] AMERICAN Antimicrobial Agents
B Scirer | and Chemotherapy®

Pharmacokinetic/Pharmacodynamic
Modeling and Simulation of Cefiderocol,
a Parenteral Siderophore Cephalosporin,
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ABSTRACT Cefiderocol, a novel parenteral siderophore cephalosporin, exhibits po-
tent efficacy against most Gram-negative bacteria, including carbapenem-resistant
strains. Since cefiderocol is excreted primarily via the kidneys, this study was con-
ducted to develop a population pharmacokinetics (PK) model to determine dose ad-
justment based on renal function. Population PK models were developed based on
data for cefiderocol concentrations in plasma, urine, and dialysate with a nonlinear
mixed-effects model approach. Monte-Carlo simulations were conducted to calculate
the probability of target attainment (PTA) of fraction of time during the dosing in-
terval where the free drug concentration in plasma exceeds the MIC (T, ) for an
MIC range of 0.25 to 16 ug/ml. For the simulations, dose regimens were selected to
compare cefiderocol exposure among groups with different levels of renal function.
The developed models well described the PK of cefiderocol for each renal function
group. A dose of 2 g every 8 h with 3-h infusions provided >90% PTA for 75%
Te—mic for an MIC of =4 ug/ml for patients with normal renal function, while a more
frequent dose (every 6 h) could be used for patients with augmented renal function.
A reduced dose and/or extended dosing interval was selected for patients with im-
paired renal function. A supplemental dose immediately after intermittent hemodial-
ysis was proposed for patients requiring intermittent hemodialysis. The PK of
cefiderocol could be adequately modeled, and the modeling-and-simulation ap-
proach suggested dose regimens based on renal function, ensuring drug exposure
with adequate bactericidal effect.

KEYWORDS cefiderocol, cephalosporin, dose adjustment, hemodialysis, modeling
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he novel parenteral siderophore cephalosporin cefiderocol (also known as

S-649266), discovered by Shionogi & Co., Ltd., exhibits potent efficacy in vitro and
in vivo against most Gram-negative bacteria, including carbapenem-resistant strains of
Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter baumannii (1-4).
Cefiderocol is being developed as a therapeutic drug for the treatment of carbapenem-
resistant Gram-negative bacterial infections, including nosocomial pneumonia, blood-
stream infections, and complicated urinary tract infection (cUTI).

For cefiderocol, which exhibits bactericidal activity dependent on the duration of
action, the pharmacokinetics/pharmacodynamics (PK/PD) parameter most closely cor-
related with efficacy is the fraction of the dosing interval during which the free drug
concentration in plasma exceeds the MIC (T ) (5-7), as is the case for other
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cephalosporins (8, 9). In vivo animal infection models, including carbapenem-resistant
strains of Enterobacteriaceae, P. aeruginosa, and A. baumannii, demonstrated a bacte-
riostatic effect at 40% to 70% T, and a bactericidal effect (=1-log reduction) at 55%
to 80% T pmic (5-7), as summarized in Table S1 in the supplemental material.

The safety, tolerability, and PK of cefiderocol were evaluated in two phase 1 studies
in healthy subjects (10) and subjects with renal impairment (11). The study designs and
the PK parameters are summarized in Tables S2 and S3 in the supplemental material,
respectively. The PK of cefiderocol are linear in the dose range tested (100 to 2,000 mg).
The terminal elimination half-life (t,,,,) of cefiderocol was 1.98 to 2.74 h in healthy
subjects. Cefiderocol is excreted mainly via the kidneys, with 60 to 70% of the dose in
urine as the unchanged parent drug. The total clearance (CL) of cefiderocol was
dependent on renal function, and the area under the plasma concentration-time curve
(AUQ) of cefiderocol increased with decreasing renal function. Approximately 60% of
cefiderocol was removed by hemodialysis (HD) of 3 to 4 h. No accumulation was
observed at 2 g every 8 h (q8h) in subjects with normal renal function. The 2-g q8h dose
of cefiderocol for 10 days was generally well tolerated in healthy subjects, and no
clinically significant adverse events were reported.

The presence of augmented renal function, or a hyperdynamic cardiovascular state
as a consequence of a systemic inflammatory response resulting in increases in the
glomerular filtration rate (GFR), has often been reported in critically ill patients (12). This
increased clearance could lead to decreased exposure to cefiderocol, possibly resulting
in decreased efficacy. Therefore, for a patient population with augmented renal func-
tion, decreasing the dose interval should maintain the target Trc.

In this study, a pharmacokinetic model to describe cefiderocol pharmacokinetics in
subjects with various degrees of renal function was developed, and dose adjustments
for patients with augmented and impaired renal function and patients requiring
intermittent HD were determined based on exposure to cefiderocol and the probability
of target attainment (PTA) for Tryc-

RESULTS

Development of the HS model and selection of a standard dose regimen. The
development process for the healthy subject (HS) model is presented in Table S4 in the
supplemental material. The estimated population PK parameters for healthy subjects
are shown in Table 1. The 3-compartment model described the data better than the
2-compartment model. A proportional residual error was selected based on the objec-
tive function value (OBJ). Figure S1 in the supplemental material shows a visual
predictive check (VPC) with a median prediction and a 90% prediction interval for the
HS model. The HS model described well the plasma and urine concentrations of
cefiderocol in healthy subjects. The predicted 5th percentile of urine concentration over
8 h after a 2-g single dose with 1-h infusion (>100 wg/ml) was much higher than the
MIC range from 0.25 to 16 wg/ml. Figure 1 shows the PTA for 50% T, yyc Of 75% T pic
following 1 g g8h or 2 g g8h, each with a 1- or 3-h infusion. The PTA at 2 g q8h with
a 1- or 3-h infusion was >90% for 50% T, c up to an MIC of 8 ug/ml and for 75%
Te~mic Up to an MIC of 4 ng/ml, while the PTA at 1 g g8h with a 3-h infusion was >90%
for 50% T,—c up to an MIC of 4 ug/ml and for 75% T c up to an MIC of 2 ug/ml.
The 2-g q8h dose could be considered a standard dose regimen against pathogens
with MICs of =4 pg/ml where 98% of the target pathogens were susceptible.

Development of a covariate model. The relationships between estimated glomer-
ular filtration by the modification of diet in renal disease (MDRD-eGFR) and renal
function based on estimated creatinine clearance (CLcg) (Cockcroft-Gault [CG]-CLg)
(see Fig. S2 in the supplemental material) suggest that CG-CL.z was generally higher
than MDRD-eGFR. This difference further motivated the selection of the renal function
markers for modeling and simulation. The relationships of empirical Bayes-estimated CL
for the base model to MDRD-eGFR and CG-CLg are shown in Fig. 2. Clear relationships
of CL to MDRD-eGFR and to CG-CL.; were observed. Based on visual inspection from
the relationship of CL to MDRD-eGFR and to CG-CLg, the cutoff value for the piecewise
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TABLE 1 Population PK parameters estimated for healthy subjects and subjects with renal
impairment

Parameter

Typical CL (liters/h)

First slope of renal function marker on CL

(MDRD-eGFR or CG-CLg of <100)
Second slope of renal function marker on

CL (MDRD-eGFR or CG-CL of =100)
Typical V, (liters)

Exponent of body wt on V,
Q, (liters/h)
Typical V, (liters)
Exponent of body wt on V,
Q; (liters/h)
V; (liters)
Fraction of urinary recovery
IV for CL (% CV)
IV for V; (% CV)
IV for V, (% CV)

Proportional residual error in plasma (% CV)
Proportional residual error in urine (% CV)

MDRD-eGFR CG-CLeg
HS model model@ model®
Mean % RSE Mean % RSE Mean % RSE
5.59 1.9 5.66 2.0 4.83 29

0.00857 1.4 0.00880 1.6
0 Fixed 0.00404 17.9
7.74 2.5 7.58 2.7 7.58 2.7
0.571 1.3 0.575 16.5
5.44 3.6 5.45 43 5.45 4.5
5.36 2.9 5.54 2.5 5.54 2.5
0.727 13.1 0.730 129
0.0762 15.2 0.0971 159 0.0969 17.0
0.594 8.7 0.682 7.7 0.681 83
0.659 1.2 —< — — —
12.0 37.2 17.3 18.3 11.9 18.7
16.3 27.1 19.5 19.4 19.3 19.7
9.7 34.1 14.1 427 14.2 426
13.6 14.0 12.0

17.9

193

14.1

12.0

14.1

alf MDRD-eGFR < 100 ml/min/1.73 m2, then CL = 5.66 X [1 + 0.00857 X (eGFR — 100)]; if MDRD-eGFR =

100 ml/min/1.73 m2, then CL = 5.66; V, = 7.58 X (body weight/70)°-571; V, = 5.54 X (body weight/70)°-727.
bIf CG-Clcg < 100 ml/min, then CL = 4.83 X [1 + 0.00880 X (CLcg — 100)]; if CG-CLcg = 100 ml/min, then
70)0.730‘

CL = 4.83 X [1 + 0.00404 X (CLcg — 100)]; V; = 7.58 X (body weight/70)0575; V, = 5.54 X (body weight/

¢—, urine concentration data for cefiderocol were not used for the modeling.

linear model was determined to be an MDRD-eGFR of 100 ml/min/1.73 m? or a CG-CLg
of 100 ml/min.

The estimated parameters of the covariate model with MDRD-eGFR are shown in
Table 1. The incorporation of MDRD-eGFR into CL of the base model reduced the
interindividual variability (IIV) for CL from 53.3% to 17.3%. The incorporation of body
weight into the volume of distribution in the central compartment (V) and in periph-
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FIG 1 PTA for 50% T, ¢ and 75% T,_,c using the healthy subject model.
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FIG 2 Relationships of empirical Bayes-estimated CL for the base model to MDRD-eGFR or CG-CL. The
solid line is a LOESS smoother line.

eral compartment 1 (V,) of the base model reduced the IIV for V; from 24.2% to 19.5%
and that for V, from 22.0% to 14.1%. No further covariates on PK parameters were
tested for model improvement because the IIV for PK parameters was sufficiently low
(<20%) once MDRD-eGFR or CG-CL.z and body weight were incorporated in the
model.

Goodness-of-fit plots for the covariate model with MDRD-eGFR are shown in Fig. S3
in the supplemental material. The results of VPC for the covariate model with MDRD-
eGFR by renal function category are shown in Fig. S4 in the supplemental material. The
covariate model with MDRD-eGFR described well the plasma cefiderocol concentra-
tions for subjects with various degrees of renal impairment.

Body weight was a significant covariate on V; and V. Using 0.571 as a coefficient of
body weight on V;, we calculated the ratios of V, between body weight groups as 0.83
for 50 kg versus 70 kg and 1.15 for 90 kg versus 70 kg, suggesting that the effect of
body weight on PK would be minimal.

The estimated parameters of the covariate model modified by incorporating CG-
ClLcg instead of MDRD-eGFR are shown in Table 1. The results of VPC for the covariate
model with CG-CLcg in the CG-CL, range of >90 to 200 ml/min are shown in Fig. S5
in the supplemental material.

Development of an HD model. The estimated parameters of the hemodialysis (HD)
model are shown in Table 2. The parameter estimates were reliable (relative standard
error [RSE] of <30%) except for the variance for the residual error model of dialysate
concentrations. The individual predicted and observed plots of plasma cefiderocol
concentrations with or without HD for the subjects requiring intermittent HD are shown
in Fig. S6 in the supplemental material. The developed model well described the
plasma cefiderocol concentrations with or without a dialysis period. The individual
predicted and observed plots of excretion ratios of cefiderocol in dialysate are shown
in Fig. S7 in the supplemental material. The individual predictions for excretion ratios
of cefiderocol in dialysate ranged from 48% to 65%, which was consistent with the
observations (44% to 63%).

Simulations for renal impairment. A summary of simulated cefiderocol exposure
at the dose-adjusted regimens for patients with renal impairment is shown in Table 3.
The dose-adjusted regimens provided daily AUCs for patients with renal impairment

TABLE 2 Population PK parameters estimated for the HD model

Parameter Mean % RSE
CL,yp (liters/h) 7.37 46

IV for CLyp (% CV) 12.7 29.3
Proportional residual error in plasma (% CV) 14.5 15.7
Proportional residual error in dialysate (% CV) 44.6 95.5
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TABLE 3 Simulated C

max

Antimicrobial Agents and Chemotherapy

and daily AUC at adjusted dose regimens by renal function group using the covariate model with MDRD-eGFR

Median (90% prediction interval) for the following renal function group and adjusted dose regimen<:

PK parameter Normal, 2 g q8h Mild, 2 g q8h Moderate, 1.5 g q8h Severe, 1 g q8h ESRD, 0.75 g q12h
Cinaxe 1g/ml 90.0 (71.8-111.6) 105.4 (83.4-133.5) 104.1 (78.8-134.3) 95.4 (73.7-122.3) 77.5 (61.6-97.5)
Daily AUC, g - h/ml 1,070 (814-1,410) 1,344 (972-1,855) 1,522 (1,046-2,154) 1,599 (1,136-2,231) 1,187 (857-1,671)

aNormal, subjects with MDRD-eGFR of =90 ml/min/1.73 m2; mild, subjects with MDRD-eGFR of 60 to <90 ml/min/1.73 m?; moderate, subjects with MDRD-eGFR of 30
to <60 ml/min/1.73 m?2; severe, subjects with MDRD-eGFR of 15 to <30 ml/min/1.73 m2; ESRD, subjects with MDRD-eGFR of <15 ml/min/1.73 m2. The infusion time

was 3 h.

comparable to those in patients with normal renal function at 2 g g8h. The PTA for 75%
Te~mic in the MIC range of 0.25 to 16 ng/ml at the adjusted dose regimen for each renal
function category is shown in Fig. 3. The PTA for 75% T, ,c Was >90% against an MIC
of up to 4 ug/ml for all renal function groups using the dose-adjusted regimens.

Simulations for augmented renal function. The PTAs for 75% T,_,,c for patients
with normal function or augmented renal function considering original or inflated IV
are shown in Fig. 4. The PTA levels at a 2-g q6h dose with a 3-h infusion for patients
with augmented renal function even for the inflated IV were >90% against an MIC of
up to 4 ug/ml, and those at a 2-g gq8h dose with a 3-h infusion for patients with normal
renal function for the original and inflated 1IVs were almost 90% or >90% against an
MIC of up to 4 ng/ml. The simulations suggested that 2 g g6h with a 3-h infusion
could be used for critically ill patients with augmented renal function, while 2 g q8h
with a 3-h infusion would be a standard dosage regimen for critically ill patients
with normal renal function. The simulated maximum concentration in plasma (C,,,,,)
and daily AUC at the 2-g g8h and 2-g gq6h doses with a 3-h infusion in patients with
normal renal function or augmented renal function are shown in Table 4. The 2-g
g6h dose with a 3-h infusion provided daily AUC for patients with augmented renal
function comparable to that for patients with normal renal function at 2 g q8h with
a 3-h infusion.

Simulations for intermittent HD. The simulated typical plasma cefiderocol con-
centration profiles at 0.75 g q12h with or without a supplemental dose of 0.75 g for
patients receiving hemodialysis (HD) are shown in Fig. S8 in the supplemental material.
The simulated C,,,, and daily AUC are shown in Table 5. The simulated C,,,,, and AUC
with the supplemental dose were similar to those for patients with normal renal
function at 2 g q8h (Table 3). The PTA for 75% T, for patients requiring intermittent
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FIG 3 PTA for 75% T, in patients with renal impairment using the covariate model with MDRD-eGFR.
Normal, MDRD-eGFR of =90 ml/min/1.73 m2. Mild, MDRD-eGFR of 60 to <90 ml/min/1.73 m2. Moderate,
MDRD-eGFR of 30 to <60 ml/min/1.73 m2. Severe, MDRD-eGFR of 15 to <60 ml/min/1.73 m2. ESRD,
MDRD-eGFR of <15 ml/min/1.73 m2. PK steady state was assumed in the simulations. The infusion time
was 3 h.
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FIG 4 PTA for 75% T, ¢ in patients with normal renal function and augmented renal function using the covariate
model with CG-CL. Left panels, PTA with original IV (10% to 20%). Right panels, PTA with inflated IIV (40%). PK

steady state was assumed in the simulations. The infusion time was 3 h.

HD is shown in Fig. 5. The 0.75-g g12h dose regimen without a supplemental dose (3-h
infusion) provided >90% of PTA against an MIC of up to 8 uwg/ml on the nondialysis day
and against up to 1 ug/ml on the dialysis day. PTA on the dialysis day was improved
with a supplemental dose of 0.75 g, with which the dose regimen provided >90% of
PTA against an MIC of up to 16 ug/ml on the dialysis day.

Dose adjustment for patients with various degrees of renal function and
subjects requiring intermittent HD. The proposed dose regimens based on renal
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TABLE 4 Simulated C,,,, and daily AUC for patients with normal or augmented renal
function at adjusted dose regimens using the covariate model with CG-CLcg

Median (90% prediction interval) for the following CG-CL.g (ml/min)
and adjusted dose regimen?

Parameter 90 to <120, 2 g q8h 120 to <150, 2 g g6h 150 to 200, 2 g g6h
Cinaxe 0g/ml 99.1 (84.4-117) 95.1 (81.2-112) 87.0 (72.6-102)
Daily AUC, ug - h/ml 1,238 (1,007-1,535) 1,450 (1,196-1,776) 1,278 (1,037-1,560)

aWith original IIV. The infusion time was 3 h.

function to provide similar exposure to cefiderocol for the different renal function
groups and subjects requiring intermittent hemodialysis with >90% PTA for 75% Ty c
against an MIC of =4 pg/ml are shown in Table 6.

DISCUSSION

Based on the antimicrobial susceptibility studies performed in iron-deficient me-
dium, the MICs to inhibit 50% and 90% of the strains reported previously (1, 2) are
summarized in Table S5 in the supplemental material. Out of 1,260 strains of the target
pathogens (Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae)
with MIC data available in these references (1, 2), 98% of the strains (1,233 strains) were
susceptible to =<4 pg/ml of cefiderocol. The 75% T, demonstrated bactericidal
efficacy in animal infection models (5-7). Based on human PK, the probability of
achieving the target 75% T, c Was >90% for microorganisms with an MIC of =4
ng/ml at the dose regimens proposed in Table 6.

The 2-g q8h dosing with a 3-h infusion was selected as the standard dose regimen
in order to maximize the pharmacodynamics parameter. The simulation demonstrated
that 2 g q8h with both 1- and 3-h infusions provided >90% PTA against an MIC of up
to 4 ug/ml. The target patient population for cefiderocol includes critically ill patients.
Regimens with prolonged infusion of B-lactam antibiotics are generally preferable,
especially for critically ill patients, because B-lactam antibiotics show time-dependent
antimicrobial activity. Therefore, 2 g q8h with a 3-h infusion was considered to be the
optimal dose regimen for cefiderocol.

In critically ill patients, augmented renal function has often been reported and is
typically seen in men less than 55 years of age with trauma, sepsis, burns, hematolog-
ical malignant disease, or pancreatitis (12). Inflated PK variability was also reported for
critically ill patients (12) and was considered for simulations in this study. For cefepime,
ceftazidime, and doripenem, the unexplained variability (sum of interindividual vari-
ability and interoccasion variability) of the PK parameter was 58%, 30%, and 34% for CL
and 67%, 35%, and 38% for V, respectively, in critically ill patients (13-15). In this study,
a variability of 40% for CL, V;, and V, was set as an additional condition to evaluate the
effect of inflated PK variability on PTA for the target T, for cefiderocol in critically
ill patients. The simulation demonstrated that for patients with augmented renal
function (CG-CLg of =120 ml/min), 2 g q6h with a 3-h infusion provides >90% PTA
against an MIC of up to 4 ug/ml even with inflated PK variability, with AUC comparable
to that in patients with normal renal function at 2-g q8h dosing with a 3-h infusion.
Efficacy and safety of cefiderocol for the critically ill patients would be expected.

TABLE 5 Simulated C,,,,, and daily AUC for patients requiring intermittent HD at 0.75 g
q12h with or without a supplemental dose

Median (90% prediction interval) on?:

Dialysis day

Without supplemental With supplemental
Parameter Nondialysis day dose dose
Crnaxe 0g/ml 77.2 (60.4-98.3) 59.3 (49.2-72.3) 89.1 (72.8-109)
Daily AUC, ug - h/ml 1,189 (841.8-1,659) 783.2 (608.1-998.7) 1,211 (941-1,515)

aThe infusion time was 3 h.
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CL of cefiderocol strongly correlated with renal function parameters (MDRD-eGFR
and CG-CLR), as expected. In healthy subjects, 60 to 70% of the dose was excreted into
urine as unchanged cefiderocol. In subjects with impaired renal function, the AUC of
cefiderocol increased with increasing severity of renal impairment (the AUC ratios in the
mild, moderate, severe, and end-stage renal disease [ESRD] groups compared to
the group with normal renal function were 1.0, 1.5, 2.5, and 4.1, respectively), while the
Coax Of cefiderocol did not change with renal impairment (11).

Consistent with previous reports (16, 17), MDRD-eGFR was generally lower than
CG-CLcg (see Fig. S2 in the supplemental material). For the modeling and for dose
adjustment, MDRD-eGFR was mainly used as a renal function parameter, since the
MDRD equation was reported to be widely recognized as providing more accurate
estimates of GFR than the CG equation (18). On the other hand, there have been reports
that CG-CL.g was closer to measured ClL.g than the estimated GFR calculated with
other equations, including the MDRD equation, for critically ill patients with augmented
renal function (measured CLg of >130 ml/min) (19). These factors were why the renal

function markers for our modeling and simulation were different for augmented and
impaired renal function.

MDRD-eGFR is standardized for a subject with a typical body surface area (BSA) (unit

TABLE 6 Dose regimens based on renal function to provide similar cefiderocol

exposure among renal function groups and >90% of PTA for 75% Ty, c against an
MIC of =4 ug/ml

Renal function

Augmented (CG-CLg, =120 ml/min)

Dose regimen

Normal (MDRD-eGFR, =90 ml/min/1.73 m?2)
Mild impairment (MDRD-eGFR, 60 to <90 ml/min/1.73 m2)

Moderate impairment (MDRD-eGFR, 30 to <60 ml/min/1.73 m?)

Severe impairment (MDRD-eGFR, 15 to <30 ml/min/1.73 m?)
ESRD (MDRD-eGFR, <15 ml/min/1.73 m?)

Requiring intermittent HD

2 g g6h, 3-h infusion

2 g g8h, 3-h infusion

2 g g8h, 3-h infusion

1.5 g g8h, 3-h infusion

1 g g8h, 3-h infusion
0.75 g q12h, 3-h infusion
0.75 g q12h, 3-h infusion?

aA supplemental (third) dose of 0.75 g with a 3-h infusion is administered after the completion of
intermittent HD on dialysis days.
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of ml/min/1.73 m?), and therefore, MDRD-eGFR may be adjusted using the individual
BSA (unit of ml/min). In this study, MDRD-eGFR was used without BSA adjustment
because the BSA-adjusted value based on the equation reported by Mosteller (20)
(median, 99; range, 5 to 144 ml/min) was similar to the MDRD-eGFR without the
adjustment (median, 99; range, 4 to 146 ml/min/1.73 m?) in this study. Adjustment of
MDRD-eGFR using individual BSAs might be needed for obese patients or underweight
patients.

Cefiderocol was significantly removed by intermittent HD (approximately 60% of
cefiderocol by HD of 3 to 4 h) (11). The modeling and simulation for intermittent
hemodialysis described the significant effect of intermittent HD on the PK of cefiderocol
well and suggested the need of supplemental dose immediately after intermittent HD
to provide >90% of PTA against an MIC of up to 4 pwg/ml. A supplemental dose after
HD has been used for other cephalosporins, such as ceftaroline and ceftolozane, which
are also hemodialyzable (21, 22).

In conclusion, our model described well the PK of cefiderocol. In the modeling, renal
function was a clinically meaningful factor for cefiderocol PK, as expected. The
modeling-and-simulation approach suggests that the dose-adjusted regimens based
on renal function are expected to provide therapeutic drug exposure and adequate
bactericidal effect in all subjects according to their specific level of renal function.

MATERIALS AND METHODS

Data. Plasma, urine, and dialysate concentration data for cefiderocol in two phase 1 studies were
used for the modeling.

The initial study was a single- and multiple-ascending dose study conducted in 49 Japanese and 5
Caucasian healthy subjects (10). The 1,348 plasma and 276 urine concentration data points for cefidero-
col following single (100- to 2,000-mg) or multiple (1,000- and 2,000-mg q8h) 1-hour intravenous
infusions were used for the modeling.

The renal impairment phase 1 study was a single-dose study conducted in the United States to assess
the effect of renal function on the PK of cefiderocol (11). Thirty-eight subjects meeting the eligibility
criteria with mild (60 to <90 ml/min/1.73 m?), moderate (30 to <60 ml/min/1.73 m?2), or severe (<30
ml/min/1.73 m?) renal impairment based on estimated glomerular filtration by the modification of diet
in renal disease (MDRD-eGFR) (16) criteria or with end-stage renal disease (ESRD) undergoing HD and a
matched control group of healthy subjects with normal renal function (=90 ml/min) based on estimated
creatinine clearance (Cockcroft-Gault [CG-CL] criteria [23]) were enrolled in the respective cohorts. The
data obtained from 37 subjects with normal renal function (8 subjects), mild (8 subjects), moderate (7
subjects), or severe (6 subjects) renal impairment, or ESRD requiring hemodialysis (8 subjects) were used
for the modeling. The 633 plasma and 30 dialysate concentration data points following a 1,000-mg single
1-hour intravenous infusion were used (513 plasma data points for the covariate modeling and 245
plasma and 30 dialysate data points for the HD modeling). The subjects requiring intermittent HD (3 to
4 h of HD) received 2 dosing sessions: the first dose was administered after an HD session (period 1,
without HD), and the second dose was administered following at least a 72-hour washout and was given
approximately 2 h prior to the subject’s HD session (period 2, with HD).

Table 7 shows the background characteristics of the subjects.

Bioanalysis method. The composite samples were prepared by treating each matrix (plasma, urine,
and dialysate) with a buffer (0.2 mol/liter ammonium acetate, pH 5) at a 1:1 ratio by volume and used
for measurement of cefiderocol concentrations. The cefiderocol concentrations were determined using
a validated high-performance liquid chromatography-tandem mass spectrometry (LC/MS/MS) assay. The
lower limits of quantification of cefiderocol in plasma, urine, and dialysate were 0.1, 1, and 0.05 pg/ml,
respectively.

Population pharmacokinetic analyses. (i) Model development for healthy subjects. A popula-
tion PK model for healthy subjects was developed based on the plasma and urine concentration data for
cefiderocol following single or multiple intravenous infusions in an initial phase 1 study. Two- and
three-compartment disposition models with an output compartment were tested. The parameters of the
3-compartment model with an output compartment, which was selected as a healthy subject (HS) model,
were CL, volumes of distribution in the central compartment (V,), peripheral compartment 1 (V,), and
peripheral compartment 2 (V5), intercompartmental clearances from the central compartment to periph-
eral compartment 1 (Q,) and from the central compartment to peripheral compartment 2 (Q,), and
fraction of urine excretion for total clearance (F,). The interindividual variability (V) for PK parameters
except F, was initially assumed to follow a log-normal distribution and an exponential error model. For
intraindividual (residual) variability, a combination error model (an additive error plus proportional error
model) was initially tested, and then a proportional error model was tested.

(ii) Covariate modeling. Covariate modeling to describe the effect of renal impairment on cefidero-
col PK was performed based on plasma concentrations from both the healthy and renally impaired
subjects in the 2 studies, excluding the data with HD for subjects requiring HD.
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TABLE 7 Background characteristics of subjects in the data set

Study and characteristic Mean (SD) Median (range)
SAD/MAD study? (n = 54)
Age, yr 30.7(9.7) 27.5 (20-60)
Body wt, kg 63.9(8.3) 62.6 (45.1-91.0)
MDRD-eGFR, ml/min/1.73 m?2 110.4 (16.5) 109.5 (76-146)
CG-Clcg, mI/min 138.2 (24.5) 137.5 (75-185)
Sex, no. male/no. female 51/3
Ethnicity, no. Japanese/no. Caucasian 49/5

Renal impairment study (n = 37)

Age, yr 55.0(10.8) 53.0 (27-74)
Body wt, kg 87.3(17.6) 85.2 (54.4-124.1)
MDRD-eGFR, ml/min/1.73 m? 51.2(35.2) 55 (4-124)
CG-Clcg, ml/min 64.5 (40.1) 68 (7-136)
Sex, no. male/no. female 24/13
Ethnicity, no. Japanese/no. other 0/37

Both studies (n = 91)
Age, yr 40.6 (15.7) 36 (20-74)
Body wt, kg 73.4(17.3) 68.4 (45.1-124.1)
MDRD-eGFR, ml/min/1.73 m? 86.3 (38.9) 99 (4-146)
CG-Clcg, mI/min 108.3 (48.2) 121 (7-185)
Sex, no. male/no. female 75/16
Ethnicity, no. Japanese/no. other 49/42

aSAD/MAD, single- and multiple-ascending dose.

Based on the HS model, a 3-compartment disposition model was used as a base model. The covariate
test was as follows. First, the effect of MDRD-eGFR, which was reported to be a more accurate estimate
of renal function than CG-CL; (16) and was used for categorization of renal function in the renal
impairment study, was tested on CL because cefiderocol is excreted mainly via the kidneys. The effect of
MDRD-eGFR on CL was incorporated using three models (a linear model, a piecewise linear model, and
a power model). Next, the effect of body weight on V, and V, was tested by using a power model
because body weight is generally an influential factor on PK from the physiological viewpoint.

For modeling to predict PK in patients with augmented renal function, the PK model developed using
MDRD-eGFR was modified to incorporate CG-CL, instead of MDRD-eGFR because there have been
reports that determination of renal function by CG-CL, is more accurate than that by MDRD-eGFR in the
range of high GFR (e.g.,, =120 ml/min) (19). The same covariate test described above was conducted
using CG-CL, instead of MDRD-eGFR.

The model to describe the relationship of renal function to CL and the inclusion of body weight for
V, and V, were selected based on the objective function value (OBJ) in NONMEM at the significance level
of P < 0.01 (6.63 at a difference with one degree of freedom).

(iii) HD modeling. The covariate model with MDRD-eGFR was modified to describe cefiderocol
removal during HD. Clearance with HD (CL,;5) was incorporated into total clearance as given by the
equation CL = ClLgy, + CL,,p, Where CL is total clearance for cefiderocol, CLg g, is clearance mainly via
the kidneys in the subject, and CL,, is clearance by HD. The interindividual variability for CL,,, was
considered using the exponential error model.

The typical values of CL,, the interindividual variability for CL,,, and the intraindividual variability
were estimated from cefiderocol concentrations in plasma and dialysate for 8 subjects receiving
intermittent HD. In the estimation, the other parameters were fixed to the parameter estimates of the
covariate model with MDRD-eGFR.

(iv) Dose adjustment for patients with various degrees of renal function and patients requiring
intermittent HD. To establish a dose regimen for patients with normal renal function (i.e., a standard
dose regimen), PTA values for 50% T,_,c and 75% T, as the target T, for bacteriostatic and
bactericidal effects, respectively, from the animal infection models (5-7) were calculated by Monte Carlo
simulation using the HS model with an unbound fraction (f,) of 0.422 at 1 g q8h or 2 g q8h with a 1-h
or 3-h infusion. In the calculation, the MIC range was set to 0.25 to 16 pg/ml, which included 4 ug/ml,
where 98% of the target pathogens were susceptible (1, 2).

Dose regimens for patients with impaired renal function were adjusted for each renal function group
(mild, moderate, severe, and ESRD based on MDRD-eGFR) to provide a daily AUC comparable to that
observed in the normal renal function group at 2 g q8h, which was considered to be a standard dose
regimen. The AUC estimated using noncompartmental analysis in the renal impairment study (11) was
used for the adjustment. The PTA for 75% T,_,,c, maximum plasma concentration (C,,,,,), and AUC at the
adjusted dose regimen were simulated using the covariate model with MDRD-eGFR.

For simulations of PK in patients with augmented renal function, the covariate model with CG-CL,
was used. Dose adjustment was defined for patients with augmented renal function because renal
excretion of cefiderocol is likely to be enhanced in those patients. Monte Carlo simulation was performed
to calculate the PTA for 75% T, ,c for 2 g q8h or 2 g g6h with a 3-h infusion for an MIC range of 0.25
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to 16 ng/ml for patients with normal renal function (CG-CL of 90 to <120 ml/min) or augmented renal
function (120 to <150 and 150 to 200 ml/min). In addition, simulations were also performed with IV
inflated to 40% for CL and V, (original IIV of 10% to 20%), because inflation of PK variability has been
reported for critically ill patients (13-15).
Simulations for patients requiring intermittent HD were performed with 4-h HD initiating at 1 h after
the end of the regular morning infusion on days 1 and 4, assuming a three-times-a-week HD regimen.

C

max

and AUC were calculated on the nondialysis day (day 3) and the dialysis day (day 4), and T,_,,c was

calculated for the period of 0 to 12 h after the morning dose on both the nondialysis day and the dialysis
day. The dose regimen of 0.75 g q12h with a 3-h infusion was tested with or without a supplemental dose
of 0.75 g infused immediately after the HD session.
In the Monte Carlo simulation, 1,000 virtual patients were simulated for each scenario. PK steady state
was assumed in the simulations. Body weight was assumed to be log-normally distributed with a
geometric mean of 70 kg and a coefficient of variation (CV) of 20%. The protein binding rates in plasma
at 1 and 8 h after the start of infusion were comparable among different renal function groups in the
renal impairment study (11). Therefore, the change of the unbound fraction with varying renal function
was not considered for the simulations.
Model evaluation. All PK models were evaluated based on goodness-of-fit plots. A visual predictive
check (VPC) (24) was performed to evaluate selected models.

Software. NONMEM version 7.3 (25) was used to estimate population PK parameters by the

first-order conditional estimation with interaction and to execute simulations. Perl-speaks NONMEM
version 4.2.0 (26) was used to execute the NONMEM run. R version 3.0.2 (27) was used to
calculate PTA for T,_\,c, C.» and AUC based on simulated plasma concentrations and to create
graphics.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01381-16.

TEXT S1, PDF file, 0.1 MB.
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