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Abstract

Cefiderocol is a siderophore cephalosporin for the treatment of infections caused by gram-negative bacteria including carbapenem-resistant strains.The
aim of this study was to develop an intrapulmonary pharmacokinetic (PK) model of cefiderocol and assess the PK profile in lungs.An intrapulmonary PK
model of cefiderocol was developed using the concentration data in plasma and epithelial lining fluid (ELF) from 7 patients with pneumonia requiring
mechanical ventilation and 20 healthy subjects. Subsequently, the model was applied to assess the ELF exposure of 125 patients with nosocomial
pneumonia. Monte Carlo simulations were performed to calculate the probability of target attainment for the percentage of time for which free ELF
concentrations exceed the minimum inhibitory concentration (MIC) over the dosing interval (%fT>MIC,ELF).The developed model adequately described
ELF concentrations and suggested the delayed distribution in ELF for patients with pneumonia compared to healthy subjects. Lung penetration ratio
of cefiderocol in patients with pneumonia was calculated to be 34%, which was 1.4-fold that in healthy subjects. The estimated %fT>MIC,ELF was
100% in most of patients with nosocomial pneumonia, and no PK/pharmacodynamic relationship with %fT>MIC,ELF was found for microbiological or
clinical outcome. The probability of target attainment for 100% fT>MIC,ELF was ≥ 99.5% against MICs ≤2 μg/mL and ≥87.0% against MICs ≤4 μg/mL
regardless of renal function. The median of simulated ELF trough concentrations at steady state was >4 μg/mL regardless of renal function. These
results reveal the adequacy of cefiderocol exposure in plasma and ELF at the recommended dosing regimens adjusted on the basis of renal function
in critically ill patients with pneumonia.

Keywords

cefiderocol, intrapulmonary pharmacokinetics, modeling and simulation, patients with pneumonia, siderophore cephalosporin

Cefiderocol is a parenteral siderophore cephalosporin
with antibacterial activity against carbapenem-
resistant gram-negative bacteria including
Enterobacterales, Pseudomonas aeruginosa, and
Acinetobacter baumannii.1–5 Cefiderocol has been
approved for the treatment of hospital-acquired
bacterial pneumonia, ventilator-associated bacterial
pneumonia, and complicated urinary tract infections,
including pyelonephritis, caused by gram-negative
microorganisms in adults in the United States.6

Cefiderocol was also approved for the treatment
of infections (regardless of infection site) due to
aerobic gram-negative organisms in adults with limited
treatment options in Europe.7

Cefiderocol is mainly excreted via the kidneys,
and renal function is the most influential factor for
the pharmacokinetics.8–11 The approved standard dos-
ing regimen of cefiderocol is 2 g administered as
a 3-hour infusion every 8 hours, and it is adjusted
on the basis of renal function (creatinine clearance,
<60 mL/min or ≥120 mL/min).6,7 The percentage of
time for which free drug concentrations exceed mini-
mum inhibitory concentration (MIC) over the dosing

interval (%fT>MIC) in plasma was shown to be the
pharmacokinetic/pharmacodynamic (PK/PD) param-
eter that best correlated with efficacy in murine thigh
infection models.5 In the lung infection model, the
mean plasma %fT>MIC required for a 1-log10 reduction
against Enterobacterales, P aeruginosa, A baumannii,
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and Stenotrophomonas maltophilia were 64%, 70%,
88%, and 54%, respectively.5

While the plasma profile of the β-lactams has his-
torically been used to predict efficacy in patients with
pneumonia because this matrix is easily attainable and
integrated with available MIC data,11–13 the assessment
of drug exposure at the pulmonary target site (ie,
epithelial lining fluid [ELF], interstitial extracellular
space) is of increasing interest to ensure adequate
exposure. Penetration ratios are variable even among
antimicrobial agents in the same class (eg, β-lactams
such as cefiderocol, ceftazidime, and cefepime),14,15

and the variability may result in subtherapeutic drug
exposure.

As such, the assessment of lung disposition is impor-
tant for consideration of antimicrobial efficacy against
increasingly challenging nosocomial pathogens. During
the development of cefiderocol, the intrapulmonary
PK assessment was conducted first in healthy sub-
jects where parallel plasma and ELF exposure were
observed.16 Recently, a phase 1b study assessing the
lung penetration in hospitalized subjects with bacte-
rial pneumonia requiring mechanical ventilation was
completed (NCT03862040).17 Furthermore, the effi-
cacy and safety of cefiderocol treatment in patients
with nosocomial pneumonia were assessed in 2 phase
3 studies, the CREDIBLE-CR study (NCT02714595)
and the APEKS-NP study (NCT03032380).18,19

The aim of this study was to develop an intrapul-
monary PK model of cefiderocol using plasma and
ELF concentration data from patients with pneumonia
and healthy subjects. Monte Carlo simulation was
performed in consideration of PK variability for cal-
culation of probability of target attainment (PTA) for
the identified target %fT>MIC in ELF (%fT>MIC,ELF) to
assess the dosing regimens of cefiderocol. In addition,
PK/PD relationships of %fT>MIC,ELF with microbio-
logical outcome, clinical outcome, and vital status were
evaluated in patients with nosocomial pneumonia from
the phase 3 studies.

Methods
Data for Analyses
Concentration data of cefiderocol in plasma and
ELF were collected from 7 patients with pneumo-
nia with mechanical ventilation in a phase 1b study
(NCT03862040)17 and 20 healthy subjects in a phase 1
study16 as shown in Table S1. A total of 168 plasma
concentrations and 27 ELF concentrations from the
20 healthy subjects and 7 patients with pneumonia
were used to develop an intrapulmonary PK model of
cefiderocol.

Data for plasma concentrations, MIC of causative
gram-negative pathogens, and microbiological or clin-

Figure 1. Model structure for cefiderocol pharmacokinetics in plasma
and epithelial lining fluid (ELF). A(1) is the drug amount in the central
compartment, A(2) and A(3) are the drug amounts in peripheral
compartments, and C(ELF) is the ELF concentration of the drug.K is the
first-order rate constant of elimination, and K12,K21,K13,K31,KE0, and
KE1 are first-order transfer rate constants between compartments.

ical outcome after cefiderocol administration from
patients with nosocomial pneumonia in the phase
3 studies were used for PK/PD analysis. The num-
ber of isolated pathogens were 42 from 28 pa-
tients in the CREDIBLE-CR study (NCT02714595)18

and 122 from 97 patients in the APEKS-NP study
(NCT03032380),19 and their MICs ranged from ≤0.03
to 64 (median, 0.25) μg/mL.

Bioanalytical Method
A detail of the bioanalytical method was shown in the
previous reports.10,16,17 Briefly, blood and bronchoalve-
olar lavage (BAL) fluid were collected at specified
sampling time points as shown in Table S1. Cefiderocol
concentrations in plasma and BAL were determined
by liquid chromatography–tandem mass spectrome-
try. Apparent volume of ELF was estimated using
urea concentrations in plasma and BAL, and ELF
concentrations were calculated on the basis of BAL
concentrations and volume of BAL and ELF.

Intrapulmonary PK Modeling
A model structure for cefiderocol PK in plasma and
ELF is shown in Figure 1. The mass balance for each
compartment is given by the following equations:

dA(1)
dt

= −K × A (1) − K12 × A (1)

+ K21 × A (2) −K13 × A (1) + K31 × A(3)

dA(2)
dt

= K12 × A (1)− K21 × A(2)

dA(3)
dt

= K13 × A (1)− K31 × A(3)

dC(ELF)
dt

= KE0 × A (1) /V1 − KE1 × C(ELF)

where A(1) is the drug amount in the central com-
partment, A(2) and A(3) are the drug amounts in
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the peripheral compartments, and C(ELF) is the ELF
concentration of the drug. K is the first-order rate
constant of elimination andK12,K21,K13,K31,KE0,
and KE1 are the first-order transfer rate constants
between compartments. It was assumed that distribu-
tion of cefiderocol into ELF would not affect plasma
concentrations since the volume of ELF (20-40 mL)20

is considered extremely smaller than V1 (7.78 L).10

To calculate the fraction of ELF to plasma con-
centration at steady state and to describe the delayed
distribution in ELF for patients with pneumonia, the
following equations were used:

KE0 = FRC × KE1

FRC = FRCHV × EFRCPT

where FRC is the fraction of ELF to total plasma
concentration at steady state, FRCHV is FRC in healthy
subjects, and EFRC is the effect of patients with
pneumonia on FRC. PT is an identification variable
of pneumonia patients on FRC (PT = 0 for healthy
subjects and PT = 1 for pneumonia patients). Total
ELF concentrations were regarded as free ELF concen-
trations in this study since albumin concentrations in
ELF were expected to be low.21–23

In the study for healthy subjects,16 ELF concen-
tration profile was parallel to plasma concentration
profile (instantaneous equilibrium). Therefore, C(ELF)
in healthy subjects was calculated by the following
equation as dC(ELF)/dt could be assumed to be 0 at
steady state.

C(ELF) = A(1)/V1 × FRC

The interindividual variability for FRCwas assumed
to follow a log-normal distribution and could be mod-
eled with an exponential error model. As ELF con-
centrations were obtained at 1 time point from each
patient, the intraindividual variability could not be
estimated and was fixed to an extremely small value of
0.00001.

The plasma PK model previously developed10 was
applied in this modeling. Individual post hoc plasma
PK parameters in patients with pneumonia and healthy
subjects were calculated with empirical Bayesian esti-
mation, and then ELF PK parameters (KE1, FRCHV,
EFRC, and interindividual variability for FRC) were
estimated using the plasma PK parameters. The PK
parameters were estimated using NONMEM (ICON
plc, Dublin, Ireland) with the first-order conditional
estimation method with interaction.

Model Evaluation
The developed intrapulmonary PK model was eval-
uated by the goodness-of-fit plots. Predictive perfor-

mance of the developed model was also evaluated by
a prediction-corrected visual predictive check with 200
simulations.24 The robustness of the developed model
was confirmed by a bootstrap technique.25 The 300
bootstrap data sets were generated by resampling from
the original data set, and the medians and 95% confi-
dence intervals (CIs) of the bootstrap estimates were
compared to the parameter estimate for the developed
model.

Penetration Ratio Based on Post Hoc Estimate of Area
Under the Concentration-Time Curve
Area under the concentration-time curve (AUC) based
on concentrations in ELF (AUCELF) and free plasma
concentrations (fAUCplasma) were calculated using indi-
vidual post hoc plasma and ELF PK parameters with
empirical Bayesian estimation. The AUCELF was cal-
culated on the basis of simulated ELF concentrations
at steady state every 0.25 hours by using the linear
trapezoidal method. The fAUCplasma was calculated as
dose divided by the total clearance using the unbound
fraction of 0.422 in plasma.26 The penetration ratio of
AUCELF to fAUCplasma was calculated in patients with
pneumonia and healthy subjects.

Monte Carlo Simulation and Probability of Target Attain-
ment
Monte Carlo simulation was conducted to calculate the
PTA for either 75% fT>MIC,ELF and 100% fT>MIC,ELF

against an MIC range of 0.25 to 16 μg/mL. One thou-
sand virtual patients with pneumonia with different
renal functions were generated and the PTA for target
%fT>MIC,ELF was calculated by renal function group.
In addition, the PTA integrated with all renal function
groups was calculated on the basis of a distribution
of creatinine clearance in the phase 3 CREDIBLE-
CR and APEKS-NP studies.10 The dosing regimens
adjusted on the basis of renal function10 were used for
this simulation. The simulated trough concentrations in
ELF at steady state were also summarized.

Sensitivity analysis for uncertainty of the estimated
KE1 was performed due to the large relative standard
error of KE1 (63.4%) and the limited number of ELF
data. The effects of KE1 on the PTA and trough
concentration in ELF were examined using an upper
limit of 95%CI of the bootstrap estimate of KE1 (0.557
h–1), which corresponded to faster elimination in ELF.

Pharmacokinetic/Pharmacodynamic Analysis
For the 125 patients with nosocomial pneumonia en-
rolled in the phase 3 studies, %fT>MIC,ELF against
MIC of the isolated pathogens in the phase 3 studies
were calculated using the developed PK models. In the
calculation, individual plasma concentrations were pre-
dicted using the post hoc PK parameters from observed
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Table 1. Background Characteristics of Subjects Used for Intrapulmonary Pharmacokinetic Modeling

Healthy Subjects Patients With Pneumonia
(N = 20) (N = 7)

Age, y 25 (21-36) 70 (19-78)
Body weight, kg 61.9 (54.9-72.3) 88.1 (69.4-113.0)
CrCL, mL/min 125 (95-148) 78 (44-275)
Albumin concentration, g/dL 4.7 (4.3-4.9) 2.8 (1.5-3.0)
Sex (male:female) a 20 (100%): 0(0%) 3 (42.9%):4 (57.1%)
Race (Asian:White:Black:Others) a 20 (100%):0 (0%):0 (0%):0

(0%)
0 (0%):5 (71.4%):1 (14.3%):1

(14.3%)

CrCL, creatinine clearance calculated by Cockcroft-Gault equation.
Median (range).
a
Number of subjects (percentage of all subjects).

Table 2. Parameter Estimates of Cefiderocol for Intrapulmonary Pharmacokinetic Model

Bootstrap Estimates

Pharmacokinetic Parameters Estimates %RSE Median 95% CI

FRC in healthy subjects 0.103 6.2 0.102 0.0907-0.117
Effect of pneumonia patients on FRC 1.39 19.6 1.41 0.890-2.02
KE1, h–1 0.151 63.4 0.163 0.0206-0.557
Interindividual variability
FRC (CV%) 34.6 34.9 32.9 19.7-44.0

CI, confidence interval; CV, coefficient of variation; FRC, fraction of epithelial lining fluid (ELF) to total plasma concentration; KE1, first-order transfer rate
constant from epithelial lining fluid to drug amount in central compartment; %RSE, relative standard error in percent.

plasma concentration data with empirical Bayesian
estimation. As ELF concentrations were not measured
in the phase 3 studies, individual ELF concentrations
corresponding to the individual plasma concentrations
were predicted using the population mean values of
ELF PK parameters. The PK/PD relationships of
%fT>MIC,ELF with microbiological outcome, clinical
outcome, and vital status were examined. The details
of the outcomes were shown in the previous report.10

Software
Model building and Monte Carlo simulations were
performed using NONMEM (version 7.3.0; ICON
plc),27 Perl-speaks NONMEM (version 4.2.0; Uppsala
University, Uppsala, Sweden),28 and Pirana (version
2.9.4; Certara, Princeton, New Jersey).29 R (version
3.5.1; R Foundation for Statistical Computing, Vienna,
Austria)30 was used to calculate the PTA.

Results
The intrapulmonary PK model of cefiderocol was de-
veloped using 168 plasma concentration data and 27
ELF concentration data from 7 patients with pneumo-
nia and 20 healthy subjects. Their background char-
acteristics are summarized in Table 1. The parameter
estimates and model code are shown in Table 2 and
Table S2, respectively. The fraction of ELF to total
plasma concentration at steady state in patients with

pneumonia was calculated to be 0.143 (0.103 × 1.39),
which was 1.4-fold that in healthy subjects. Considering
unbound fraction of 0.422 in plasma,26 the concentra-
tion ratios of ELF to free plasma were calculated as
0.339 in patients with pneumonia and 0.244 in healthy
subjects. Interindividual variability for fraction of ELF
to total plasma concentration at steady state was 34.6%.

The goodness-of-fit plots for the developed model
indicated that population predicted data corresponded
to observed data with the line of unity (Figure S1). The
prediction-corrected visual predictive check demon-
strated that the model well captured the observed ELF
concentration data (Figure 2). The bootstrap median
estimates were comparable to the parameter estimates
for the developed model (Table 2), suggesting model
robustness.

Based on the estimated AUC, the medians of the
penetration ratios (AUCELF to fAUCplasma) were 0.340
(range, 0.176-0.576) in patients with pneumonia and
0.263 (range, 0.122-0.416) in healthy subjects.

Simulated ELF concentration profiles at steady
state in patients with nosocomial pneumonia are
shown by renal function group in Figure S2. The
PTA for 75% fT>MIC,ELF was ≥99.6% against MICs
≤2 μg/mL and ≥87.7% against MICs ≤ 4 μg/mL
regardless of renal function based on the Monte
Carlo simulation (Table 3). Even the PTA for
100% fT>MIC,ELF was≥87.0% againstMICs≤4μg/mL
regardless of renal function. The PTA integrated with
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Figure 2. Prediction-corrected visual predictive check for intrapulmonary pharmacokinetic model to describe cefiderocol concentrations in epithelial
lining fluid (ELF).
The results for 200 simulations. Solid line:observed median.Dashed line:observed 2.5th and 97.5th percentiles.Dark gray shaded area:model predicted
95% confidence interval (CI) of median. Gray shaded area: model predicted 95% CIs of 2.5th and 97.5th percentiles.

Figure 3. Probability of target attainment (PTA) integrated with all renal function groups for 75% and 100% of time for which free concentrations of
cefiderocol in epithelial lining fluid exceed the minimum inhibitory concentration (MIC) over dosing interval (fT>MIC,ELF). The bars present minimum
inhibitory concentration distributions of carbapenem nonsusceptible (CarbNS) Enterobacteriaceae, CarbNS Acinetobacter, CarbNS Pseudonomas
aeruginosa, and Stenotrophomonas maltophilia in order from left to right.

all renal function groups for 75% fT>MIC,ELF and
100% fT>MIC,ELF were 93.1% and 92.4%, respectively,
against MICs ≤4 μg/mL, as shown in Figure 3, in
whichMIC distributions in 3 consecutive multinational
surveillance studies in 2014 to 2016 are also presented.31

Sensitivity analysis for KE1 on the PTA and trough
concentration in ELF was performed using an upper
limit of 95%CI of the bootstrap estimate (0.557 hr–1).
The PTA for 75% fT>MIC,ELF and 100% fT>MIC,ELF cal-
culated using the high KE1 were both ≥95.9% against

MICs ≤2 μg/mL regardless of renal function (Table
S3). The PTA for 75% fT>MIC,ELF and 100% fT>MIC,ELF

against an MIC of 4 μg/mL were 80% to 97% and
71% to 96%, respectively (Table S3). The median of
the simulated ELF trough concentrations at steady
state was >4 μg/mL in all renal function groups even
assuming faster elimination of ELF concentrations
(Table 4).

For the patients with nosocomial pneumonia en-
rolled in the phase 3 studies, the%fT>MIC,ELF was 100%



Kawaguchi et al 675

Table 3. Probability of target attainment for 75% and 100% of time for which free concentrations of cefiderocol in epithelial lining fluid exceed the
minimum inhibitory concentration (MIC) over dosing interval (fT>MIC,ELF) by renal function group

Probability of Target Attainment

MIC,μg/mL

Target
Renal Function

Group
Dose Regimens
With 3-h Infusion 0.25 0.5 1 2 4 8 16

75% fT>MIC,ELF Augmented renal
function

2 g every 6 h 100 100 100 99.8 91.8 54.0 10.2

Normal renal
function

2 g every 8 h 100 100 100 99.6 87.7 42.9 6.2

Mild renal
impairment

2 g every 8 h 100 100 100 99.8 93.8 59.8 14.9

Moderate renal
impairment

1.5 g every 8 h 100 100 100 100 95.9 66.0 17.5

Severe renal
impairment

1 g every 8 h 100 100 100 99.9 97.7 74.6 24.8

ESRD 0.75 g every 12 h 100 100 100 99.9 94.3 63.1 20.8
100% fT>MIC,ELF Augmented renal

function
2 g every 6 h 100 100 100 99.8 91.8 53.9 10.2

Normal renal
function

2 g every 8 h 100 100 100 99.5 87.0 41.8 6.0

Mild renal
impairment

2 g every 8 h 100 100 100 99.7 93.1 58.8 14.4

Moderate renal
impairment

1.5 g every 8 h 100 100 100 100 95.8 65.6 17.5

Severe renal
impairment

1 g every 8 h 100 100 100 99.9 97.7 74.5 24.7

ESRD 0.75 g every 12 h 100 100 100 99.9 93.8 61.9 20.1

CV, coefficient of variation; ESRD, end-stage renal disease; fT>MIC,ELF, percentage of time for which free epithelial lining fluid concentrations exceed MIC over
the dosing interval; MIC, minimum inhibitory concentration.
Pharmacokinetics at steady state was assumed. Probability of target attainment is shown in percent (%).
Augmented: creatinine clearance (CrCL) > 120 mL/min (120 to < 150 = 50%; > 150 = 50%). Normal: CrCL 90 to < 120 mL/min. Mild: CrCL 60 to < 90
mL/min. Moderate: CrCL 30 to < 60 mL/min. Severe: CrCL 15 to < 30 mL/min. End stage of renal disease (ESRD): CrCL 5 to < 15 mL/min.
1000 simulated patients in each simulation scenario.
Body weight was assumed to be log-normal distributed with mean of 72.6 kg and CV of 30%.
Albumin was assumed to be log-normal distributed with mean of 2.8 g/dL and CV of 30%.

in 89% (25/28) and 98% (95/97) of the patients in the
CREDIBLE-CR and APEKS-NP study, respectively.
No clear PK/PD relationships of %fT>MIC,ELF with
microbiological and clinical outcomes and vital status
were found due to high %fT>MIC,ELF in most of the
patients (Figure 4).

Discussion
Lung penetration of antibiotics is considered an impor-
tant PK/PD parameter for characterizing the potential
antibacterial effect on lung infections. In the guide-
lines/guidance from agencies in the United States, Eu-
rope, and Japan,32–34 collection of drug concentrations
in ELF from infected patients are recommended to
define the dosing regimen that achieves concentrations
sufficient to exert the effect at the site of infection.
This intrapulmonary PK modeling of cefiderocol ELF
concentrations from patients with pneumonia provides

useful information to support the current dosing rec-
ommendations of cefiderocol for treatment of nosoco-
mial pneumonia.6,7

As shown in Figure S3, the observed cefiderocol con-
centration ratios of ELF to free plasma at 2 hours after
the end of infusion (5 hours after the start of infusion)
in patients with pneumonia were higher than those at
the end of infusion in patients with pneumonia and
healthy subjects. This result suggests a delayed distribu-
tion and/or delayed elimination of cefiderocol in ELF in
patients with pneumonia, in contrast to the parallel PK
for plasma and ELF observed in healthy subjects.16,17

For ceftolozane of ceftolozane/tazobactam, another
cephalosporin, a delayed distribution into ELF was
observed in patients with pneumonia (time to Cmax of
1 and 6 hours in plasma and ELF, respectively),35 while
no delayed distribution of ceftolozane was observed in
healthy subjects.36 These findings suggest the difference
in distribution of these antibiotics into ELF between
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Table 4. Simulated Trough Concentrations of Cefiderocol at Steady State in ELF

Trough Concentrations at
Steady State in ELF

KE1 Value for
Simulation

Renal Function
Group

Dose Regimens With
3-h Infusion

Median (90% Prediction
Interval)

0.151 h–1 Augmented renal
function

2 g every 6 h 8.47 (3.57-19.3)

(Population mean
estimate)

Normal renal
function

2 g every 8 h 7.19 (3.12-16.7)

Mild renal
impairment

2 g every 8 h 8.98 (3.70-21.3)

Moderate renal
impairment

1.5 g every 8 h 9.94 (4.16-22.8)

Severe renal
impairment

1 g every 8 h 11.3 (4.69-26.7)

ESRD 0.75 g every 12 h 9.49 (3.81-26.6)
0.557 h-1 Augmented renal

function
2 g every 6 h 7.25 (2.89-17.8)

(Assumed faster
elimination of ELF
concentrations)

Normal renal
function

2 g every 8 h 5.43 (2.16-13.7)

Mild renal
impairment

2 g every 8 h 7.29 (2.67-18.8)

Moderate renal
impairment

1.5 g every 8 h 8.69 (3.40-20.8)

Severe renal
impairment

1 g every 8 h 10.3 (4.24-24.9)

ESRD 0.75 g every 12 h 8.55 (3.27-24.4)

CV, coefficient of variation; ELF, epithelial lining fluid; ESRD, end-stage renal disease; KE1, first-order transfer rate constant from ELF to drug amount in central
compartment; MIC, minimum inhibitory concentration.
Augmented: creatinine clearance (CrCL) > 120 mL/min (120 to < 150 = 50%; > 150 = 50%). Normal: CrCL 90 to < 120 mL/min. Mild: CrCL 60 to < 90
mL/min. Moderate: CrCL 30 to < 60 mL/min. Severe: CrCL 15 to < 30 mL/min. End stage of renal disease (ESRD): CrCL 5 to < 15 mL/min.
1000 simulated patients in each simulation scenario.
Body weight was assumed to be log-normal distributed with mean of 72.6 kg and CV of 30%.
Albumin was assumed to be log-normal distributed with mean of 2.8 g/dL and CV of 30%.

mechanically ventilated patients with pneumonia and
nonventilated healthy subjects may be derived from
the difference in physiologic conditions in lung such
as inflammation.14 This delayed distribution in ELF
appears to enhance the overall target site exposure of
these new agents and further optimizes the time above
the MIC as the driver of efficacy. There have been
reports for modeling to address lung distribution of
antivirals.37,38 Our findings suggest that it may be useful
to consider lung distribution in pneumonia patients for
further modeling of antivirals.

In the intrapulmonary PK modeling, the fraction of
ELF to free plasma concentration at steady state in
patients with pneumonia (0.339) was 1.4-fold that in
healthy subjects (0.244). The post hoc estimates of AUC
ratio (AUCELF to fAUCplasma) in patients with pneumo-
nia (0.340) was 1.3-fold that in healthy subjects (0.263).
From these results, the penetration ratios calculated on
the basis of model parameters (concentration ratio at
steady state) and AUC were similar and estimated as
34% in patients with pneumonia. There was no ELF
concentration data of cefiderocol in the elimination

phase; however, an increase in the lung penetration
of cefiderocol in patients with pneumonia compared
to healthy subjects was suggested on the basis of
the observed concentrations and intrapulmonary PK
modeling. Previous reports have shown variability of
lung penetration of cephalosporins.14,15 The cefepime
concentration ratio in ELF to total plasma in healthy
subjects was 0.39,39 while cefepime ELF concentra-
tions in critically ill patients were similar to the total
plasma concentrations.40 The concentration ratios of
ELF to total plasma of ceftazidime were 21% to 44%
in patients with pneumonia41,42 and 31% to 32% in
healthy volunteers.43 As for ceftolozane, the penetration
ratios of AUCELF to fAUCplasma were 50% in patients
with pneumonia35 and 61% in healthy volunteers.36 The
lung penetration ratio of cefiderocol in patients with
pneumonia was similar to or higher than that of these
other cephalosporins.

The PTA for 75% fT>MIC,ELF and 100% fT>MIC,ELF

were both≥90% againstMICs≤4μg/mL except for pa-
tients with normal renal function, where it was >87%.
(Table 3). The target 75% fT>MIC,ELF was selected as
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Figure 4. Relationships of percentage of time for which free concentrations of cefiderocol in epithelial lining fluid exceed the minimum inhibitory
concentration over dosing interval (%fT>MIC,ELF) with microbiological outcome at test of cure (TOC), clinical outcome at TOC, and vital status at day
28 for patients with pneumonia in CREDIBLE-CR and APEKS-NP studies.

the mean value of the estimated %fT>MIC achieving
1-log10 reduction activity in the neutropenic murine
lung infection model, and 100% fT>MIC,ELF was used
as a very conservative target to address the variability
of %fT>MIC among some pathogens.5 In the phase 3
studies, the %fT>MIC,ELF was 100% in 89% to 98% of
the patients with nosocomial pneumonia. The PTA for

100% fT>MIC,ELF calculated using the high KE1 was
71% to 96% against an MIC of 4 μg/mL regardless of
renal function, which is a pretty conservative scenario
considering the variations of %fT>MIC estimates in the
animal infection model5 and the upper limit of CI
for the estimate of KE1 (assuming faster elimination
of ELF concentrations). Furthermore, the median of
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simulated ELF trough concentrations was >4 μg/mL
in all renal function groups regardless of KE1 value
(Table 4). These results suggested that the dosing reg-
imens of cefiderocol adjusted on the basis of renal
function would provide adequate exposure in lungs
up to an MIC of 4 μg/mL in critically ill patients
with pneumonia including those with augmented renal
function.

A protein binding of cefiderocol in ELF was not
considered in this study. The albumin concentration in
ELF in critically ill ventilated patients was reported
to be 0.32 g/dL,21 which was much lower than that in
plasma (mean, 2.7 and 3.0 g/dL in the CREDIBLE-
CR andAPEKS-NP studies, respectively). The protein-
binding ratio of cefiderocol is 57.8%.26 Craig and Suh22

reported that for antimicrobial agents with ≈60% of
protein binding (sulfamethoxazole and trimethoprim),
the protein binding was decreased to ≤20% in the
expected range of albumin concentration in ELF (5%-
10% of normal albumin concentration in plasma [5%-
10% of 4.2 g/dL]). A review paper also reported that
protein binding of antibiotics is expected to be negli-
gible at low albumin concentrations.23 Therefore, ELF
concentrations were regarded as free ELF concentra-
tions in this study.

One of the limitations of this study was the limited
information on ELF concentration data at only 2 sam-
pling time points (ie, at the end of infusion and 2 hours
after the end of infusion) with 1 ELF datum per subject
from 7 patients with pneumonia. Therefore, since it
was difficult to construct an intrapulmonary PKmodel
based on the data only in patients with pneumonia,
intrapulmonary modeling was conducted by using the
integrated data with healthy subjects, which provided
more ELF sampling time points and more subjects
per time point. Consequently, the model parameters
were estimated precisely with <35% relative standard
error except for KE1. Regarding the uncertainty of the
KE1 estimate, the sensitivity analysis was conducted
considering the CI of the KE1 estimate, and the results
showed 71% to 96% PTA in ELF for an MIC of
4 μg/mL in all renal function groups even using the
conservative target 100% fT>MIC and higher KE1.

Conclusions
The developed intrapulmonary PK model adequately
described ELF cefiderocol concentrations in patients
with pneumonia and healthy subjects. The lung pene-
tration ratio of cefiderocol in patients with pneumonia
was 34%, which is 1.4-fold that in healthy subjects.
In the phase 3 study with patients with nosocomial
pneumonia, the estimated %fT>MIC,ELF was 100% in
most patients, and no clear PK/PD relationship for
the %fT>MIC,ELF was found for any of the outcomes

or vital status. The ELF concentration-time profile of
cefiderocol derived in this current analysis is consistent
with the observations from phase 3 data and is predic-
tive of adequate ELF trough concentrations to treat a
gram-negative pathogen with MICs ≤4 μg/mL. These
study results support the current dosing regimens of
cefiderocol adjusted on the basis of renal function in
patients with nosocomial pneumonia, including those
with augmented renal clearance.
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