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ABSTRACT

Introduction: CARE was a Phase 3, randomized
study evaluating the efficacy and safety of pla-
zomicin-based combination therapy compared
with colistin-based combination therapy for the
treatment of patients with bloodstream infec-
tions or hospital-acquired/ventilator-associated
pneumonia due to carbapenem-resistant Enter-
obacteriaceae (CRE). Adjunctive therapies
included either tigecycline or meropenem. We
sought to understand the contribution of tige-
cycline and meropenem to plazomicin-treated-
patient outcomes by determining their
observed pharmacodynamic exposures against
baseline pathogens.

Methods: Blood samples collected for pla-
zomicin therapeutic monitoring were assayed
for tigecycline and meropenem concentrations.
Population pharmacokinetic models were con-
structed for each antibiotic. Using the individ-
ual Bayesian posterior or a covariate-based
model, concentration time profiles were simu-
lated to estimate the pharmacodynamic expo-
sures for each patient. Pharmacodynamic
thresholds for plazomicin, tigecycline, and
meropenem were a total area under the curve to
minimum inhibitory concentration ratio (AUC/
MIC) C 85, free (f) AUC/MIC C 0.9, and free
time above the MIC (fT[MIC) of C 40%,
respectively.
Results: Fifteen plazomicin-treated patients
were included (12 received tigecycline, 4
received meropenem, 1 received both). Micro-
biological response was observed in 13 (86.7%)
and clinical efficacy was achieved in 11 (73.3%).
Plazomicin achieved its pharmacodynamic tar-
get in all 15 patients. Meropenem fT[MIC was
0% in all 4 patients, and tigecycline fAUC/MIC
was C 0.9 in 9 (75%) patients. Overall, 6 (40%)
of 15 patients had a tigecycline or meropenem
exposure below the requisite thresholds.
Microbiological response and clinical efficacy
were observed in 100% (6/6) and 83.3% (5/6) of
patients with low threshold attainment by
tigecycline and meropenem dosing regimens,
respectively.
Conclusions: Plazomicin successfully achieved
its requisite pharmacodynamic exposure, and
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these data suggest that optimization of tigecy-
cline and meropenem therapy was not required
for the combination to achieve microbiological
response and clinical efficacy against serious
CRE infections.
Trial Registration: ClinicalTrials.gov number,
NCT01970371.
Funding: Achaogen, Inc.

Keywords: Aminoglycoside; Carbapenem; Gly-
cylcycline; Pharmacodynamics; Pharmacokin-
etics

INTRODUCTION

Dissemination of carbapenem resistance has
been observed in Klebsiella pneumoniae and
Escherichia coli, as well as other Enterobacteri-
aceae [1, 2]. Among carbapenem-resistant
Enterbacteriaceae (CRE), b-lactam resistance is
chiefly due to the K. pneumoniae carbapenemase
(KPC) enzyme, which has spread across the
globe since the first isolation of the blaKPC gene
from a patient in 2001 [1]. Notably, pathogens
carrying these enzymes are frequently resistant
to other antimicrobial classes, including
aminoglycosides and fluoroquinolones [3].
Aminoglycoside resistance in CRE can be due to
a combination of impaired membrane perme-
ability, efflux pumps, ribosomal alterations
(e.g., 16s rRNA methyltransferase), or expres-
sion of aminoglycoside-modifying enzymes
(AMEs), the latter of which are the most
important cause of aminoglycoside resistance in
Enterobacteriaceae [4].

Plazomicin is a next generation, semi-syn-
thetic aminoglycoside that was recently
approved in the US for the treatment of com-
plicated urinary tract infections and
pyelonephritis; it has also been studied for the
treatment of bloodstream infections (BSI)
caused by CRE [5]. The addition of side-chain
substituents at targeted areas prevents most
AMEs from inactivating plazomicin [5–7]. Study
ACHN-490-007 (Combating Antibiotic-Resis-
tant Enterobacteriaceae or CARE) was a Phase 3,
randomized, open-label study evaluating the
efficacy and safety of plazomicin compared with
colistin for the treatment of patients with BSI

and hospital-acquired/ventilator-associated
bacterial pneumonia (HABP/VABP) due to CRE.
Combination therapy with either tigecycline or
meropenem, at the investigator’s discretion,
was required in both study arms. The primary
end point was a composite of death from any
cause at 28 days or clinically significant disease-
related complications (SDRC). Patients ran-
domized to combination therapy with pla-
zomicin experienced an absolute reduction in
the primary endpoint of 26% (95% confidence
interval - 55 to 6), and fewer deaths were
observed at days 14–60 compared with the col-
istin-based regimen [8].

The achievement of optimal pharmacody-
namic exposure is primarily responsible for an
antibiotic’s effectiveness in seriously ill patients
with infection [9]. During the CARE Study,
plazomicin was empirically administered at
15 mg/kg once daily or at an adjusted dosing
regimen based on estimated creatinine clear-
ance (CrCL) or type of renal replacement ther-
apy. Subsequent dosing was determined based
on therapeutic drug monitoring (TDM) to
ensure plazomicin exposures were achieved
within a pre-specified total drug area under the
curve (AUC0–24h) range of 210–315 mg h/L.

To better understand the effects of pla-
zomicin in the context of using combination
therapy, the pharmacodynamic exposure
attainment of tigecycline and meropenem are
also needed. We used remnant plasma collected
for plazomicin TDM to determine concentra-
tions of tigecycline or meropenem for pharma-
cokinetic and pharmacodynamic analyses. The
purpose of the this study was to determine
patient response to plazomicin treatment in the
CARE study, while taking pharmacodynamic
exposure attainment of tigecycline or mer-
openem into consideration.

METHODS

Study Design

This was a retrospective analysis of patient data
collected during the ACHN-490-007 Study, here
referred to as the CARE Study (ClinicalTrials.gov
number, NCT01970371) [8]. This post hoc
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analysis was reviewed and approved by the
Hartford Hospital Institutional Review Board.
Informed consent was waived because all
patient data were available and collected for the
purposes of the CARE Study, and patient par-
ticipants had already signed informed consent
for data use.

Patients and Antibiotic Dosing

These analyses included 18 patients enrolled in
Cohort 1 of the CARE Study who were ran-
domized to receive plazomicin in combination
with either tigecycline or meropenem. Patients
were excluded if they did not meet study pro-
tocol criteria for the primary efficacy analysis
population or if they did not receive at least
2 days of plazomicin therapy. During the trial,
meropenem dosing regimens were recom-
mended to be 2000 mg q8 h with each dose
administered as a 3-h infusion. Local protocols
could be used to dose adjust for renal insuffi-
ciency. Higher tigecycline doses were also sug-
gested, i.e., 200 mg loading dose, followed by
100 mg q12 h; however, the standard dose
(50 mg q12 h) was permissible if it was the
standard of care locally.

Tigecycline and Meropenem
Concentrations

Cohort 1 patients under the original protocol
had blood samples collected in K2EDTA for
determination of plazomicin concentration on
day 1 and end of therapy at 6 time points, day 7
at 2 time points, and possibly on unscheduled
TDM days at 2 time points following the pla-
zomicin dose. After a protocol amendment,
patients had blood samples collected for deter-
mination of plazomicin concentration on days
1 and 4 at 3 time points, day 8 at 2 time points,
and possibly on unscheduled TDM days at 2
time points following the plazomicin dose.
These samples were stored at - 80 �C after
determination of plazomicin concentrations.
Remnant plasma from these samples was
thawed and tested for tigecycline or mer-
openem concentration by Alturas Analytics
(Moscow, ID, USA) using validated high-

performance liquid chromatography with tan-
dem mass spectrometry assay. Details of the
assay can be found in the Supplementary Data.
The mean % coefficient of variation (CV) and %
bias across all quality control levels for tigecy-
cline were within 9.9% and 6.4%, respectively.
The mean % CV and % bias for quality controls
for meropenem were within 7.6% and 10.7%,
respectively.

Data Collection and Definitions

Additional data collected included: time of
sample collection, start of infusion and end of
infusion times of all tigecycline or meropenem
doses administered prior to the collected sam-
ples, doses received, list of prior and concomi-
tant medications, plazomicin AUC0–24h on day
1 of therapy [10], the plazomicin, tigecycline or
meropenem MIC of the baseline CRE pathogen,
age, gender, height, weight, daily serum crea-
tinine, daily creatinine clearance, source of
infection, all-cause mortality and presence of
SDRC at day 28, and microbiological response.
The primary efficacy endpoint was defined as
clinical cure if the patient was alive at day 28
and had no SDRC as defined by the protocol.
Failure was defined as death at day 28, presence
of a SDRC, or both. Microbiological response
was defined at test of cure (7 ± 2 days after end
of therapy); eradication or persistence was
defined as absence or presence, respectively, of
the CRE on follow-up cultures at test of cure.
Presumed eradication or presumed persistence
was defined based on clinical response in the
absence of culture data.

Pharmacokinetics

Population pharmacokinetic models were
developed for tigecycline and meropenem using
the non-parametric adaptive grid (NPAG) pro-
gram in Pmetrics for R (Laboratory of Applied
Pharmacokinetics and Bioinformatics, Los
Angeles, CA, USA) [11]. Visual inspection of
data and Akaike information criterion were used
to differentiate multiple models. Once con-
verged, the NPAG Bayesian posterior
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pharmacokinetic parameter estimates for each
patient from the CARE Study were extracted.

Tigecycline and Meropenem Exposures

Individual total drug tigecycline and mer-
openem concentration profiles were simulated
at 12-min intervals over the first 96 h of therapy
for each patient based on their Bayesian poste-
rior parameter estimates and the dosages
received during the clinical trial. Tigecycline
total drug concentrations were corrected for
protein binding using a fixed ratio of 0.20 for
the fraction unbound, as previously described
[12]. Meropenem concentrations were corrected
for protein binding by applying a fixed ratio of
0.98 to all resulting concentration values
[13, 14]. For the few patients with no concen-
tration data available, covariate-based popula-
tion models from Rubino et al. (tigecycline) [15]
and Crandon and colleagues (meropenem) [13]
were employed to estimate pharmacokinetic
parameters.

Pharmacodynamic Analyses

For each individual patient receiving tigecy-
cline, the a priori primary pharmacodynamic
endpoint was the frequency of patients who
achieved a fAUC/MIC at steady-state of tigecy-
cline therapy C 0.9, which was associated with
successful clinical response in patients with
hospital-acquired pneumonia [12]. Steady-state
fAUC exposure was calculated by the fraction
unbound multiplied by the 24-h maintenance
dose, divided by total body clearance for the
patient. The MIC of the CRE causative pathogen
was used to define exposure. For patients
receiving meropenem, the fT[MIC was calcu-
lated over a 24-h period for the first day of
meropenem therapy. The a priori primary
pharmacodynamic endpoint was the frequency
of patients who achieved at least 40% fT[MIC
on day 1, which was the exposure required for
approximately a 2 log reduction in colony
forming units in the neutropenic mouse thigh
infection model against Escherichia coli and
Pseudomonas aeruginosa [14]. Day 1 plazomicin
total drug 24-h AUC/MIC exposure for each

patient was calculated from the provided
AUC0–24h. The percent of patients who achieved
a total drug 24-h AUC/MIC C 85 was assessed
for plazomicin; this exposure was associated
with 1 - log10 reduction in the neutropenic
murine thigh infection model against Enter-
obacteriaceae [16].

Statistical Analyses

Descriptive statistics were used to characterize
the percent of patients receiving meropenem or
tigecycline who achieved the pharmacody-
namic threshold and association with microbi-
ological response and the primary efficacy
endpoint. Fisher’s exact test (SigmaPlot v.13;
Systat, San Jose, CA, USA) was used to compare
the proportion of patients who achieved their
tigecycline or meropenem exposure thresholds
with microbiological response and efficacy
endpoints. Attainment of the plazomicin phar-
macodynamic threshold was examined in rela-
tion to the meropenem/tigecycline exposures
achieved.

RESULTS

Patients

Of the 18 plazomicin-treated patients enrolled
in Cohort 1 of the CARE Study, 15 met inclu-
sion/exclusion criteria for this analysis, 1
patient was excluded due to absence of CRE at
baseline, and 2 patients were excluded after
only receiving a single dose of plazomicin due
to documented plazomicin resistance in the
baseline CRE. From these 15 patients, 12 were
treated with tigecycline and 4 were treated with
meropenem; 1 patient received meropenem for
study days 1–4, followed by tigecycline for days
4–14. Three of the 15 patients were excluded
from pharmacokinetic model development
because original signed consent forms did not
permit analysis of remnant plasma samples for
tigecycline or meropenem concentrations.
Therefore, of the 12 tigecycline- and 4 mer-
openem-treated patients, 11 and 2, respectively,
contributed concentration data. The single
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patient who received meropenem and tigecy-
cline contributed concentration data for both
drugs. The remaining patients had tigecycline
or meropenem exposure estimated via covari-
ate-derived models. A list of the 15 patients
included is provided in TabIe 1. Patients were
67 ± 13 years of age (range 33–84 years), and 11
(73%) were male. Causative pathogens, source,
and antibiotic MICs are listed in Table 2. All
CRE were K. pneumoniae except for a single En-
terobacter aerogenes. Median (range) plazomicin,
tigecycline, and meropenem minimum

inhibitory concentration (MIC) for the isolates
were 0.25 mg/L (0.12–0.5), 1 mg/L (0.5–8), and
64 mg/L (4–256), respectively.

Plazomicin, Tigecycline, and Meropenem
Pharmacokinetics

The 12 patients with available concentration
data provided between 2 and 16 samples each,
frequently spread over multiple doses, thus
resulting in 89 samples from 11 patients avail-
able for tigecycline and 14 samples from 2

Table 1 Included patient characteristics and availability of tigecycline or meropenem concentration data from plazomicin
treated patients in cohort 1 of the CARE Study

Patient
number

APACHE
II

Infection type
(source)

Adjunctive
treatment

PK
patienta

Treatment
duration

Baseline CrCL
(mL/min)

ABW
(kg)

Height
(cm)

1 15 BSI (primary) Meropenem No 14 72 70 182

2 18 BSI (primary) Meropenem No 14 62 80 170

3 25 BSI (primary) Tigecycline Yes 11 18c 75 148

4b 23 VAP Meropenem,

tigecycline

Yes 14 150 165 168

5 20 VAP Tigecycline Yes 3 35 90 167

6 20 BSI (primary) Tigecycline Yes 12 74 135 178

7 16 BSI (primary) Tigecycline Yes 15 196 95 185

8 17 BSI (primary) Tigecycline Yes 12 176 65 168

9 23 BSI (primary) Tigecycline Yes 10 39c 75 165

10 19 BSI (primary) Tigecycline Yes 14 19c 70 182

11 19 BSI (catheter) Tigecycline Yes 12 153 100 175

12 19 BSI (primary) Tigecycline Yes 14 87 75 161

15 24 BSI (intra-

abdominal)

Meropenem Yes 13 16 60 174

16 23 VAP Tigecycline Yes 2 30c 90 172

17 31 BSI (intra-

abdominal)

Tigecycline No 12 30 86 154

BSI bloodstream infection, VAP ventilator-associated pneumonia, PK pharmacokinetics (concentrations available for model
construction), CrCL creatinine clearance, ABW actual body weight at baseline
a PK patients included 12 patients who provided concentration data for either tigecycline, meropenem, or both. These
patients were used to construct population pharmacokinetic models. The remaining 3 patients were included in the
pharmacodynamic analyses only ,as their exposure was estimated from covariate-based demographic models
b Patient #4 received meropenem for study days 1–4, followed by tigecycline for study days 4–14
c Four tigecycline patients received renal replacement therapy during the study
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patients available for meropenem pharmacoki-
netic analyses. Raw concentration data are
provided in Table S1 of the supplementary data.
Remnant concentration data initially for the
purpose of plazomicin TDM was sufficient to
determine tigecycline and meropenem concen-
trations. Plazomicin mean ± standard devia-
tion (range) for total drug AUC0–24h on day 1 of
therapy was 263.4 ± 98.7 mg h/L (139.0–444.9)
for the 15 included patients.

Tigecycline concentration data for the 11
patients fitted a two-compartment model. The
observed versus population and individual pre-
dicted concentration plots are displayed in
Fig. 1. Final Bayesian posterior individual esti-
mates for pharmacokinetic parameters are pro-
vided in Table 3. The mean ± standard
deviation values for clearance and volume of
the central compartment were 24.8 ± 7.7 L/h
and 84.9 ± 41.5 L, respectively. The single
tigecycline patient not contributing concentra-
tion data had an AUC0–24h calculated from total

body clearance, which was estimated from the
covariate-based pharmacokinetic model [14].
Mean ± standard deviation (range) tigecycline
fAUC over 24 h at steady-state for all 12 patients
was 1.27 ± 0.55 mg h/L (0.54–2.16). A compar-
ison of model-derived pharmacokinetic param-
eter estimates and AUC exposure versus
covariate-based estimates is provided in
Tables S2 and S3.

Meropenem concentration data for the two
patients fitted a two-compartment model. The
observed versus individual predicted concen-
tration plots for these two patients are displayed
in Fig. 2a, b. While concentration data for
patient 4 (Fig. 2a) achieved a good fit to the
observed data, this was not the case with patient
15 (Fig. 2b), whose predicted concentrations
were significantly lower than observed. There-
fore, covariate-based equations were used to
estimate meropenem pharmacokinetics for
patient 15 and the two remaining meropenem
patients (1 and 2) who had no concentration

Table 2 List of baseline CRE by patient, source, and plazomicin, meropenem, and tigecycline MIC

Patient
number

Baseline pathogen Source of culture Plazomicin
MIC (mg/L)

Meropenem
MIC (mg/L)

Tigecycline
MIC (mg/L)

1 Klebsiella pneumoniae Blood 0.12 64 8

2 Klebsiella pneumoniae Blood 0.12 64 4

3 Klebsiella pneumoniae Blood 0.25 64 0.5

4 Klebsiella pneumoniae Endotracheal aspirate 0.5 128 0.5

5 Klebsiella pneumoniae Endotracheal aspirate 0.5 64 2

6 Klebsiella pneumoniae Blood 0.5 128 1

7 Klebsiella pneumoniae Blood 0.5 128 1

8 Klebsiella pneumoniae Blood 0.25 64 0.5

9 Klebsiella pneumoniae Blood 0.12 4 0.5

10 Klebsiella pneumoniae Blood 0.5 4 1

11 Enterobacter aerogenes Blood 0.25 4 1

12 Klebsiella pneumoniae Blood 0.25 16 1

15 Klebsiella pneumoniae Blood 0.25 256 1

16 Klebsiella pneumoniae Protected-specimen brush 0.25 64 0.5

17 Klebsiella pneumoniae Blood 0.12 4 2

CRE carbapenem-resistant Enterobactericeae, MIC minimum inhibitory concentration
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data available (Table 3). A comparison of model-
derived pharmacokinetic parameter estimates
versus covariate-based estimates is provided in
Table S4.

Pharmacodynamic Analyses

The mean ± standard deviation (range) for
plazomicin total drug AUC/MIC on day 1 was
1297 ± 1132 (278–3708). All 15 patients (100%)
achieved the target plazomicin pharmacody-
namic threshold (Table 4). Steady-state tigecy-
cline fAUC/MIC and day 1 meropenem-free
time above the MIC (fT[MIC) are listed in
Table 4. Nine of 12 (75%) tigecycline treated
patients achieved a fAUC/MIC of at least 0.9.
Due to high MICs against the baseline CRE,
none of the 4 meropenem patients achieved at
least 40% fT[MIC, and none had any con-
centrations above 64 mg/L during the first 24 h
of therapy. The single patient who received
meropenem followed by tigecycline did not
attain meropenem exposure thresholds, but did
obtain the target for tigecycline; this patient
was counted as achieving the pharmacody-
namic exposure target. Therefore, 6 of 15 (40%)
patients in the CARE Study did not achieve the

requisite pharmacodynamic threshold for the
adjunctive antibiotic.

A positive microbiological response was
observed in 13 of the 15 (86.7%) patients, and
the primary clinical efficacy endpoint was cure
in 11 of the 15 (73.3%) patients. There was no
significant relationship between tigecycline or
meropenem achievement of pharmacodynamic
thresholds and microbiological response or
clinical response for the 15 patients (Table 5).
Overall, the microbiological and clinical
response rates did not differ based on whether
the pharmacodynamic target was achieved for
the adjunctive agent. For the 6 patients who
achieved the pharmacodynamic threshold for
only plazomicin and not for the adjunctive
agent, the positive microbiological response
and clinical response rates were 6/6 (100%) and
5/6 (83.3%), respectively.

DISCUSSION

Due to fear of adaptive resistance development,
aminoglycosides have historically been admin-
istered in combination with other antibiotics
for serious Gram-negative infections [17–19].
This unstable resistance is predominantly

Fig. 1 Observed versus (left) population predicted and (right) individual predicted tigecycline concentrations from the final
model
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described in Pseudomonas aeruginosa and can be
largely avoided by dose optimization with high-
dose, extended-interval regimens. Nonetheless,
as an aminoglycoside antibiotic, plazomicin

was studied in combination with either tigecy-
cline or meropenem against CRE BSI and HABP/
VABP in the CARE Study. Microbiological and
clinical outcomes in the patients randomized to

Table 3 Median individual Bayesian posterior parameter estimates for the 11 tigecycline and 1 meropenem patient plus
covariate-based parameter estimates for 1 tigecycline and 3 meropenem patients used to estimate pharmacodynamic
exposure

Antibiotic/patient number Pharmacokinetic parameter estimatesa

CL (L/h) Vc (L) kcp (h21) kpc (h21)

Tigecycline

3 22.3 118.9 5.688 1.883

4 37.0 100.2 1.046 0.375

5 19.0 89.1 1.945 1.269

6 15.0 79.3 2.575 0.299

7 37.0 100.3 1.045 0.376

8 37.0 100.3 1.045 0.375

9 22.5 149.0 3.583 1.986

10 19.5 89.1 4.152 1.268

11 24.2 26.1 7.885 0.110

12 19.4 21.9 4.195 0.490

16 19.2 88.6 3.540 1.262

17b 17.1 N/A N/A N/A

Meropenem

1c 10.2 16.7 0.487 0.647

2c 9.5 16.5 0.487 0.647

4 22.0 40.9 9.95 4.41

15c 6.3 14.3 0.487 0.647

CL clearance, Vc volume of distribution of the central compartment, kcp and kpc intercompartment transfer constants
between central and peripheral compartments and vice versa, respectively, fAUC/MIC free area under the curve to minimum
inhibitory concentration ratio, fT[MIC free time above the minimum inhibitory concentration, N/A not available
a All pharmacokinetic parameter estimates are derived from the Bayesian posterior model fits in Pmetrics, except for
patients 1, 2, 15, and 17 (see footnotes)
b Concentration data not available for this patient. Exposure estimated using a covariate-based model [15], as 24-h
maintenance dose divided by CL, where CL = [(9.6 ? (10.2 9 BSA - 1.73))] ? [(0.0638 9 (CrCL - 100)], where
BSA is body surface area and CrCL is baseline creatinine clearance
c Concentration data not available for two patients (1 and 2), and observed versus predicted concentrations were poorly fit
for patient 15. Exposure estimated using a covariate-based model [13], based on clearance [CL = (0.392 ? 0.003 9

CrCL)], volume of the central compartment [Vc = 0.239 9 adjusted body weight, where adjusted body weight =
IBW ? [0.4 9 (ABW - IBW) or if adjusted body weight is\ 20% above ideal body weight (IBW), then actual body
weight used (ABW)], and median population estimates for kcp and kpc
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receive plazomicin were favorable, with mor-
tality reductions observed over patients receiv-
ing colistin [8]. The contribution of tigecycline
or meropenem to these outcomes has not been
established. Data from a recent murine sepsis
infection model found that monotherapy with
plazomicin at human-simulated concentrations
resulted in survival similar to a combination
that included plazomicin plus tigecycline or
meropenem against CRE [20]. This study sought
to evaluate the pharmacodynamic exposure
attained individually by patients receiving
tigecycline or meropenem in the plazomicin
CARE study.

Plazomicin dosing regimens in the trial
achieved its pharmacodynamic exposure (i.e.,
total drug AUC/MIC C 85) in all critically ill
patients in the study, regardless of hemody-
namic stability or baseline renal function. This
pharmacodynamic threshold was significantly
associated with a 1 - log10 reduction in neu-
tropenic murine thigh infection studies against
Enterobacteriaceae [16]. Day 1 AUC0–24h was
263.4 ± 98.7 mg h/L with an observed range of
139.0–444.9 mg h/L. TDM was conducted to
maintain AUC0–24h exposure between 210 and
315 mg h/L. Four patients obtained initial

AUC0–24h exposure below 210 mg h/L, but, due
to low plazomicin MICs of these CRE, these
patients successfully achieved the pharmaco-
dynamic threshold. All but three patients would
have achieved the requisite pharmacodynamic
threshold on day 1 with MICs up to 2 mg/L.
These observations are supported by Monte
Carlo simulation data demonstrating high
probabilities of target attainment for the
approved dosing regimen at MICs up to 2 mg/L
[16].

Tigecycline was more frequently adminis-
tered in combination with plazomicin com-
pared with meropenem in the CARE Study.
Twelve patients received tigecycline, of which
11 provided concentration data for the popu-
lation pharmacokinetic model. Tigecycline
pharmacokinetics have been previously descri-
bed in critically ill patients [15, 21, 22]. We
observed tigecycline clearance to be 24.8 L/h
with * 30% variation among patients, esti-
mates which were similar to Rubino et al.(19.2
L/h, 40.4% CV) and Borsuk-De Moor et al. (22.1
L/h, 17.3% CV) [15, 22]. Volume of the central
compartment was large and varied between
patients, as also noted in these other studies.
Four patients receiving tigecycline were also

Fig. 2 Observed versus Bayesian posterior individual pre-
dicted concentrations for a patient 4 and b patient 15,
who received meropenem in the CARE Study. While

precision was reasonable for patient 4, individual Bayesian
parameter estimates for patient 15 resulted in predicted
concentrations significantly different from observed

Infect Dis Ther (2019) 8:383–396 391



receiving renal replacement therapy, but this
therapy has not been found to widely affect
tigecycline clearance [22, 23]. It should also be
noted that the single patient without available
concentration data had a clearance of 17.1 L/h
when estimated by the covariate-based model
[15], which was consistent with the other
patients in the cohort (Tables 3, S3).

The pharmacodynamic threshold applied for
tigecycline was a steady-state fAUC/MIC C 0.9,
which was associated with successful clinical
response in patients with hospital-acquired
pneumonia [12]. Although other pharmacody-
namic thresholds have been described for tige-
cycline [24, 25], this threshold is the only one
derived in critically ill patients that most closely

Table 4 Plazomicin, tigecycline, and meropenem pharmacodynamic exposure compared with microbiological and clinical
response

Patient Plazomicin
AUC/MIC
(MIC)a

Adjunct
antibiotic

Tigecycline
fAUC/MIC
(MIC)

Meropenem
fT > MIC
(MIC)

Tigecycline/
meropenem PD
threshold
achievedb

Microbiological
response at
TOC

Clinical
response
at 28 days

1 3333 (0.12) Meropenem N/A 0% (64) No Eradication Cure

2 3708 (0.12) Meropenem N/A 0% (64) No Eradication Cure

3 1048 (0.25) Tigecycline 1.79 (0.5) N/A Yes Eradication Cure

4c 461 (0.5) Tigecycline

and

meropenem

1.08 (0.5) 0% (128) Yes/no Presumed

eradication

Cure

5 476 (0.5) Tigecycline 1.05 (2) N/A Yes Presumed

persistence

Failure

6 836 (0.5) Tigecycline 1.33 (1) N/A Yes Eradication Cure

7 278 (0.5) Tigecycline 0.54 (1) N/A No Eradication Cure

8 733 (0.25) Tigecycline 2.16 (0.5) N/A Yes Eradication Failure

9 3003 (0.12) Tigecycline 1.78 (0.5) N/A Yes Eradication Cure

10 480 (0.5) Tigecycline 1.03 (1) N/A Yes Eradication Cure

11 1027 (0.25) Tigecycline 0.83 (1) N/A No Eradication Cure

12 1022 (0.25) Tigecycline 1.03 (1) N/A Yes Eradication Cure

15 622 (0.25) Meropenem N/A 0% (256) No Eradication Failure

16 583 (0.25) Tigecycline 2.08 (0.5) N/A Yes Presumed

persistence

Failure

17 1844 (0.12) Tigecycline 0.59 (2) N/A No Eradication Cure

N/A not available, MIC minimum inhibitory concentration, AUC/MIC total drug area under the curve/MIC, fAUC/MIC
free area under the curve/MIC, fT[MIC free time above the MIC as a percent of the dosing interval, PD pharmaco-
dynamics, TOC test of cure
a Plazomicin AUC/MIC C 85 on day 1 was defined as the pharmacodynamic target
b fAUC/MIC C 0.9 at steady-state was defined as the pharmacodynamic target for tigecycline. For meropenem, a
threshold C 40% fT[MIC on day 1 was defined as the pharmacodynamic target
c Patient 4 received meropenem for study days 1–4, followed by tigecycline for study days 4–14; this patient is counted as
exposure threshold achieved due to attainment of tigecycline PD target
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resembles the population enrolled in the CARE
Study. Furthermore, this target was generated in
patients who were in part receiving combina-
tion therapy during the original registration
studies for tigecycline. We observed that 9
(75%) of the patients receiving tigecycline
achieved a fAUC/MIC C 0.9. Notably, the 3
patients who did not achieve this threshold
were defined as microbiological responders and
clinical cures, suggesting that plazomicin
exposure or the combination of the two
antibiotics had a substantial role in outcome. As
a sensitivity analysis, we also applied the total
drug AUC/MIC target C 6.96, which was
derived from patients with intra-abdominal
infections [24]; this pharmacodynamic expo-
sure threshold was achieved in only 4 of 12
(33.3%) (data not shown). Eradication or cure
was observed in 7 of the 8 patients with sub-
optimal tigecycline exposure.

Only two meropenem patients provided
concentration data in the CARE Study. Unfor-
tunately, only predicted concentrations for one
were adequately similar to observed to permit
inclusion into the individual patient simula-
tions. For the remaining three meropenem
patients, pharmacokinetic parameters were
estimated from a covariate-based model [13].
Notably, the fitted parameter estimates for
patient 5 resembled the covariate-based

estimates for that patient (Table S4). Nonethe-
less, the meropenem MICs of the baseline CRE
in all patients who received adjunctive mer-
openem were C 64 mg/L. Even with protocol
recommended dosing regimens of 2000 mg
q8 h as 3 h prolonged infusions, none of these
patients achieved any concentration above
64 mg/L at any point during their observed
(n = 2) (Table S1) or simulated (n = 4) concen-
tration time profiles. The pharmacodynamic
threshold for meropenem is 40% fT[MIC [14].
Higher fT[MIC thresholds have been observed
in human studies [26, 27], but applying more
aggressive meropenem targets would not have
resulted in different observations. Among these
four patients who were unable to achieve opti-
mal meropenem fT[MIC, all achieved a posi-
tive microbiological response, and 3 (75%)
achieved a positive clinical response.

Overall, 40% (6/15) of patients receiving
plazomicin in combination with tigecycline or
meropenem did not achieve optimal pharma-
codynamic threshold for the adjunct agent, and
only plazomicin was observed to achieve its
target. Despite this, microbiological response
and the clinical efficacy endpoint of cure were
observed in 100% (6/6) and 83.3% (5/6),
respectively. The one patient who received both
meropenem and tigecycline did not obtain the
meropenem target, but did attain the

Table 5 Summary of microbiological and clinical response versus achievement of tigecycline or meropenem pharmaco-
dynamic threshold exposure

Antibiotic Microbiological response Clinical response

Eradiction Persistance p value Cure Failure P-
value

Tigecycline n = 10 n = 2 n = 9 n = 3

fAUC/MIC C 0.9 7 (70.0) 2 (100) NC 6 (66.6) 3 (100) NC

Meropenem n = 4 n = 0 n = 3 n = 1

fT[MIC C 40% 0 0 NC 0 0 NC

Both antibioticsa n = 13 n = 2 n = 11 n = 4

Achieved PD threshold 7 (53.8) 2 (100) 0.486 6 (54.5) 3 (75.0) 0.604

fAUC/MIC free area under the curve/MIC, fT[MIC free time above the MIC, PD pharmacodynamic, NC not calculated
a Patient 4 received meropenem for study days 1–4, followed by tigecycline for study days 4–14; this patient is counted as
exposure threshold achieved due to attainment of tigecycline PD target
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tigecycline threshold. Although tigecycline was
not administered until day 5 of therapy, we
conservatively defined this patient as having
achieved the requisite pharmacodynamic
exposure.

Some limitations should be noted in this
analysis. First, the number of patients included
in the CARE Study was small and may not have
been large enough to identify differences in
exposure versus response. Second, we classified
plazomicin, tigecycline, and meropenem phar-
macodynamic exposure based on the baseline
MIC for each individual drug. Therefore, no
considerations for additive or synergistic inter-
actions were made. It is possible that despite not
achieving their individual drug pharmacody-
namic thresholds, the addition of plazomicin to
tigecycline or meropenem may lower the MIC
or the pharmacodynamic threshold into an
acceptable range for the aggressive dosing regi-
mens to achieve target attainment. For
instance, plazomicin has demonstrated in vitro
synergy in combination with meropenem
against some CRE; combinations with tigecy-
cline typically show additivity/indifference
[28, 29]. However, the meropenem and tigecy-
cline MIC when combined with plazomicin has
yet to be described. While this consideration
limits the ability to draw conclusions on pla-
zomicin monotherapy, it remains suggestive
that inclusion of plazomicin in the treatment
regimen was essential for the observed efficacy.
Finally, three included patients (one tigecycline
and two meropenem) did not have original
concentration data available for the pharma-
cokinetic analysis, and model fitting for one
additional meropenem patient was not optimal.
As a result, covariate-based models were applied
to estimate pharmacokinetic parameter esti-
mates for these four patients. This was done so
as to include as many patients as possible
among this small dataset. We do not believe
having the actual pharmacokinetic parameter
estimates for the two meropenem patients
would have altered the conclusions given the
high meropenem MICs of the baseline CRE.
Notably, the estimated tigecycline patient was
among one of the patients who did not achieve
their pharmacodynamic exposure. This patient
received a 100-mg loading dose followed by

50 mg q12 h (i.e., standard dosing) and was
infected with a K. pneumoniae with a tigecycline
MIC of 2 mg/L. Obtaining optimal pharmaco-
dynamic exposure at this MIC is challenging
with standard tigecycline dosing regimens [21].

CONCLUSIONS

In summary, we observed pharmacodynamic
exposures to be suboptimal for tigecycline and
meropenem in 40% of patients who partici-
pated in the CARE Study, while plazomicin
achieved its threshold in all 15 patients.
Microbiological response and clinical efficacy
were observed in 100% (6/6) and 83.3% (5/6) of
patients with low threshold attainment by
tigecycline and meropenem dosing regimens,
respectively. Provided plazomicin achieved its
requisite pharmacodynamic exposure, opti-
mization of tigecycline and meropenem ther-
apy was not required for the combination to
achieve microbiological response and clinical
efficacy against serious CRE infections in the
CARE study.
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