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Abstract
Background—Suspected or complicated intra-abdominal infections are common in young
infants and lead to significant morbidity and mortality. Meropenem is a broad-spectrum
antimicrobial agent with excellent activity against pathogens associated with intra-abdominal
infections in this population. The purpose of this study was to determine the pharmacokinetics
(PK) of meropenem in young infants as a basis for optimizing dosing and minimizing adverse
events.

Methods—Premature and term infants <91 days of age hospitalized in 24 neonatal intensive care
units were studied. Limited PK sampling was performed following single and multiple doses of
meropenem 20–30 mg/kg of body weight every 8–12 hours based on postnatal and gestational age
at birth. Population and individual patient (Bayesian) PK parameters were estimated using
NONMEM®.

Results—Two hundred infants were enrolled and received study drug. One hundred eighty-eight
infants with 780 plasma meropenem concentrations were analyzed. Their median (range)
gestational age at birth and postnatal age at PK evaluation were 28 (23–40) weeks and 21 (1–92)
days, respectively. In the final PK model, meropenem clearance (CL) was strongly associated with
serum creatinine (SCR) and postmenstrual age (PMA) (CL [L/h/kg] = 0.12*[(0.5/
SCR)**0.27]*[(PMA/32.7)**1.46]). Meropenem concentrations remained >4 μg/mL for 50% of
the dose interval and >2 μg/mL for 75% of the dose interval in 96% and 92% of patients,
respectively. The estimated penetration of meropenem into the cerebrospinal fluid was 70% (5–
148).

Conclusions—Meropenem dosing strategies based on postnatal and gestational age achieved
therapeutic drug exposure in almost all infants.

Keywords
enterocolitis; necrotizing; infant; premature; cerebrospinal fluid

INTRODUCTION
Intra-abdominal infections in young (<91 days) infants are common and often fatal.
Approximately 20% of infants with necrotizing enterocolitis die, and survivors suffer from
severe neurodevelopmental impairment (1–3). Most infants with suspected or confirmed
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intra-abdominal infections are treated with empirical antimicrobial therapy. Given the
polymicrobial nature of these infections, broad-spectrum or combination antimicrobial
agents are most often prescribed.

Meropenem, a carbapenem antibiotic, possesses 1 of the broadest spectra of antimicrobial
activity available, including most of the bacterial pathogens responsible for producing
serious, life-threatening infections occurring in young infants. Meropenem is stable against
hydrolysis by most extended-spectrum beta-lactamases and AmpC chromosomal beta-
lactamases, increasing the drug's activity against many antibiotic-resistant Gram-positive
(e.g., penicillin-resistant S. pneumoniae) and Gram-negative (e.g., P. aeruginosa) bacteria.

United States Food and Drug Administration (FDA)-approved product labeling for
meropenem includes recommendations for pediatric patients ≥3 months of age as
monotherapy for bacterial meningitis and complicated intra-abdominal infections. There is
substantial off-label use of meropenem in infants <3 months of age. This off-label use
occurs despite the lack of adequate data regarding meropenem pharmacokinetics (PK) in this
population, age-specific dosing guidelines, tolerability, and safety in this vulnerable group.
Meropenem dosing in young infants is often based on PK data extrapolated from adults or
older children. In adults, meropenem is primarily cleared through the kidneys;
approximately 70% of the intravenous dose is recovered unchanged in the urine (4). In
patients with normal renal function, the elimination half-life of meropenem is approximately
1 hour (4), and plasma protein binding is approximately 2%. In contrast, the limited
meropenem PK data currently available in young infants suggest that drug disposition
differs substantially from that in adults (5, 6). This prompted the FDA, under the provisions
of the Best Pharmaceuticals for Children Act (BPCA; Section 505A of the Federal Food,
Drug, and Cosmetic Act), to issue a formal Written Request as the mechanism to require
needed PK and safety/tolerability studies of meropenem in neonates and young infants. The
results from a multicenter study of meropenem PK in young infants and neonates are
reported herein.

METHODS
Study Design

This was a 24-center, prospective, multi-dose PK study of meropenem in infants. Inclusion
criteria included: age <91 days; likely survival >48 hours after enrollment; sufficient
intravascular access (either peripheral or central) to receive study drug; and suspected or
confirmed intra-abdominal infection, possible necrotizing enterocolitis, or otherwise
receiving meropenem per local standard of care. Participants were excluded for the
following conditions: renal dysfunction evidenced by urine output <0.5 mL/hr/kg or serum
creatinine >1.7 mg/dL; history of clinical seizures or electroencephalogram-confirmed
seizures; and concomitant treatment with another carbapenem (ertapenem or imipenem) at
the time of informed consent. The Institutional Review Board at each participating center
approved this study. The trial was registered in clinicaltrials.gov (NCT00621192). All study
participants were enrolled after obtaining written permission (informed consent) from the
parent or legal guardian.

Administration of Study Drug and Procedures
Patients were stratified into 1 of 4 categories based on gestational age at birth (GA, <32
weeks and ≥32 weeks) and postnatal age (PNA) at time of study drug administration (<14
days and ≥14 days) to receive multiple doses of intravenous meropenem according to the
following dosing scheme: Group 1 (GA <32 weeks, PNA <14 days) 20 mg/kg body weight
every 12 hours; Groups 2 (GA <32 weeks, PNA ≥14 days) and 3 (GA ≥32 weeks, PNA <14
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days) 20 mg/kg body weight every 8 hours; and Group 4 (GA ≥32 weeks, PNA ≥2 weeks)
30 mg/kg body weight every 8 hours. The rationale for dose selection was based on
simulation studies performed from prior small meropenem PK studies in older infants (5, 6).
The simulation studies explored the likelihood of achieving a predefined therapeutic target
by gestational and postnatal age. The pharmacodynamic (PD) target exposure level for each
infant was defined as plasma meropenem concentrations above >4 μg/mL for 50% of the
dose interval and >2 μg/mL for at least 75% of the dosing interval. Dose escalation was
planned if interim PK analyses showed that <90% of infants enrolled in a cohort achieved
the PD target. Meropenem was administered via constant-rate infusion over 30 minutes to
each patient for at least 3 days and no more than 21 days. The protocol recommended that
aminoglycoside therapy be administered concomitantly with meropenem, and administration
of other antimicrobial agents was allowed per local standard of care. All antimicrobial
agents and medications received during the 72 hours prior to study drug administration and
for 72 hours following last dose of study drug were documented. Appropriate blood, urine,
or cerebrospinal fluid (CSF) cultures were obtained as part of standard of care.

Pharmacokinetic Sampling and Assay
The PK sampling schedule around the first study dose was divided in 2 groups according to
infant birthday. The first group included infants with birthdays on an odd date (e.g., 1st, 3rd,
5th) and who had blood (0.1 mL) collected any time in the 24 hours prior to the first dose
and 0.5–1, 3–4, and 7–8 (Q8 hour dosing) or 10–12 (Q12 hour dosing) hours after
completion of the first dose. The second group included infants with birthdays on an even
date (e.g., 2nd, 4th, 6th) and who were sampled any time in the 24 hours prior to the first
dose and 1–2, 4–6, and 7–8 (Q8 hour dosing) or 10–12 (Q12 hour dosing) hours after
completion of the first dose. PK sampling at steady state (after the fourth dose) was
performed any time in the 3 hours prior to the dose and 0.25–2.5 and 4–12 hours after
completion of the dose. A minimum of 12 infants with at least 3 PK samples around the first
dose and 2 PK samples at steady state were enrolled in each cohort (48 infants total), and
152 additional infants were enrolled for ongoing safety evaluation and further collection of
steady-state PK data. For the CSF PK analysis, 50–200 μL of additional CSF were collected
from infants when CSF was obtained per standard of care while an infant was receiving
meropenem.

Plasma and CSF samples were analyzed using a validated liquid chromatography method
with tandem mass spectrometric detection (LC/MS/MS). Meropenem and the internal
standard (IS) (20 μg/mL, pheniramine) were extracted from the samples by protein
precipitation. After the dilution of the supernatant with 0.01 mM ammonium acetate in
water, the mixed solution was directly injected and analyzed using LC/MS/MS. The peaks
were identified on a Varian 1200L Liquid Chromatograph Mass Spectrometer (Agilent
Technologies Inc., Santa Clara, CA, USA) equipped with electrospray operating in positive
ion mode. The transition masses monitored were 384–141 for meropenem and 241–169 for
pheniramine (IS). Peak area ratios (meropenem/IS) were fitted to a weighted (1/
concentration) least-squares quadratic regression analysis to calculate the line of best fit
from the data. The equations of the calibration curves were then used to calculate the
concentrations of meropenem in the samples from the measured peak area ratios. The
method had a limit of quantitation for meropenem of 0.20 μg/mL. The calibration range was
0.20–100 μg/mL. This LC/MS/MS method for the determination of meropenem was
validated and met the requirements for specificity, sensitivity, linearity, recovery, precision,
accuracy, and dilution integrity. The average time between sample collection and analysis
ranged from 3–6 months. Samples were stored at <70° C until the time of analysis.
Meropenem was stable in plasma for 1 year when stored at <70° C.
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Pharmacokinetic and Statistical Analysis
The plasma concentration-time data were modeled using NONMEM® version VI
(ICONUS, Ellicott City, MD) software in conjunction with WINGS for NONMEM version
6.13 (Auckland, NZ). NONMEM VI was installed under the NMQUAL version 6.2.0
(Metrum Institute, Augusta, ME). Diagnostic plots were executed in SlideWrite Plus 7.0
(Advanced Graphics Software, Encinitas, CA) and SAS 9.2 (Cary, NC). The model
qualification was performed with a bootstrap procedure using WINGS for NONMEM, and
1000 sample sets were generated (7). The first-order conditional estimation subroutine was
used with an ETA-EPS interaction. Structurally, a 1-compartment model with first-order
elimination (ADVAN1 TRANS2) was chosen, and PK parameters were scaled by patient
weight before evaluation of other potential covariates. The base model was developed and
used to screen for extreme outlier concentrations. Plasma meropenem concentrations with
>10-fold difference from the predicted concentration (indicating likely contamination or
dose administration error) were excluded from the analysis.

The parameters were assumed to have an exponential normal distribution using the full
variance-covariance matrix to estimate for intersubject variability. A proportional residual
error was used in the analysis. A univariate covariates screen was performed for potential
associations with PK parameters. The following potential covariates were included in this
analysis: serum creatinine (SCR), PNA, GA, postmenstrual age (PMA), albumin (ALB),
sex, urine output (UOP), and dopamine and epinephrine (DOPA) use. For patients without
available ALB concentrations, the ALB values were set to the overall median value (2.3 g/
dL), while missing SCR values were imputed based on a linear regression model of SCR
and postmenstrual age derived from the data. During the model-building process, potential
covariates that reduced the objective function by more than 3.84 (P<~0.05) were included in
the subsequent multivariable analysis. A forward inclusion approach with backwards
elimination was used during the multivariable step, and a reduction of 7.88 (P<~0.005) was
required for retention of a covariate in the final model. Empirical Bayesian estimates of
individual patient PK parameters were generated from the final model using the post-hoc
subroutine.

Assessment of the meropenem penetration into the CSF was evaluated by the CSF:plasma
meropenem concentration ratio. Because plasma meropenem concentrations were not
obtained concurrently with CSF sample collection, plasma concentrations at the time of CSF
sample collection were predicted via simulation based on individual patient PK parameters
and dosing history. CSF samples collected more than 48 hours after the last dose of
meropenem were excluded from the analysis.

RESULTS
A total of 200 patients were enrolled in the study (see Table, Supplemental Digital Content
1, which displays patient demographics by study cohort); 188 had 780 evaluable plasma
meropenem concentrations. A total of 27/780 (3.5%) outlier concentrations were excluded
from the analysis. Ten of these samples had no measureable drug concentrations. The other
17 samples had concentrations that deviated from predicted concentrations by approximately
10-fold. The exclusion of these samples resulted in 753 concentrations used in the modeling
process. The median time of PK sampling was 4.75 hours (range, 0.02–12.12 hours) after
dose, and the median concentration was 15.3 μg/mL (range, 0.15–101.7 μg/mL).

In the initial stage of population PK model development, maturation was found to be an
influential factor on meropenem clearance (CL). Because maturation itself is a function of
several collinear measures, combinations of GA and PNA, linear, non-linear, and categorical
approaches were used to assess various approaches to maturation during the univariate
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screen. The univariate screen for potentially significant covariate-meropenem PK parameter
associations identified relationships between meropenem CL and PMA, SCR, GA, PNA,
ALB, and DOPA. Meropenem volume of distribution (V) was associated with ALB and
DOPA. However, in the final multivariable evaluation, only PMA and SCR were retained as
significant for CL and ALB for V (Table 1). Overall, the model described the data well (Fig.
1). These figures demonstrate that the model lacks significant bias.

The median empirical Bayesian post-hoc parameter estimate for CL, 0.119 L/h/kg, was
nearly identical to the typical population model estimates of 0.122 L/h/kg at the median
PMA and SCR (Table 2). The median empirical Bayesian post-hoc parameter estimate for
V, 0.468 L/kg, was also similar to the typical population model estimate of 0.460 L/kg.
Individual patient post-hoc clearance estimates appeared to increase with PMA throughout
the range of PMA values in the study (see Figure, Supplemental Digital Content 2, which
shows scatter plots of meropenem weight-adjusted clearance and half-life versus PMA). The
elimination half-life decreased with increasing PMA as would be expected with the
increasing CL (Supplemental Digital Content 2). No relationships were observed between
UOP, sex, DOPA and meropenem CL, V, or elimination half-life. Using the individual
patients’ Bayesian post-hoc parameter estimates, the steady-state trough concentrations were
simulated for each study patient. Despite the large range of CL and elimination half-life seen
across the study population, the differential doses used for the different cohorts achieved
relatively similar AUC0–24. Maximum (Cmax[ss]) and minimum (Cmin[ss]) meropenem
concentrations at steady state were similar among cohorts 1–3, while cohort 4 had higher
Cmax(ss) and lower Cmin(ss) as expected for the higher CL and lower V in cohort 4 (Table
2). The overall meropenem concentration PD targets were >4 μg/mL for 50% of the dose
interval and >2 μg/mL for 75% of the dose interval. These targets were achieved in 96.3%
(181/188) and 92.0% (173/188) of patients, respectively. The Cmin(ss) for the first 3 cohorts
also exceeded 2 μg/mL in 85% (160/188) or more of patients. Based on the population PK
model and an interim PK analysis of concentrations from the first 12 infants enrolled in each
cohort, the dosing strategy met the overall goals for exposure, and thus, the need for dose
escalation to achieve a pharmacodynamic optima was obviated.

The model was validated using a 1000-set bootstrap analysis and the program WINGS for
NONMEM. Approximately 99.8% of bootstrap datasets converged to >3 significant digits.
The median of bootstrap parameter estimates was within 2% of population estimates from
the original dataset for all parameters. The 95% confidence interval of the bootstrap SCR
(THETA3), PMA (THETA4), and ALB (THETA5) covariates excluded a null effect (0 or
1), affirming significance.

Nine CSF meropenem concentrations (3 duplicates) were available from 6 patients and
ranged from 0.7–34.6 μg/mL. Measured CSF concentrations, predicted simultaneous plasma
concentrations, and ratio of measured CSF/predicted plasma concentrations are listed in
Table 3. Meropenem CSF penetration was highly variable. A trend between CSF collection
time and CSF/plasma concentration ratio was seen, suggesting slower elimination from the
CSF than the systemic circulation (Fig. 2). Another modest trend was observed between
CSF white blood cell count (WBC) and the CSF/plasma concentration ratio, suggesting a
potential role of meningeal inflammation in meropenem CSF concentrations (Fig. 2).

DISCUSSION
Meropenem is often used to treat infections in the neonatal intensive care unit; however, the
drug is not FDA-approved for use in infants <3 months of age, and studies evaluating the PK
of meropenem in young infants are lacking. Consequently, the most appropriate dose for this
population has not previously been defined.
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The 1-compartment population PK model evaluated for meropenem disposition in young
infants in this study described the data well. While a sparse sampling approach was used in
the study and may have limited the ability to reveal multi-compartment PK, the 1-
compartment approach appeared to be sufficient as there were no apparent prediction biases
based on sample collection time. The mean ETAs for V and CL were not significantly
different from 0, and all parameters were nearly identical to the median bootstrap values
with narrow 95% confidence intervals for CL and V (the 2.5th percentile was within 0.8
times the 95th percentile).

Maturational changes in meropenem CL were included through covariates of PMA and CR
in the final model. Creatinine was retained as a significant covariate despite the exclusion of
patients with elevated creatinine (>1.7 mg/dL). These associations were expected as a
significant proportion of meropenem is excreted in the urine and developmental changes in
renal function can be characterized by PMA (8, 9). There were no apparent age-related
effects on the V for meropenem. However, meropenem V was negatively associated with
ALB. While meropenem is not significantly bound to plasma proteins, albumin
concentrations may reflect changes in fluid status that affect meropenem V.

The PK of meropenem in the current study was consistent with prior meropenem
investigations. In 37 infants (GA 23–41 weeks) who received single doses of meropenem
(10–20 mg/kg body weight), serum creatinine and PMA were the best overall predictors of
meropenem CL (10). In addition, PK parameter estimates were similar to the values reported
in this study; the average population CL was 0.104 L/h/kg, while the V was 0.4 L/kg (10).
Monte Carlo simulations performed by these authors showed that meropenem doses of 20
mg/kg every 8 hours achieved the desired therapeutic target (time above minimum
inhibitory concentration [MIC] of 4 μg/mL for >60% of dose interval for Pseudomonas
aeruginosa) in 95% of preterm infants and 91% of term infants during the first 2 weeks of
life. However, the number of infants <32 weeks included in this prior study was low, which
may explain why the same target was achieved in the present study with every 12-hour
dosing. Moreover, an 8-hour dosing interval likely yields excessive exposures for the most
premature infants. Another study of meropenem in 23 preterm (GA 29–36 weeks) and 15
full-term (GA 37–42 weeks) infants found that a meropenem dose of 20 mg/kg body weight
every 8 hours achieved the desired therapeutic target in the majority of infants; however, this
study did not evaluate the impact of PNA on meropenem CL (5). The PK of meropenem in
the current study differed from that reported in adults. The typical population CL value for
infants included in this study was about 30–40% lower than the average reported CL in
adults (4). These PK differences are likely related to developmental changes associated with
renal function and body composition characteristic of young infants.

Meropenem exhibits time-dependent killing of Gram-negative and Gram-positive pathogens.
Therefore, the goal of therapy is to keep plasma concentrations above the meropenem MIC
for 40–50% of the dosage interval in adult patients (11). Because immunocompetence is
reduced in preterm infants, a therapeutic target of time above MIC for >75% of the dosage
interval was chosen for this trial. The Clinical and Laboratory Standards Institute (CLSI)-
recommended MIC breakpoint of meropenem for Pseudomonas aeruginosa is ≤4 μg/ml,
and over 80% of isolates are susceptible at an MIC of 2 μg/mL (12). Because trough
meropenem concentrations exceeded this therapeutic target (2 μg/mL) in >80% of infants
enrolled in this trial, meropenem doses as outlined in this trial should be sufficient for a
clinical and microbiological cure across GA and PNA for infants <91 days of age.

In the present study, a small number of infants had evaluable CSF PK samples. Although
meropenem CSF concentrations were highly variable, they were all therapeutic above the 4
μg/mL threshold. In addition, a trend towards increasing meropenem concentrations was
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observed with increasing CSF WBCs, which suggests a potential role of meningeal
inflammation in the CSF penetration of meropenem. These findings are consistent with
meropenem CSF concentrations collected from adults who received 20–40 mg/kg of
meropenem. CSF meropenem concentrations in these adults ranged between 0.1–6.5 μg/mL
(1–52% CSF penetration), and CSF concentrations tended to increase with increasing CSF
WBC (13).

A dosing strategy of 20 mg/kg every 12 hours in infants <32 weeks GA and PNA <14 days;
20 mg/kg every 8 hours in infants <32 weeks GA and PNA ≥14 days and in infants ≥32
weeks GA and PNA <14 days; and 30 mg/kg every 8 hours in infants ≥32 weeks GA and
PNA ≥14 days will achieve therapeutic meropenem concentrations in almost all infants <91
days of age with suspected intra-abdominal infections. Meropenem CSF concentration data
were limited by the low number of CSF samples available in this trial and should be pursued
further.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Goodness-of-fit figures: A) and B), measured versus population predicted (PRED) and
individual predicted (IPRED) concentrations in the final model; C) and D), weighted
residuals plot for the final population PK model versus time after previous dose and IPRED,
respectively. LN(DV/IPRED) indicates natural log of the ratio of the observed concentration
(DV) divided by the predicted individual concentrations (IPRED); DV, dependent variable
(observed meropenem concentrations).
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FIGURE 2.
Meropenem measured cerebrospinal fluid (CSF)/predicted plasma concentration ratio: A)
measured CSF/predicted plasma concentration ratio versus time of CSF collection (9 CSF
sample data points; duplicate CSF samples collected 0.5 hours after dose overlap); B)
measured CSF/predicted plasma concentration ratio versus white blood cell count (WBC) in
the CSF (8 CSF sample data points with documented CSF WBC; duplicate CSF samples
collected 0.5 hours after dose overlap).
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