21) 17.882 20.726 11.632
K13 (h21) 0.088 0.100 0.017
K31 (h21) 0.167 0.129 0.174
Vol CSF (L) 1.627 1.169 1.128
Kgmax (log10 CFU/mL/h) 0.631 0.625 0.074
popmax (CFU/mL) 6,841,660.084 117,373.215 1,2054,144.467
kkmax (log10 CFU/mL/h) 0.598 0.682 0.258
Hk 6.955 1.447 7.848
C50k (mg/L) 0.070 0.083 0.029
Initial condition (CFU/mL) 252.286 140.687 202.572
aThe population PK-PD parameters for tobramycin are from the rabbit model.
aParameters are defined in Methods.
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therapeutic efficacy and pharmacodynamics of any antimicrobial agent; their principal
limitation is that they require extensive infrastructure and highly trained personnel to
ensure that studies are conducted safely and efficiently. The rabbit model enables
infection to be established in the meninges/CSF and cerebrum; these subcompart-
ments are anatomically and pharmacologically distinct and likely to differentially con-
tribute to the clinical manifestations of neonatal meningoencephalitis where both the
meninges and cerebrum are involved. HFIM enable human PK (at any effect site) to be
simulated and are especially valuable to study the pharmacodynamics of the emer-
gence of resistance because of the ability to use a high-density inoculum. The absence
of immunological effectors, the potential binding of drug to plastic, and the inability to
replicate multiple clinically relevant anatomic subcompartments are potential limita-
tions. The combination of model systems enables the pharmacodynamics of candidate
regimens to be examined from a variety of perspectives, leading to a conclusion as to
the likely overall efficacy for treatment of neonatal sepsis (Fig. 9).

How can data from these new model systems be integrated? The use of current
models and PK-PD bridging pathways (Fig. 10) enables the utility of old and new anti-
microbials for neonatal sepsis to be classified in one of four ways: (i) the drug/regimen
is predicted to not be appropriate for neonates (i.e., the regimen causes submaximal
antimicrobial effect and/or leads to the rapid emergence of resistance); (ii) the drug/
regimen is potentially effective for bloodstream infection but is not active within the
CNS (e.g., tobramycin); (iii) the drug/regimen is potentially effective for bloodstream

FIG 4 (A–D) Pharmacodynamics of meropenem at 5, 10, and 30 mg/kg q8h i.v. as assessed using the bacterial burden in the CSF of rabbits infected with
P. aeruginosa ATCC 27853. Treatment was initiated 6 h postinoculation at time = 0. The solid black lines in each panel are locally weighted scatterplot
smoothing (LOWESS) regression lines fitted to the pooled data from each cohort of rabbits.
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infection and is active within the CNS but only with regimen intensification (i.e., an
increased dose and/or altered schedule of administration to optimize the pharmacodynamic
target) if that is possible (e.g., micafungin, anidulafungin [7, 10, 12]); and (iv) the drug/regimen
is effective for both bloodstream and CNS infection at a standard regimen (e.g., meropenem).
Such a classification provides guidance to drug developers, regulatory authorities, and clini-
cians using a new antibiotic for the treatment of neonatal sepsis.

The principal limitation of this study is the requirement to use a destructive design
with a relatively limited number of rabbits; while this was the only feasible experimental
approach, it does mean strong experimental design is paramount to maximize informa-
tion and minimize potential bias. More work is required to increase the number of model
systems available to develop new antimicrobials. This may include models with other
pathogens that cause neonatal sepsis (e.g., Escherichia coli, Klebsiella spp., Acinetobacter
baumannii) as well as organisms with resistance mechanisms that are increasingly preva-
lent throughout the world (e.g., KPC-, OXA-, and NDM-producing pathogens). The per-
formance of the current standard-of-care (e.g., agents recommended by the WHO or similar
organizations) can be quantified in these systems and used to benchmark the performance
of new antimicrobial agents for neonatal sepsis. There is an ability to study alternative
approaches such as combination therapy. Despite the limitations and the relative complex-
ities of our approach, we describe a viable path for the development of new agents for a
special population that urgently requires new treatment options but for which well-estab-
lished clinical development pathways currently do not exist.

FIG 5 (A–D) Pharmacodynamics of meropenem at 5, 10, and 30 mg/kg q8h i.v. as assessed using the bacterial burden in the cerebrum of rabbits infected
with P. aeruginosa ATCC 27853. Treatment was initiated 6 h postinoculation at time = 0. The solid black lines in each panel are LOWESS regression lines
fitted to the pooled data from each cohort of rabbits.
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MATERIALS ANDMETHODS
Organism, antimicrobial susceptibility testing, and mutational frequency. Pseudomonas aerugi-

nosa ATCC 27853 was used as the challenge strain throughout. The MICs of meropenem and tobramycin
were estimated using European Committee on Antimicrobial Susceptibility Testing (EUCAST) methodol-
ogy (15) in five independently conducted experiments. The modal value used for the pharmacodynamic
calculations. Pure meropenem and tobramycin (Sigma-Aldrich, UK) were used for all in vitro susceptibil-
ity testing.

The mutational frequency of resistance was determined by suspending a sweep of approximately 5
colonies grown overnight in 30 mL Mueller-Hinton broth (Sigma-Aldrich, UK), which was then placed on
an orbital shaker at 37°C for 24 h. At 24 h, a 1:1,000 dilution was performed from each inoculum into fresh
Mueller-Hinton broth and placed back onto the orbital shaker at 37°C for a further 24 h. Each inoculum
was then plated onto drug-free agar and either meropenem- or tobramycin-containing Mueller-Hinton
agar (Sigma-Aldrich) at concentrations of 3 or 4 mg/L, respectively, and incubated at 37°C for 24 to 48 h.
The mutational frequency was then calculated as the ratio of colonies that grew on drug-containing agar
divided by the number of colonies that grew on drug-free Mueller-Hinton agar plates (Oxoid, UK).

Rabbit model of neonatal meningoencephalitis. All laboratory animal experiments were con-
ducted under UK Home Office project license PAC022930 and approved by the University of Liverpool
Animal Welfare Ethics Review Board. A nonneutropenic rabbit model of neonatal meningoencephalitis
was developed. Male New Zealand white (NZW) rabbits (Envigo, UK) weighing 2.08 to 3.78 kg at the
time of experimentation were used for all experiments and used to characterize dose-exposure-response
relationships of meropenem and tobramycin.

FIG 6 (A–D) Pharmacodynamics of tobramycin at 0.67, 2, and 3.33 mg/kg q8h i.v. as assessed using the bacterial burden in the CSF of rabbits infected
with P. aeruginosa ATCC 27853. Treatment was initiated 6 h postinoculation at time = 0. The solid black lines in each panel are LOWESS regression lines
fitted to the pooled data from each cohort of rabbits. There was no obvious dose exposure response relationship.
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A target inoculum of 1 � 105 CFU/mL Pseudomonas aeruginosa ATCC 27853 suspended in phos-
phate-buffered saline (PBS) was prepared and verified with quantitative culture. Rabbits were inoculated
while anesthetized (medetomidine [Vetoquinol, UK], 0.2 mg/kg intramuscularly [i.m.], plus ketamine
[Chanelle Pharma, UK], 15 mg/kg i.m.) by injecting 300 mL of the 1 � 105 CFU/mL suspension intrathe-
cally. Animals were serially sacrificed at planned time points unless they exhibited prespecified humane
endpoints that mandated immediate sacrifice to minimize suffering.

Postsacrifice, tissue samples were collected for PK-PD analysis. Brain tissue was removed from the skull
and divided into quarters. One-quarter was placed in formalin for histopathological analysis, one-quarter
was snap-frozen in liquid nitrogen for matrix-assisted laser desorption ionization (MALDI) imaging (analysis
pending), one-quarter was placed into sealed labeled bags for PK bioanalysis, and one-quarter was placed
into culture tubes with 2 mL PBS before being weighed and homogenized. Brain homogenate was serially
diluted with 100 mL plated onto Mueller-Hinton agar and incubated overnight at 37°C before estimating
CFU/g brain tissue at each of the time points.

Histopathology. The progression of infection at a microscopic level was assessed by placing the
right cerebral hemisphere from each rabbit in 10% neutral buffered saline. Tissues were embedded in
paraffin and sectioned using standard protocols. Sections were stained with hematoxylin and eosin and
Gram stain with employment of uninfected rabbits as controls.

In vivo PK-PD studies. Treatment with meropenem (Venus Pharma GmbH, Germany) or tobramy-
cin (Flynn Pharma, Ireland) was initiated 6 h postinoculation. Meropenem dosages of 5, 10, and
30 mg/kg/dose or tobramycin dosages of 0.67, 2, and 3.33 mg/kg were administered q8h as an i.v.
push via the marginal ear vein. Blood samples of approximately 0.5 mL were taken from the opposite
ear of each rabbit for PK analyses. Samples were collected predose (0 h) and at 10 min, 15 min,
20 min, 30 min, 1 h, 2 h, and 4 h or 30 min, 1 h, 2 h, 4 h, and 8 h for meropenem and tobramycin,
respectively. Whole blood was placed into Eppendorf tubes containing approximately 10 mL heparin
(Wockhardt, UK) and centrifuged. Plasma was eluted and stored at –80°C for a maximum of 9 months
subsequent to bioanalysis.

FIG 7 (A–D) Pharmacodynamics of tobramycin at 0.67, 2, and 3.33 mg/kg q8h i.v. as assessed using the bacterial burden in the cerebrum of rabbits
infected with P. aeruginosa ATCC 27853. Treatment was initiated 6 h postinoculation at time = 0. The solid black lines in each panel are LOWESS regression
lines fitted to the pooled data from each cohort of rabbits. There was no obvious dose exposure response relationship.
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A specific satellite pharmacokinetic study to estimate the percentage of partitioning of meropenem
and tobramycin was conducted. This study was performed in infected rabbits using the same experi-
mental design as the other pharmacokinetic and pharmacodynamic studies. Rabbits received either 10
(n = 4) or 30 mg/kg/dose (n = 8) meropenem or 0.67 (n = 4) or 2 mg/kg/dose (n = 8) tobramycin. One
animal was sacrificed for each dose time point, and a blood sample and CSF sample were collected for
PK and PD analysis. CSF samples were collected 10 min, 30 min, 1 h, and 2 h postdose for meropenem
and 30 min, 1 h, 2 h, and 6 h postdose for tobramycin.

Hollow fiber infection model of neonatal meningitis. A hollow fiber infection model (HFIM) was
used, simulating the typical neonatal PK profile. The PD response and emergence of resistance of P. aer-
uginosa ATCC 27853 to a range using human neonatal in CSF concentration-time profiles were deter-
mined. An inoculum of 1 � 105 CFU was prepared and injected into the extra capillary space of each hol-
low fiber cartridge. Preliminary studies were performed with Mueller-Hinton medium, but bacterial
killing was not observed with concentration time profiles corresponding to the currently recommended
neonatal meropenem regimen of 20 mg/kg q8h. We therefore used artificial CSF (aCSF [9]), which is a
mimic of human CSF. The HFIM was incubated in ambient air at 37°C. Serial samples were obtained for
pharmacokinetic and pharmacodynamic analyses.

Neonatal CSF concentration time profiles were obtained from the NeoMero study (16) and a small
study (n = 6 infants) led by Duke University (data not shown). A range of concentrations for both drugs
was studied with a target Cmax for meropenem and tobramycin ranging from 0.1 to 1 mg/L and 0.03 to
0.3 mg/L, respectively. The half-life for meropenem and tobramycin was 6 h and 6.54 h, respectively. Both
agents were administered immediately postinoculation. The experimental duration was 10 days.
Experiments were conducted once for each drug. Pharmacodynamic samples (approximately 1 mL) were
taken from each cartridge at 0 h (predose) and regularly thereafter and plated onto Mueller-Hinton agar.

Bioanalytical assay for meropenem. Samples of rabbit plasma and rabbit CSF were prepared using
solid-phase extraction. An internal standard ([2H6] meropenem [Alsachim, France]) in acetonitrile (5 mg/L;
Fisher Scientific UK), of which 250 mL was added to a 96-well protein precipitation plate (Phenomenex,
Cheshire, UK). Then, 50 mL of sample, blanks, and calibrators in the range of 0.1 to 50 mg/L and quality
controls (0.75, 7.5, and 37.5 mg/L) was mixed with the internal standard, and the plate was placed on an

FIG 8 (A to D) The pharmacodynamics of meropenem (A and B) and tobramycin (C and D) in the rabbit model of pseudomonal meningoencephalitis. For
meropenem, the pharmacodynamics are quantified using systemic drug exposure (i.e., fT . MIC in plasma; panel A) and drug exposure within the CSF (i.e.,
AUC:MIC; panel B). For tobramycin, systemic and effect site drug exposures are shown in panels C and D, respectively. Meropenem exhibits significant
bactericidal activity in CSF. In contrast, the antibacterial effect of tobramycin is minimal.
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orbital shaker for 2 min. Liquid was drawn through the protein precipitation plate into a collection plate
using a positive pressure manifold. Water and 0.1% formic acid (750 mL) were added to each well. The
plate was sealed and placed onto an orbital shaker for 5 min before being transferred to the autosampler
for analysis by liquid chromatography-tandem mass spectrometry (LC-MS-MS). A similar approach was
used for aCSF with adjustment for the lower dynamic range.

LC-MS-MS analysis was performed using an Agilent 1290 Infinity high-performance liquid chromatog-
raphy (HPLC) instrument coupled to an Agilent 6420 triple quadrupole mass spectrometer fitted with an
electrospray source. The LC-MS system was controlled using Agilent MassHunter data acquisition software
(ver. B.06.00). Analytes were injected (2 mL) onto a Phenomenex Kinetex C18 100 Å column (2.1 mm by
50 mm, 2.6 mm, 40°C) and separated over a 5.5-min. gradient using a mixture of solvents A and B. Solvent
A was LC-MS-grade water with 0.1% (vol/vol) formic acid. Solvent B was HPLC-grade acetonitrile with 0.1%
(vol/vol) formic acid. Separations were performed by applying a linear gradient of 2% to 98% solvent B
over 4 min at 0.6 mL/min followed by an equilibration step (1.5 min at 2% solvent B).

The mass spectrometer was operated in positive ion mode using a multiple-reaction monitoring
(MRM) method. Following an optimization process, the following mass transitions and collision energies
(Ce) were used for the analysis: 384.16 . 141.2 (Ce 12 eV) and 390.2 . 147.1 (Ce 16 eV). The mass spec-
trometer conditions were as follows: capillary voltage of 3.5 kV, fragmentor voltage of 100 V, source gas
temperature of 350°C, and gas flow of 11 L/min. The resultant data were processed using Agilent Mass
Hunter quantitative analysis (ver. B.05.02).

FIG 9 Pharmacodynamics of meropenem and tobramycin in a hollow fiber infection model with P.
aeruginosa ATCC 27853 as the challenge strain. Artificial CSF (aCSF) medium was used as the medium.
(A and B) Neonatal CSF concentration time profiles of meropenem (A) and tobramycin (B) were used,
and the AUC:MIC values quantify drug exposure in the CSF. An exposure response relationship is
evident for meropenem. In contrast, bacterial killing induced by tobramycin is minimal.
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The lower limit of quantification (LLQ) was 0.1 and 0.01 mg/L for rabbit plasma and aCSF, respectively. The
inter- and intraday %CV was,15% and the analyte was stable under all conditions described above.

Bioanalytical assays for tobramycin. Tobramycin (Alsachim, France) was extracted from rabbit
plasma and rabbit CSF using protein precipitation. The internal standard, [13C6] tobramycin (Alsachim,
France) was prepared in acetonitrile with 0.1% trifluoroacetic acid (25 mg/L; Fisher Scientific UK).
Samples, blanks, and calibrators were added and vortexed for 2 min. Subsequently, water with 0.1%
(vol/vol) trifluoroacetic acid (200 mL) was added to each sample. Samples were vortexed for 30 s before
being centrifuged for 5 min. Supernatant (150 mL) was added to a 96-well plate before being transferred
to the autosampler for analysis by LC-MS-MS. Tobramycin-containing samples from aCSF were prepared
using solid-phase extraction.

LC-MS-MS analysis was carried out using an Agilent 1290 Infinity HPLC coupled to an Agilent 6420 tri-
ple quadrupole mass spectrometer fitted with an electrospray source. The LC-MS system was controlled
using Agilent MassHunter data acquisition software (ver. B.06.00). Analytes were injected (5 mL) onto a
Waters HSS T3 100-Å device (2.1 mm by 100 mm, 1.8 mm, 40°C) and separated over a 3.5-min. gradient
using a mixture of solvents A and B. Solvent A was LC-MS-grade water with 0.1% (vol/vol) trifluoroacetic
acid. Solvent B was LC-MS-grade methanol with 0.1% (vol/vol) trifluoroacetic acid. Separations were per-
formed by applying a linear gradient of 5% to 95% solvent B over 2 min at 0.2 mL/min followed by an
equilibration step (1.5 min at 5% solvent B).

The mass spectrometer was operated in positive ion mode using a multiple reaction monitoring (MRM)
method. Following an optimization process, the following mass transitions and collision energies were used
for the analysis: 468.2 . 324.2 (Ce 10 eV) and 474.2 . 330.3 (Ce 10 eV). The mass spectrometer conditions
were as follows: capillary voltage of 3.5 kV, fragmentor voltage of 100 V, source gas temperature of 350°C, and
gas flow of 11 L/min. The resultant data were processed using Agilent Mass Hunter quantitative analysis (ver.
B.05.02). The limit of assay quantification was 0.1 mg/L with acceptable assay variance.

PK-PD mathematical modeling. A PK-PD model was fitted to the PK and PD data in a stepwise pro-
cess using the nonparametric population PK program Pmetrics (17). The PK was initially solved for all
rabbits before proceeding to the pharmacodynamic fitting. This was necessary to ensure that a stable
solution could be obtained given imbalance in design (i.e., some rabbits had a complete PK data set but
only a single terminal estimate of bacterial density in the CSF). A mathematical model was only fitted to
the pharmacodynamic data from the CSF.

A three-compartment pharmacokinetic model was fitted to the plasma and CSF data. The structural
model took the form:

XP 1ð Þ ¼ RATEIV 1ð Þ2 CL=Vð Þ � X 1ð Þ2K12 � X 1ð Þ1k21 � X 2ð Þ1K31 � X 3ð Þ2K13 � X 1ð Þ (1)

XP 2ð Þ ¼ K12 � X 1ð Þ2K21 � X 2ð Þ (2)

XP 3ð Þ ¼ K13 � X 1ð Þ2K31 � X 3ð Þ (3)

With the output equations

FIG 10 Overall strategy model and systems for the development of antimicrobial agents for neonates.
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Y 1ð Þ ¼ X 1ð Þ=V (4)

Y 2ð Þ ¼ X 3ð Þ=V csf (5)

where XP(1), XP(2), and XP(3) represent the rate of change of mass (mg) of the respective drug in com-
partments 1, 2, and 3, which represent the central (i.e., bloodstream), peripheral (i.e., rest of the
body), and CSF, respectively. RATEIV(1) is the time-delimited zero-order i.v. injection of meropenem or
tobramycin into the lateral ear vein; CL is the first-order clearance of drug from the central compart-
ment; V is the volume of the central compartment, and K12, K21, K13, K31 represent the various inter-
compartmental first-order rate constants. The second output equation contains a term for the volume
of the CSF (V_csf).

The fit of the model to the data was assessed by a visual inspection and linear regression of the
observed-predicted values before and after the Bayesian step. The Bayesian estimates for each rabbit
were resupplied in the fitting of the pharmacodynamic model to the pharmacodynamic data from the
CSF (i.e., they were fixed for each rabbit).

The pharmacodynamic structural model took the form

XP 4ð Þ ¼ Kgmax � 12 X 4ð Þ=popmax
� �� � � X 4ð Þ2 (6a)

kkmax � X 3ð Þ=V csf
� � � �Hk= C50k � �Hk1 X 3ð Þ=V csf

� � � �Hk� � � X 4ð Þ (6b)

With a single output equation,

Y 1ð Þ ¼ DLOG10 X 4ð Þð Þ (7)

where XP(4) is the rate of change of bacterial density (CFU/mL) in the CSF, Kgmax is the maximum rate
of bacterial growth in the CSF, popmax is the theoretical maximum bacterial density in the CSF, kkmax is
the maximum rate of drug-induced bacterial killing, and Hk is the slope function. C50k is the CSF drug
concentration where the rate of bacterial killing is half maximal. The bacterial density in CSF immediately
postinoculation (initial condition) was estimated as a parameter but is not shown in the differential
equations. Drug concentrations in the CSF represented by X(3)/V_csf are explicitly linked to the antibac-
terial effect. The pharmacodynamics represents a balance between capacity-limited bacterial growth
(equation 6a) and drug-induced bacterial killing (equation 6b).

The combined Bayesian posterior estimates for the PK and PD parameters from each rabbit were
obtained. The SIM module in ADAPT 5 (18) was used to estimate drug exposure in plasma and CSF
as well as several pharmacodynamic endpoints that were of potential relevance. These included the
area under the log10 CFU/mL versus time curve and the predicted bacterial density at the end of the
experiment (note that this was not necessarily matched by an observation because of the destruc-
tive design).
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