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Abstract

Imipenem/cilastatin/relebactam is approved for the treatment of serious gram-negative bacterial infections in adults. This study assessed the
pharmacokinetics (PK), safety, and tolerability of a single dose of imipenem/cilastatin/relebactam (with a fixed 2:1 ratio of imipenem/cilastatin to
relebactam, and with a maximum dose of 15 mg/kg imipenem and 15 mg/kg cilastatin [≤500 mg imipenem and ≤500 mg cilastatin] and 7.5 mg/kg
relebactam [≤250 mg relebactam]) in children with confirmed/suspected gram-negative bacterial infections receiving standard-of-care antibacterial
therapy. In this phase 1, noncomparative study (ClinicalTrials.gov identifier,NCT03230916), PK parameters from 46 children were analyzed using both
population modeling and noncompartmental analysis. The PK/pharmacodynamic (PD) target for imipenem was percent time of the dosing interval
that unbound plasma concentration exceeded the minimum inhibitory concentration (%fT>MIC) of ≥30% (MIC = 2 mcg/mL). For relebactam, the
PK/PD target was a free drug area under the plasma concentration–time curve (AUC) normalized to MIC (at 2 mcg/mL) of ≥8.0 (equivalent to an
AUC from time zero extrapolated to infinity of ≥20.52 mcg·h/mL). Safety was assessed up to 14 days after drug infusion. For imipenem, the ranges
for the geometric mean %fT>MIC and maximum concentration (Cmax) across age cohorts were 56.5%-93.7% and 32.2-38.2 mcg/mL, respectively. For
relebactam, the ranges of the geometric mean Cmax and AUC from 0 to 6 hours across age cohorts were 16.9-21.3 mcg/mL and 26.1-55.3 mcg·h/mL,
respectively. In total, 8/46 (17%) children experienced ≥1 adverse events (AEs) and 2/46 (4%) children experienced nonserious AEs that were deemed
drug related by the investigator. Imipenem and relebactam exceeded plasma PK/PD targets; single doses of imipenem/cilastatin/relebactam were well
tolerated with no significant safety concerns identified. These results informed imipenem/cilastatin/relebactam dose selection for further pediatric
clinical evaluation.
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As with adults, children with infections caused by
extended-spectrum β-lactamase—producing pathogens
and carbapenem-resistant pathogens endure longer
hospital stays1 and high rates of mortality.2,3 Over
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the past 2 decades, the prevalence of multidrug-
resistant Pseudomonas aeruginosa and carbapenem-
resistant Enterobacterales has increased in both adults
and children.4–7 Therefore, there is an urgent need to
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investigate new therapies to treat infections caused by
multidrug-resistant pathogens in children.

Based on the results of 2 pivotal phase 3 clinical
trials in adults, imipenem/cilastatin/relebactam, a
carbapenem/β-lactamase inhibitor combination, is
currently approved for the treatment of hospital-
acquired/ventilator-associated bacterial pneumonia,
complicated urinary tract infection, and complicated
intra-abdominal infection in adults.8–10 Recent
surveillance studies of intra-abdominal, urinary tract,
and lower respiratory tract infections that together
comprise adult and pediatric isolates from more than
50 countries have shown that imipenem/relebactam
susceptibility rates were >90% among P. aeruginosa
isolates, including approximately 70%-80% for
multidrug-resistant P. aeruginosa isolates, and >97%
for Enterobacterales isolates, including >96% for
carbapenemase-producing Klebsiella pneumoniae
isolates.11–13 The favorable safety profile and efficacy
observed in these phase 3 clinical trials in adults support
the continued clinical investigation of imipenem/
cilastatin/relebactam in children. When co-
administered, both imipenem and relebactam exhibit
a dose-proportional pharmacokinetic (PK) profile
similar to the PK profile of each individual agent.
Imipenem, cilastatin, and relebactam are renally
excreted and population PK modeling analysis found
that dose adjustment is necessary for children with
moderate-to-severe renal impairment.9,14,15

The published literature on prospective studies
describing the PK and safety of antibacterial agents
appropriate for treating multidrug-resistant gram-
negative bacterial infections is sparse in neonatal and
pediatric populations. Several age-dependent factors,
including renal function maturation during infancy
and early childhood, can impact PK, resulting in
age-dependent differences in antibiotic exposure at
sites of infection, which can affect outcomes.16 There-
fore, the objective of this study was to evaluate the
PK, safety, and tolerability of a single dose of in-
travenous imipenem/cilastatin/relebactam and to de-
termine the appropriate dose in neonates, infants,
and children based on PK/pharmacodynamic (PD)
principles.

Methods
Institutional Review Board (IRB)
All children had a legally acceptable representative or
parent(s) who provided documented informed consent
for the clinical trial. Assent was obtained from minors
in accordance with institutional practices. The study
was conducted in accordance with the principles of
Good Clinical Practice and was approved by the ap-
propriate IRBs and regulatory agencies. The names and

locations of the study sites and IRB committees are
presented in Table S1.

Study Design
This was a phase 1b, open-label, noncomparative,
single-dose study (ClinicalTrials.gov identifier,
NCT03230916; protocol MK-7655A-020) in children
from birth to <18 years of age with confirmed or
suspected gram-negative bacterial infection, and
was conducted at 21 centers in 8 countries between
November 2017 and August 2020. The study was
conducted in 2 parts beginning with the parallel
enrollment of children from 2 to <18 years of age,
followed by the parallel enrollment of children from
birth to <2 years of age. In this study, each child
was monitored for up to 18 days, which included
a screening phase of up to 2 days before receiving
a single dose of imipenem/cilastatin/relebactam
and then a follow-up period of 14 (+2) days. This
study was part of a pediatric investigation plan for
imipenem/cilastatin/relebactam.

Children Included in the Study
Eligible children were males and females from
birth (≥37 weeks postmenstrual age [gestational
age + chronological age at screening]) to <18 years of
age receiving standard-of-care antibacterial therapy
(following the investigator’s discretion) for confirmed
or suspected gram-negative bacterial infections.
Hospitalized children receiving antibacterial treatment
at the time of randomization, or who had recently
completed antibacterial treatment for confirmed or
suspected gram-negative bacterial infections within
48 hours of study drug administration, and were
expected to require ≥24 hours of hospitalization
after completion of study drug administration, were
eligible for inclusion in this single-dose PK study.
Stable renal function, evaluated by estimated creatinine
clearance (minimum creatinine clearance ranged from
≥20mL/min/1.73m2 for children frombirth to<1week
of age to ≥80 mL/min for children of 12 to <18 years
of age), was also one of the eligibility requirements. For
the 12 to <18 years age group, creatinine clearance was
calculated based on the Cockcroft–Gault equation17;
for all other age cohorts, creatinine clearance was
calculated based on the modified Schwartz equation,18

with a different k-proportionality constant used for
neonates.19

Exclusion Criteria
Children were excluded from the study if any of the fol-
lowing criteria were met: history of hypersensitivity to
imipenem or to any carbapenem, cephalosporin, peni-
cillin, or other β-lactam agent; receipt of carbapenem
at any time from ≤48 hours before study drug initiation
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Bradley et al 3

Figure 1. Study design. aThe original dose for children <2 years of age was determined based on an interim review of PK and safety data from
children ≥2 years of age. PD, pharmacodynamic; PK, pharmacokinetic.

through the last PK sample collection; use or planned
use of organic anion transporter 1 or organic anion
transporter 3 inhibitors, angiotensin receptor blockers,
or ketorolac at any time between 1 week before study
drug initiation through the last PK sample collection;
an expected survival of <72 hours after completion of
study drug regime; or history of clinically significant
renal, hepatic, or hemodynamic instability.

Treatment and Dose Evaluation
Children were stratified and dosed by age and weight
(Figure 1). The original dose of imipenem/cilastatin
was 15 mg/kg for children who were 2 to <18 years
of age, consistent with the lowest dose recom-
mended on the imipenem/cilastatin label. The orig-
inal dose of relebactam was 7.5 mg/kg based on
the 2:1 ratio of imipenem/cilastatin:relebactam that
is recommended for adults. The original dose for
imipenem/cilastatin/relebactam in children from birth
to <2 years of age was based on the interim review
of PK and safety data of the children who were 2 to
<18 years of age. Dose modification for each cohort
occurred after an interim review of PK and safety data
associated with the original dose, based on the first half
of the enrolled children, in order to achieve the PD
targets with exposures that were considered safe, based
on exposure and safety data.

The following parameters were assessed during the
interim review to adjust doses in children enrolled
subsequently:

• Whether simulated population PK parameters for
each age cohort approached the following target
values:
o ≥30% of the dosing interval with unbound

plasma concentrations that exceeded the mini-
mum inhibitory concentration time (%fT>MIC,
within a proposed dosing interval) for single-dose
imipenem (area under the plasma concentration–
time curve from time 0 extrapolated to infinity

[AUC0–∞] ≤74.8 mcg·h/mL), established as effica-
cious and well tolerated in adults9,15,20,21;

o Single-dose relebactam exposure with
AUC0–∞ ≥13.1 mcg·h/mL (and ≤69.7 mcg·h/mL),
established as well tolerated in adults9,14,15;

• Acceptable safety profile, including review of any
life-threatening toxicities (as defined in the study
protocol) considered by the investigator to be related
to study treatment.

Assessments
For each child, PK parameters were assessed for
6-12 hours after a single intravenous dose of
imipenem/cilastatin/relebactam and safety parameters
were assessed for up to 24 hours; a follow-up in-person
visit/telephone call to evaluate safety was conducted at
14 (+2) days after infusion. A total of 4 blood samples
were obtained from each child for the PK analysis.
The PK sample collection methodology (peripherally
inserted central catheter line, indwelling catheter
access, individual peripheral phlebotomies, arterial
line; heel stick for neonates and young infants) was
at the discretion of the investigators. All PK samples
were drawn within the specified time window and all
sampling times were documented (Table 1).

As previously described, plasma concentrations of
imipenem, cilastatin, and relebactam were determined
using a validated high-performance liquid chromato-
graphic tandem mass spectrometric method (Q2 Solu-
tions, Ithaca, NY, USA).14 The analytical range was
0.25 to 100 mcg/mL. The imipenem and relebactam
PK data were used to develop a pediatric population
PK model, which was used to perform simulations to
derive exposure-appropriate pediatric doses. Popula-
tion PK model-based PK exposures were determined
for imipenem and relebactam. Specifically, leverag-
ing a Bayesian framework and using population PK
parameters from adults and respective covariate rela-
tionships as prior distributions, a PK model compris-
ing both imipenem and relebactam components was
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Table 1. Sparse PK Sampling Schedule

12 to <18 years
(n = 7)

6 to <12 years
(n = 6)

2 to <6 years
(n = 6)

3 months to <2 years
(n = 8)

Birth to <3 months
(n = 19)

PK sampling schedule
First sample Pre-dose Pre-dose Pre-dose Pre-dose Pre-dose
Second sample Within 5 minutesa Within 5 minutesa Within 5 minutesa Within 10 minutesa Within 10 minutesa

Third sample 1.5 to 2.5 hoursb 1.5 to 2.5 hoursb 1.5 to 2.5 hoursb 1.5 to 2.5 hoursb 2 to 5 hoursb

Fourth sample 4.5 to 6 hoursb 4.5 to 6 hoursb 4.5 to 6 hoursb 4.5 to 6 hoursb 6 to 12 hoursb

PK, pharmacokinetic.
a
After the end of study drug infusion.

b
After the start of study drug infusion.

developed for a pediatric population.22,23 For fixed-
effect parameters, a multivariate normal prior distri-
bution was used. For both inter-individual variability
and residual variability parameters, an inverse Wishart
prior distributionwas used. The differences in clearance
and volumes from the adult population across pediatric
cohorts were described via allometric scaling. A stan-
dard allometric exponent of 0.75 was added to body
weight on clearance and intercompartmental clearance,
whereas an allometric exponent of 1 was added to body
weight on central volume (V1) and peripheral volume,
respectively. This methodology has been comprehen-
sively described previously.23 Virtual pediatric popula-
tions were created using National Health andNutrition
Examination Survey data from 2011 to 2016,24 and
published serum creatinine distributions,25 comprising
age, gender, weight, height, and serum creatinine mea-
surements. These virtual populations (n = 2000 per
age cohort) were used to run simulations to evaluate
the probability of target attainment for PK/PD tar-
gets (imipenem, %fT>MIC ≥30%; relebactam, AUC
from 0 to 24 hours ≥38.5 μM·h [13.4 mcg·h/mL]) and
safety targets (imipenem, AUC0–∞ ≤216.5 μM·h [64.8
mcg·h/mL], maximum concentration [Cmax] ≤161 μM
[48.2 mcg·h/mL]; relebactam, AUC0–∞ ≤190 μM·h
[66.2 mcg·h/mL], Cmax ≤118 μM [41.1 mcg·h/mL]).
Different dosing regimens, with a maximum imipenem
dose of 500 mg and a maximum relebactam dose of
250 mg, were evaluated to select a dosing regimen for
each age cohort for which the predefined targets were
jointly achieved with at least 90% probability of target
attainment. Noncompartmental analysis (NCA) was
used to summarize the cilastatin PK profile. The PK
parameters were calculated using Phoenix WinNon-
lin 6.3.0.395 (Certara, Princeton, NJ, USA). PK/PD
targets were 30% fT>MIC for imipenem and free AUC
normalized to MIC (at 2 mcg/mL) of ≥8.0 (equivalent
to AUC0–∞ ≥20.52 mcg·h/mL) for relebactam, which
is associated with a 2-log kill in preclinical models;
the relebactam concentration is fixed because it does
not have intrinsic antibacterial activity. This has been
previously described.15,20,23,26–28

PK End Points
The primary end points were: Cmax and %fT>MIC for
imipenem; Cmax and AUC from 0 to 6 hours (AUC0–6h)
for relebactam; and AUC0–6h, AUC from dosing to the
time of the last measured concentration (AUClast), and
Cmax for cilastatin. The primary PK/PD analysis for the
primary end points were based on the population of
children who had at least 1 post-dose PK data point
available.

Safety End Points
The secondary end points included adverse events
(AEs) and events of clinical interest.

Statistical Analyses
Data were evaluated with summary statistics; no formal
hypothesis testing was planned or performed. The
type and incidence of all AEs and serious AEs were
tabulated by age and dose level.

The minimum enrollment target was 44 children.
The enrollment targets for each age cohort were as
follows: 12 to <18 years of age (n ≥ 6); 6 to <12 years
of age (n ≥ 6); 2 to <6 years of age (n ≥ 6); 3 months
to <2 years of age (n ≥ 8, with ≥4 who were <1 year of
age); 4weeks to<3months of age (n≥ 6); 1 to<4weeks
of age (n≥ 6); and<1week of age (n≥ 6). These sample
sizes were primarily based on empirical considerations
and the feasibility of meeting the study objectives and
regulatory requirements. A simulation-based method-
ology was implemented to determine the appropriate
sample size for each pediatric age cohort that would
have ≥80% probability to achieve reasonable precision,
defined as a 95% confidence interval within 60% to
140% of the population mean (approximately = 20%
relative standard error), in the model-based estimation
of primary PK parameters for both imipenem and
relebactam in each pediatric age cohort.

Pharmacokinetic Methods. The imipenem and relebac-
tam data were used to develop a pediatric population
PK model, which was used to perform simulations
to derive suitable pediatric doses. For imipenem
and relebactam, the analysis was performed using
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Table 2. Baseline Characteristics and Demographics, All Randomized Children

Characteristic
12 to <18 years

(n = 7)
6 to <12 years

(n = 6)
2 to <6 years

(n = 6)
3 months to <2 years

(n = 8)
Birth to <3 months

(n = 20)a

Sex, n (%)
Female 5 (71.4) 5 (83.3) 4 (66.7) 6 (75.0) 8 (40.0)

Weight (kg)
Mean (SD) 48.8 (4.1) 34.4 (11.7) 15.4 (2.2) 8.6 (1.9) 4.0 (1.1)b

Median (range) 48.9 (43-55) 33.5 (19-53) 15.4 (12-19) 8.1 (7-12) 3.8 (3-7)b

Estimated CrClc

Mean (SD) 123.7 (20.5) 167.2 (44.2) 211.1 (85.2) 174.9 (91.7) 79.6 (35.5)d

Median (range) 127.8 (83-144) 154.9 (122-246) 218.0 (103-143) 167.7 (53-312) 76.8 (36-149)
Infection type, n
UTI 3 1 1 5 6
Pneumonia 2 4 2 1 3
Othere 2 1 1 1 2
Neutropenic sepsis 0 0 2 0 0
IAI 0 0 0 1 0
Sepsis 0 0 0 0 8

CrCl, creatinine clearance; IAI, intra-abdominal infection; SD, standard deviation; UTI, urinary tract infection.
a
Only 19 children in this cohort were treated; 1 child did not receive treatment owing to withdrawal of consent by parent/guardian.

b
n = 19.

c
For the 12 to <18 years of age group, the units for CrCl are mL/min, as calculated based on the Cockcroft–Gault equation; for all other age cohorts, the units
for CrCl are mL/min/1.73 m2, as calculated based on the modified Schwartz equation.
d
n = 18.

e
Infection caused by gram-negative bacteria with no additional infection type information provided on the case report form.

nonlinear mixed-effects modeling (NONMEM 7.2;
ICON, Dublin, Ireland). The cilastatin data were used
to summarize the PK profile based on NCA. For
cilastatin, noncompartmental-based PK parameters
were derived using Phoenix WinNonlin 6.3.0.395.

The AUC0–∞, Cmax, the unbound plasma concen-
tration exceeding the MIC (imipenem only), systemic
clearance (CL), and central volume of distribution were
the model-based and derived PK parameters calculated
for unbound relebactam and/or imipenem. AUC0–∞,
Cmax, concentration at end of infusion (Ceoi), half-
life, CL, and volume of distribution were the NCA
parameters calculated for cilastatin.

Noncompartmental Analysis. Cilastatin concentra-
tions and actual blood sampling times relative to the
time of dose were used to determine PK parameters
for each child. All values less than the lower limit
of quantitation were replaced by zero, both for the
calculation of the PK parameters and the summary
statistics of the concentrations.

The protocol-scheduled second PK time point was
reported as the Ceoi sample. Owing to the very limited
sparse sampling schedule per child, 1 pre-dose sample
and 3 post-dose samples (including Cmax), the rate
constant associated with terminal elimination phase
for concentration data (λz) was not calculated. As a
result, the PK parameters depending on λz were also
not calculated (including AUC0–∞, CL, and V1). All
AUC parameters were calculated using the linear trape-
zoidal method for ascending concentrations and the

log trapezoidal method for descending concentrations
(linear up/log down). Other NCA PK parameters for
cilastatin included Ceoi or Cmax, AUC0–6h, AUClast, the
last measured plasma drug concentration (Cplast), and
time of last measurable concentration (Tlast).

Results
Enrolled Children
A total of 51 children were screened, 47 were allocated,
and 46 received the studymedication and completed the
study. One child did not receive the study medication
because of a withdrawal of consent. Of the 47 allocated
children, 46 were included in the safety population and
42 were included in the per-protocol population for the
PK analysis. Among children who received the study
medication, all completed the study according to the
protocol. Demographics and baseline characteristics of
children enrolled in the study are summarized by age
cohort in Table 2. The majority of the children were
female (28/47, 60%). The mean (standard deviation)
and median (range) creatinine clearance in the group
from birth to <3 months were lower compared with the
other age cohorts, as expected for this age group. The
most common infection types at baseline were urinary
tract infection (16/47, 34%), pneumonia (12/47, 26%),
and sepsis (8/47, 17%), confirmed or suspected to be
caused by gram-negative bacteria.

PK Parameters
Forty-two children were included in the PK analysis
with 4 excluded for protocol deviations, where the

 15524604, 0, D
ow

nloaded from
 https://accp1.onlinelibrary.w

iley.com
/doi/10.1002/jcph.2334 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [30/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 The Journal of Clinical Pharmacology / Vol 0 No 0 2023

(a)

(b)

(c)

Figure 2. Arithmetic mean (SD) plasma concentration–time profile for imipenem (a), relebactam (b), and cilastatin (c) after the administration of a
single IV dose of imipenem/cilastatin/relebactam.Concentrations for this figure are expressed as μM; to convert to mcg·h/mL,multiply by 0.34848 for
relebactam and 0.29937 for imipenem. aThe nominal time after the first dose represents a protocol-defined range of time for each time point; the first
post-dose time point was 0.6 hours in the 12 to <18 years of age group, and was 1.1 hours for all other groups. IV, intravenous; SD, standard deviation.

duration of study drug infusion differed from that spec-
ified in the protocol. The mean plasma concentration–
time profiles for imipenem, cilastatin, and relebactam
were generally comparable across age cohorts, as seen
in Figure 2. At the modified study doses (determined
after interim review, as shown in Figure 1), both

imipenem and relebactam exceeded protocol-defined
efficacy PK/PD targets in all age cohorts. At the mod-
ified doses for all age cohorts, the geometric means for
imipenem %fT>MIC and Cmax ranged from 56.5% to
93.7% and from 32.2 to 38.2 mcg/mL, respectively, and
the geometric means for relebactam Cmax, AUC0–6h,
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Bradley et al 7

and AUC0–∞ ranged from 16.9 to 21.3 mcg/mL, from
26.1 to 55.3mcg·h/mL, and from 27.9 to 76.9mcg·h/mL
(Table 3). The exposures for imipenem and relebactam
associated with the modified doses exceeded the prede-
fined PK/PD targets for both agents. For cilastatin, at
the modified doses for all age cohorts, the geometric
means for Cmax and AUClast ranged from 31.15 to
38.35 mcg/mL and from 32.66 to 122.59 mcg·h/mL
(Table 3). Clearance was generally comparable in both
imipenem and relebactam across all ages, after account-
ing for weight.

Safety
A single dose of imipenem/cilastatin/relebactam was
generally well tolerated in children from birth to
<18 years of age. Overall, 8/46 (17%) children reported
at least 1 AE and 2/46 (4%) children reported AEs
that were deemed drug related by the investigator
(Table 4). No AEs were reported among children from
6 to <12 years of age. There were no serious AEs,
discontinuations due toAEs, protocol-defined events of
clinical interest, or deaths.

The most commonly reported AEs included anemia
(3/46, 7%) and diarrhea (3/46, 7%). Other AEs in-
cluded decreased neutrophil count (1/46, 2%), increased
alanine aminotransferase (1/46, 2%), increased aspar-
tate aminotransferase (1/46, 2%), miliaria (1/46, 2%),
nasopharyngitis (1/46, 2%), and thrombocytosis (1/46,
2%). Drug-related AEs, as assessed by investigators,
occurred in 2 children, and included increased aspartate
aminotransferase (1/46, 2%), increased alanine amino-
transferase (1/46, 2%), and anemia (1/46, 2%) in 1 child
in the 12 to <18 years of age group, and diarrhea
(1/46, 2%) in 1 child in the 2 to <6 years of age group;
none were serious and all were mild in severity, with a
duration of 5 days.

Discussion
This phase 1b, open-label, noncomparative, single-
dose clinical trial was the first to evaluate the PK
profile, safety, and tolerability of imipenem/cilastatin/
relebactam in children, including neonates. Generally,
the concentration–time profiles of imipenem, cilastatin,
and relebactam were comparable across all age cohorts,
from birth to adolescence. In the youngest age cohorts
(birth to <3 months of age, 3 months to <2 years
of age), the original dose of 10/5 mg/kg imipenem/
cilastatin/relebactam did not produce the relebactam
exposures reliably associated with microbiologic and
clinical efficacy; therefore, after the interim analysis,
the dose was increased to 15/7.5 mg/kg imipenem/
cilastatin/relebactam in these cohorts. After this dose
increase, the %fT>MIC, AUC0–6h, and AUClast values
for imipenem, cilastatin, and relebactam were higher in

children from birth to <3 months of age than in other
age cohorts. This may be a result of the reduced clear-
ance observed in the youngest cohort, consistent with
the existing knowledge of renal function, which tends
to be lower during the first months of life, with renal
maturation occurring through infancy until 2 years of
age. The clearance of renally excreted drugs, including
those governed by glomerular filtration and/or tubular
secretion, such as imipenem, cilastatin, and relebactam,
increase with increasing gestational age, chronological
age, and body weight.9,14–16,29 This study was designed
to reduce the potential impact of age-related differences
in drug clearance on exposure, with individual dosing
by age cohort and weight, and the potential for dose
modifications after interim reviews, as well as a 2-part
design that used the interim reviews from the 3 oldest
age cohorts to inform dose selection for the 2 youngest
age cohorts. Overall, for imipenem and relebactam,
clearance normalized to body weight was comparable
between age cohorts.

Imipenem, cilastatin, and relebactam exhibited dose-
proportional PK and imipenem and relebactam
exceeded protocol-defined efficacy PK/PD targets
across all age cohorts at the full study doses. Although
the %fT>MIC values were higher with the 60-
minute infusion versus the 30-minute infusion of
the 15/7.5 mg/kg dose in the 2 to <6 and 6 to
<12 years cohorts, the %fT>MIC values with the
30-minute infusion exceeded the target. Relebactam
has no intrinsic antibacterial activity, but rather acts
to overcome the loss of carbapenem susceptibility
arising from β-lactamase activity and limits the risk of
underexposure to imipenem.30,31 Relebactam inhibits
β-lactamase activity and thereby protects hydrolysis
of imipenem.32,33 For relebactam, the PD metric best
correlated with outcome in murine PD studies is the
ratio between AUC and threshold MIC exposure,34

which was easily achieved with doses of relebactam
used in children in this study.

Notably, the PK/PD targets used in this study are
well established, conservative, and consistent with the
targets recently used in probability of target attainment
analyses performed in adults.9,15,26,27,34,35

Overall, a single dose of imipenem/cilastatin/
relebactam was well tolerated in these children. In
total, 2 children had 4 AEs categorized as drug related
by the investigator. Drug-related AEs reported in
the study were increased alanine aminotransferase,
increased aspartate aminotransferase, anemia, and
diarrhea, as assessed by the investigators. Imipenem/
cilastatin/relebactam has a well-established safety
profile in adults, and these data will enhance the
understanding of the safety and tolerability profile
of imipenem/cilastatin/relebactam in the pediatric
population.8,10
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Table 4. AE Summary During IV Therapy and 14-Day Follow-Up Period, Safety Population

12 to
<18 years

6 to
<12 years

2 to
<6 years

3 months to
<2 years

4 weeks to
<3 months 1 to <4 weeks <1 week Total

(n = 7) (n = 6) (n = 6) (n = 4) (n = 4) (n = 5) (n = 2) (n = 3) (n = 3) (n = 2) (n = 4) (N = 46)

Imipenem/cilastatin/
relebactam dose (mg/kg)

— 15/7.5 — 10/5 15/7.5 10/5 15/7.5 10/5 15/7.5 10/5 15/7.5 —

Children with, n (%)
≥1 AE 1 (14.3) 0 3 (50.0) 1 (25.0) 2 (50.0) 1 (20.0) 0 0 0 0 0 8 (17.4)
Drug-related AEa 1 (14.3) 0 1 (16.7) 0 0 0 0 0 0 0 0 2 (4.3)
SAE 0 0 0 0 0 0 0 0 0 0 0 0
Death 0 0 0 0 0 0 0 0 0 0 0 0
Discontinued drug because
of an AE

0 0 0 0 0 0 0 0 0 0 0 0

The original dose for the 12 to <18 years age group was 15/7.5 mg/kg before interim review; all children received the full adult dose of 500/250 mg
imipenem/cilastatin/relebactam based on their weight. Therefore, the dose was modified to 500/250 mg after the interim review. AE, adverse event; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; IV, intravenous; SAE, serious adverse event.
a
Determined by the investigator to be related to the study drug (increased ALT/AST and anemia in 1 child of 14 years of age; and diarrhea in 1 child of 4 years
of age).

A strength of this study is that it enrolled very young
children (6 children were <1 week of age; 6 children
were 1 to <4 weeks of age). Therefore, the data from
this study will info appropriate dose selection and the
evaluation of imipenem/cilastatin/relebactam safety in
neonates/infants through to adolescents. However, the
study did not include preterm infants, which limits its
applicability to the preterm population; future inves-
tigation of imipenem/cilastatin/relebactam in prema-
ture infants is warranted. Another limitation was the
small sample size, resulting in as few as 6 children
being enrolled in several age cohorts included in the
PK population. However, it is well recognized that
enrollment in pediatric PK studies has unique scientific,
regulatory, and ethical challenges.36 The use of PK
NCAmethods as presented in this study has limitations,
as sparse PK sampling was conducted in all cohorts.
Nonetheless, the data collected in this study provide
information that can be used in future population PK
analyses.

Conclusions
This single-dose study demonstrated that imipenem,
cilastatin, and relebactam each have a generally sim-
ilar drug exposure profile at the modified doses
studied across age cohorts. Imipenem and relebac-
tam exceeded protocol-defined PK/PD targets at the
age- and weight-adjusted modified doses adminis-
tered. Imipenem/cilastatin/relebactam may be an im-
portant treatment option for children with serious
infections caused by imipenem/cilastatin/relebactam-
susceptible strains of gram-negative bacteria resis-
tant to other antibacterial drugs, and these results
support further clinical evaluation in targeted pedi-
atric populations with complicated urinary tract in-

fections, complicated intra-abdominal infections, and
hospital-acquired/ventilator-associated bacterial pneu-
monia. These model-informed results have already
enabled imipenem/cilastatin/relebactam dose selection
for ongoing pediatric clinical evaluation of safety and
efficacy in these infections (ClinicalTrials.gov identifier,
NCT03969901).
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