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ABSTRACT The pharmacokinetics of ceftolozane-tazobactam (TOL-TAZ) and ceftazi-
dime-avibactam (CEF-AVI) is influenced by renal function. Application of recommended
dosages in patients with renal impairment requires the use of fractions of the full dose,
as only one dosage is available for both antibiotics. The objective of this study was to
evaluate the adequacy of alternative dosage regimens based on the full dose. We per-
formed pharmacokinetic/pharmacodynamic (PK/PD) simulations of recommended and al-
ternative dosage regimens in patients with various degrees of renal impairment by using
the Pmetrics program. Alternative regimens included longer dosage interval and pro-
longed infusions of the full dose for both drugs. Probabilities of target attainment (PTA)
were assessed considering PK/PD targets defined for cephalosporins and beta-lactamase
inhibitors as well as MIC breakpoints. The risk of overexposure was also assessed. Results
showed that alternative dosage regimens based on a full dose of TOL-TAZ and CEF-AVI
administered every 12 or 24 h were associated with PTA similar to that of recommended
dosages, especially when administered as prolonged infusion. The alternative dosage reg-
imens were not associated with overexposure in most cases. In addition, those regimens
could reduce dosing errors, drug cost, and nurse labor. Clinical investigation ovf those al-
ternative dosage regimens would be required before implementation.

KEYWORDS Monte Carlo simulation, beta-lactamases, cephalosporin,
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eftolozane-tazobactam (TOL-TAZ) and ceftazidime-avibactam (CEF-AVI) are combi-
nations of a cephalosporin with a B-lactamase inhibitor that have been recently
approved.

TOL-TAZ has bactericidal activity against most extended-spectrum B-lactamase
(ESBL)-producing Escherichia coli, Klebsiella pneumoniae, and other Enterobacteriaceae
(1, 2). The indications of TOL-TAZ are complicated intraabdominal infections (clAl),
acute pyelonephritis, complicated urinary tract infections (cUTI), and hospital-acquired
pneumonia (HAP), including ventilator-associated pneumonia (VAP) (3). TOL-TAZ
should be administered as a 1-h intravenous (i.v.) infusion. Both drugs are eliminated
primarily by the kidneys, with about 95% and 80% of the drug dose eliminated
unchanged into urine, respectively. The dosage regimen of TOL-TAZ should be
adjusted in patients with renal impairment. The recommended dosage regimens of
TOL-TAZ are available elsewhere (3). In patients with a creatinine clearance (CICr) of
=50 mL/min, the drug dose should be reduced but the dosage interval should be kept
at 8 h.
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The association of CEF with AVI expands ceftazidime activity on many cephalospo-
rin- and carbapenem-resistant Enterobacteriaceae and Pseudomonas aeruginosa strains
(4, 5). The indications of CEF-AVI are similar to those of TOL-TAZ: clAl, cUTI including
pyelonephritis, and HAP including VAP, as well as bacteremia associated with those
infections (6). CEF-AVI is also indicated for treatment of aerobic Gram-negative bacte-
rial infections in adults, for whom therapeutic options are limited. The dosage should
be reduced in patients with renal impairment, with use of fractions of the full dose, as
indicated in the drug label (6).

The recommended dosage regimens of both TOL-TAZ and CEF-AVI in patients with
renal impairment raise practical issues. As only one dosage is marketed for both drugs,
it is necessary to administer only a part of the vial, which is a known risk factor of errors
in the administration of injectable drugs (7). As both TOL-TAZ and CEF-AVI are stable
for at least 24 h at 2 to 8°C after dilution, the amount remaining might be stored for
subsequent administrations (3, 6). However, this practice is prone to dose error and
error in storage conditions and is not recommended. A safer practice is to discard the
amount remaining in the vial after administration, but it is a waste of drug and money.
Alternative dosage regimens based on the administration of the full dose may be of in-
terest in this setting.

The objectives of the present study were to identify alternative, cost-effective dosage
regimens of TOL-TAZ and CEF-AVI for administration in patients with renal impairment.

RESULTS

Pharmacokinetic/pharmacodynamic simulation results for ceftolozane-tazobactam.
Results of the different simulations for alternative dosage regimens are summarized in
Table 1. For comparison, results of the simulations with recommended dosage regi-
mens are shown in Table 2. Figure 1 illustrates the influence of dose, infusion time, and
dosage interval on ceftolozane pharmacokinetic (PK) profiles in the case of patients
with a CICr of 29 mL/min. Figure 2 shows the corresponding probabilities of target
attainment (PTA) as a function of ceftolozane MIC.

In patients with CICr between 51 to 100 mL/min, 1,000/500 mg every 12 hours
(g12h) as a 1-h infusion was simulated as an alternative to gq8h dosing. PTA for TOL
was =90%. For TAZ, PTA was slightly lower than 90% (85.7%) for CICr of 100 ml/min,
but increasing the infusion time to 2 h was sufficient to achieve a PTA of =90%. The
dosage of 1,000/500 mg q12h as a 1-h infusion was associated with acceptable PTA for
both drugs with CICr between 30 mL/min to 50 mL/min. In patients with CICr between
15 mL/min to 29 mL/min, an alternative dosage regimen of 1,000/500 mg g24h pro-
vided interesting results. The PTA for TAZ with CICr of 29 mL/min was slightly lower
than 90% for infusion times of 1 h and 2 h. However, increasing the infusion time to
4 h was sufficient to get acceptable PTA for both agents, without overexposure.

Steady-state concentrations for alternative dosage regimens can be compared to
those of the recommended dosage regimens to assess the risk of overexposure. For
TOL, the recommended dosage regimen associated with the highest C,,,, Cyin and
AUC,_,4, values was 1,000/500 mg g8h as a 1-h infusion in patients with a CICr of
51 mL/min. The highest median C,,, of tazobactam was obtained with 250/125 mg
g8h, in patients with a CICr of 15 mL/min. The alternative dosage regimens for TOL-
TAZ presented in Table 1 were not associated with significant overexposure. For a
given dose, increasing the infusion time was associated with decreased C,,,.,.

Assuming that the remaining drug amount would be discarded when only a fraction
had been used, simulated alternative dosage regimens of q12h administration in
patients with CICr from 51 to 100 mL/min and 30 to 50 mL/min would save one vial per
day of treatment compared to the recommended dosage regimens with g8h administra-
tion. For patients with CICr from 15 to 29 mL/min, two vials per day of treatment would
be saved. So, alternative regimens could be associated with daily treatment cost savings
of 33% to 66%.

Pharmacokinetic/pharmacodynamic simulation results for ceftazidime-avibactam.
Simulations results for alternative dosage regimens of CEF-AVI are summarized in
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FIG 1 Steady-state pharmacokinetic profile of ceftolozane for three dosage regimens in patients with
creatinine clearance of 29 mL/min. Simulated dosage regimens are as follows: 250 mg g8h as a 1-h infusion
(top), 1,000 mg g24h as a 2-h infusion (center), 1,000 mg q24h as a 4-h infusion time (bottom). The five
lines represent the 5th, 25th, 50th (median), 75th, and 95th percentiles of simulated concentrations. The
gray areas are the 95% confidence intervals around percentiles.

Table 3. For comparison, results of the simulations with recommended dosage regi-
mens are shown in Table 4.

The recommended dosage regimen associated with highest median C,,,, and AUC, .,
values for CEF and the highest C.,,, for AVI was 2,000/500 mg g8h as a 2-h infusion in
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FIG 2 Probability of target attainment for three ceftolozane dosage regimens in patients with creatinine
clearance of 29 mL/min. IT, infusion time; PTA, probability of target attainment.

patients with CICr of 51 mL/min. Of note, the recommended regimen associated with
highest median C,,, for both drugs and the highest AUC, ,,, for AVI was 750/187.5 mg
q24h in patients with CICr of 6 mL/min.

In patients with CICr of 80 mL/min, the alternative dosage regimens using 2,000/
500 mg q12h with infusion times of 2 h and 4 h were associated with a PTA of =90% for
CEF but not for AVL. Increasing the infusion time up to 6 h was necessary to get accepta-
ble PTA for AVI. The maximum concentrations at steady state remained lower than those
of the safety references. In patients with CICr of 51 mL/min, administration of 2,000/
500 mg q12h as a 2-h infusion time was sufficient to provide a PTA of =90% for both
CEF and AVI, without overexposure. As expected, increasing the infusion time was asso-
ciated with acceptable PTA as well. In patients with CICr from 31 mL/min to 50 mL/min,
2,000/500 mg g12h as a 2-h infusion was sufficient to provide a PTA of =90% for both
drugs. C., and AUC, ,,, values were very close to those of the safety references. In
patients with CICr of 30 mL/min, the administration of 2,000/500 mg q24h appeared to
be acceptable in terms of PTA but only if the infusion time was extended to at least 6 h.
In patients with CICr of 16 mL/min, 2,000/500 mg q24h as a 2-h infusion was sufficient to
get acceptable PTA. With that regimen, CEF C,,,, and AUC,_,,,, values were slightly higher
than those of the safety references, so extending the infusion time could be safer. In
patients with a CICr of =6 and =15 mL/min, the administration of 2,000/500 mg g24h
was associated with PTA of 100% for both ceftazidime and avibactam for all tested infu-
sion times. At the upper bound of 15 mL/min for CICr, increasing the infusion time to
12 h was necessary to decrease C,,,,, toward safety reference values. In patients with CICr
as low as 6 mL/min, this regimen was associated with C,,., and AUC,_,,, values much
higher than those of the safety references.

The alternative dosage regimens of 2,000/500 mg q12h in patients with CICr from
31 to 80 mL/min and 2,000/500 mg q24h in patients with CICr from 16 to 30 mL/min
could be associated with savings of 33% to 50% in daily drug cost, respectively.

DISCUSSION

Current recommended dosage regimens of TOL-TAZ and CFE/AVI are based on phar-
macokinetic/pharmacodynamic (PK/PD) evaluations as well as clinical trials (3, 6, 8, 9). The
recommended dosages in patients with renal impairment are sound, as they ensure PK/
PD requirements of those time-dependent antibacterials. However, they require to dis-
card a fraction of the dose, which is an issue in hospitals considering the relatively high
cost of those drugs compared with that of older agents (10). Our PK/PD simulation study
was designed to examine alternative dosing strategies in patients with renal impairment.

Based on our TOL-TAZ and CEF-AVI simulations, administration of a full vial every
12 h or 24 h can be associated with acceptable PTA in patients with renal impairment.
Those regimens were not associated with significant overexposures except in a few
subgroups of patients with very altered renal function (CEF-AVI 2,000/500 mg q24h in
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patients with CICr of 6 mL/min). A simple way to optimize PTA and reduce risk of over-
exposure is to increase the infusion time. We showed that continuous infusion allows
to achieve 100% PTA with low daily doses, but prolonging the infusion time up to 2 h,
4 h, or 6 h may be sufficient to achieve acceptable PTA in most situations.

Prolonged or continuous infusion requires sufficient stability of drugs after dilution
in appropriate vehicle. For TOL-TAZ, the product is stable up to 24 h after dilution
when stored at room temperature (3). For CEF-AVI, chemical and physical in-use stabil-
ity after dilution has been reported for up to 24 h at 2 to 8°C, followed by up to 12 h at
a temperature not exceeding 25°C (6). Therefore, increasing infusion duration up to
24 h for TOL-TAZ and 12 h for CEF-AVI is feasible.

Less-frequent administration of a full dose of TOL-TAZ and CEF-AVI could have sev-
eral advantages. Dosing error associated with use of fractions of vial would be pre-
vented. Less-frequent administration of drugs would also reduce indirect health care
cost by reducing the nurse labor. Finally, this could facilitate outpatient therapy with
TOL-TAZ and CEF-AVI.

Obviously, the ability to achieve a given PK/PD target for a given dosage regimen
of antibiotic in patients strongly depends on the target itself. Less-frequent administra-
tion of both TOL-TAZ and CEF-AVI was associated with acceptable PTA because bacte-
ricidal activity was achieved for relatively low values of time spent above the concen-
tration target, MIC, or threshold concentration (C,).

The choices of MIC, C;, and PK/PD targets can be discussed. We selected relatively
high targets in order to ensure efficacy on a large panel of bacteria. For TOL, we used
an MIC cutoff value of 4 mg/L that is relevant for P. aeruginosa, but lower values would
be acceptable for Enterobacteriaceae. For example, the epidemiological cutoff value
(ECOFF) of Enterobacter cloacae and E. coli is 1 mg/L, and the clinical breakpoint for
Enterobacteriaceae is fixed by EUCAST at 2 mg/L. Of note, the MIC breakpoint of TOL
has recently been updated, and previous studies considered a higher MIC breakpoint
of 8 mg/L (11). We considered a PK/PD target defined as the time during which free
concentration was above the MIC (fT > ,,c) of =32.2% for ceftolozane, which was the
median value associated with 1-log,, kill for various strains of Enterobacteriaceae
(including wild types and ESBLs) and P. aeruginosa (12). While this value showed lim-
ited variability across strains and species in the murine model, the results of dosage
simulations might have been different if one would consider a pathogen-specific tar-
get or a greater bactericidal effect (13). For TAZ, in vitro results with E. coli strains
expressing CTX-M-15 showed that the minimal effective concentration C; varied with
B-lactamase expression. It was 0.05 mg/L for strains with low and moderate expression
and 0.25 mg/L for strains with the high B-lactamase expression (14). We considered
the worst-case scenario by selecting C; of 0.25 mg/liter. We set the PK/PD target for
TAZ as an fT. o of =35%, this value being associated with net bacterial stasis in experi-
mental studies (14). A higher target might be considered, as an fT_ of =50% was
required to achieve a killing effect in vitro. Overall, the target for B-lactamase inhibitors
is based on limited evidence, and both the effective concentration and value of the
PK/PD objectives required for clinical response are uncertain.

For CEF, an MIC cutoff value of 8 mg/L was selected, which is relevant for P. aerugi-
nosa. Lower values could be considered for other bacteria, such as E. cloacae or E. coli,
that display lower ECOFF, although the clinical MIC breakpoint value is established at
8 mg/L for all Enterobacteriaceae. For AVI, in vitro hollow-fiber experiments showed
that a C; of =0.5 mg/L was sufficient to suppress the growth of B-lactamase-producing
isolates of Enterobacteriaceae (15). However, a higher value of 1 mg/L was suggested
for ceftazidime-resistant P. aeruginosa based on experiments in murine neutropenic
thigh and lung infection models (16). Values of %fT- - ranging from 0 to 21.4% in the
lung model and from 14.1 to 62.5% in the thigh model were required to achieve a
static effect, while an fT- o of =50% was associated with 1-log;, kill of P. aeruginosa in
thighs of mice. Again, we recognized that the clinical relevance of PK/PD targets
defined for AVI remains uncertain.
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We did not consider higher target values of fT_,,c, such as 100% fT-,,c or even
100% fT-,, wc that have been suggested for beta-lactams in critically ill patients (17),
because those values were not consistent with targets used in drug development and
labeling. Further research is necessary to determine optimal exposure of TOL-TAZ and
CEF-AVI in critically ill patients.

Apart from the choice of PK/PD targets, our work has several limitations. We simu-
lated PK parameters corresponding to only one type of infection (clAl), so the results
may not hold true for other infections such as cUTI and HAP. However, results from the
original population PK studies showed that the influences of the various diseases on
PK parameters are quite similar (8, 9). Indeed, clAl appears to have the largest effect on
both drug total body clearance (CL) and central volume of distribution (Vc) and might
be considered a worst-case scenario in terms of drug exposure. For lung infections, the
lung to plasma concentration ratio should also be taken into account in the PK/PD tar-
gets for TOL-TAZ. We did not perform simulations in other categorical groups identi-
fied for CEF-AVI (e.g., Asian patients, patients with HAP under ventilation), and those
may be of interest in future studies. We did not examine exposure and PTA over the
first hours of therapy, before steady state was achieved. Although both TOL-TAZ and
CEF-AVI displayed a low accumulation index, close to 1 in healthy subjects (18, 19), it
may be interesting to examine whether initial exposure is always optimal for those
agents, for both approved and alternative dosage regimens in a dedicated study. We
could not evaluate the joint target attainment of the beta-lactam and beta-lactamase
inhibitor, as the joint distribution of PK parameters was not available. Finally, our find-
ings are based on simulations and the suggested alternative regimens have not been
clinically validated. However, our findings are based on updated PK/PD data and mod-
eling and simulation approaches similar to those used in the development of both
drugs.

Assessing the relevance of the dosage regimens recommended for TOL-TAZ and
CEF-AVI was out of the scope of this study. However, it has been suggested that dos-
age reduction in patients with moderate renal impairment may result in suboptimal
exposure and response (20). Dose reduction may be unnecessary, especially in case of
transient acute kidney injury during the first 48 h of therapy, considering the wide ther-
apeutic index of those beta-lactam agents (21). This cautionary statement may also
apply to the alternative dosage regimens examined in our study, which have not been
clinically evaluated.

Conclusions. To conclude, our PK/PD simulations performed for TOL-TAZ and CEF-
AVl in patients with renal impairment showed that alternative dosage regimens based
on a full dose administered every 12 or 24 h is a reasonable dosing approach, espe-
cially when administered as prolonged infusion. Such alternative dosage regimens
may result in PK/PD target attainment similar to that of recommended dosage, without
significant overexposure. In addition, those regimens may reduce dosing errors, drug
cost, and nurse labor. However, clinical investigations of such alternative dosage regi-
mens are necessary.

MATERIALS AND METHODS

We performed PK/PD simulations of various dosage regimens of TOL-TAZ and CEF-AVI based on pre-
viously published population PK models.

Population PK model for ceftolozane-tazobactam. We used a published population PK model
based on data from 10 different clinical studies that enrolled 376 adults, including healthy volunteers,
subjects with various degrees of renal impairment, and patients with bacterial infections (cUTI and clAl)
(22). TOL-TAZ disposition was described by a linear two-compartment model. Population PK parameters
followed a log-normal distribution. Values of TOL and TAZ PK parameters used in our simulations are
shown in Table 5.

Population PK model for ceftazidime-avibactam. We used the population PK model published by
Li et al. for CEF-AVI (23). CEF and AVI concentrations were obtained in 1,975 and 2,249 adults, respec-
tively, including patients with clAl, cUTI, or HAP (including VAP). The final population PK model was also
a two-compartment model, with log-normal distribution of random parameters. Values of CAF and AVI
PK parameters used in our simulations are shown in Table 5.
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Simulations of alternative dosage regimens in patients with renal impairment. PK/PD simula-
tions were all performed with the R package Pmetrics (24). Structural and covariate models, as well as
fixed and random effects describing PK parameter distributions, were encoded within Pmetrics.
Simulated values of random PK parameters were generated by sampling from appropriate Gaussian dis-
tribution of random effects, in accordance with parameter variability described in the population PK
studies and equations described in Table 5. For CEF-AVI, covariance between parameters described by Li
et al. was taken into account in simulations (23). Body weight values were sampled from a log-normal
distribution, as follows:

BW; = 74 X exp(npw)

Newi ~ N (0,0.2052)

where BW, is the simulated individual body weight, 74 is the typical body weight in kg, and 7,,, is the
body weight random effect variable that follows a normal distribution. This model corresponds to a
weight coefficient of variation of 20.7%. This weight distribution was previously used in the simulation
study of TOL-TAZ by Xiao et al. and was representative of weight variability observed in clinical studies
(11). The same weight distribution was assumed for simulations with CEF-AVI.

For TOL-TAZ, we simulated the approved dosage regimens provided by the manufacturer for the
various stages of renal function described in the summary of product characteristics (3). We also simu-
lated alternative dosage regimens using a full dose of 1,000/500 mg per administration. In alternative
dosage regimens, we simulated infusion times of 1 h, 2 h, 4 h, 6 h, and 12 h, as well as prolonged dosing
intervals of 12 h and 24 h. We also simulated continuous infusions of 12 h and 24 h. We used fixed CICr
values corresponding to the lower and upper bounds of each stage of renal impairment requiring dose
adjustment as defined in the summary of product characteristics (3). Normal, moderately impaired, and
severely impaired renal function were defined as CICr values of 51 to 100 mL/min, 30 to 50 mL/min, and
15 to 29 mL/min, respectively. Simulations in patients with CICr less than 15 mL/min and under hemo-
dialysis were not performed.

For CEF-AVI, we simulated the approved dosage regimens for the various stages of renal function (6)
as well as alternative dosage regimens using a full dose of 2,000/500 mg per administration. We simu-
lated infusion times of 2 h, 4 h, 6 h, and 12 h associated with prolonged dosing intervals of 12 and 24 h.
We also simulated continuous infusions of 12 h and 24 h. Fixed CICr values corresponding to upper and
lower bounds of renal function stages were used, as for TOL-TAZ simulations. The stages of renal impair-
ment defined in the summary of product characteristics were 51 to 80 mL/min, 31 to 50 mL/min, 16 to
30 mL/min, and 6 to 15 mL/min (3). Simulations in patients with CICr less than 6 mL/min and under
hemodialysis were not performed.

In each simulation, 1,000 virtual patients and PK profiles were generated. Drug administration was
simulated over 10 days. Drug concentrations simulated on the 10th day of therapy were analyzed in
order to obtain steady-state results.

PK/PD targets and analysis of simulation results. For TOL, the target was set at an fT_,,. of
=32.2%, which has been associated with 1-log,, kill for Gram-negative bacilli in the neutropenic murine
thigh infection model (3, 12). It has been shown that the effect of TAZ, when combined with a fixed con-
centration of TOL in in vitro models, correlated with the percentage of time during which the free
plasma concentration of TAZ remains above a concentration threshold (%fT_,) (14). The primary target
was set at an fT_ ., of =35%, this value being associated with net bacterial stasis of CTX-M-15-producing
E. coli regardless of enzyme transcription level (11). We assumed unbound fraction of 80% and 70% for
TOL and TAZ, respectively, to derive free concentrations from total concentrations (25).

For CEF, we used a target fT_,,c of =50%, which was associated with bactericidal effect in neutro-
penic mouse infection models and with microbiological eradication in patients with Gram-negative
infections (26). The target for AVl was fT_.; of =50%, which has been associated with 1-log,, kill of P.
aeruginosa resistant to CEF alone in a neutropenic mouse thigh infection model (16). We assumed
unbound fractions of CEF and AVI of 90% and 92%, respectively (6).

We calculated the proportion of simulated patients who achieved the PD target (i.e., the probability
of target attainment [PTA]) for a realistic range of MIC and C; values. For TOL and CEF, MICs ranging
from 0.25 to 32 mg/L were considered, in agreement with MIC distribution provided by EUCAST (27). For
TAZ, C; values evaluated were as follows: 0.05, 0.1, 0.25, 0.5, and 1 mg/L (14). For AVI, C; values were set
at 0.5, 1,2, and 4 mg/L (16).

We specifically examined PTA results for cutoff values of MIC and C;. The TOL MIC cutoff was 4 mg/L,
which is the TOL-TAZ epidemiological cutoff value (ECOFF) as well as the clinical breakpoint determined
by EUCAST for P. aeruginosa (28). The TAZ cutoff value of C, was 0.25 mg/L, corresponding to high level
CTX-M-15 producer E. coli in vitro (14). The CEF cutoff value was 8 mg/L, which is P. aeruginosa ECOFF
value for CEF alone and also the EUCAST clinical breakpoint for CEF-AVI for Enterobacteriaceae and P.
aeruginosa. For AVI, a C; cutoff of 1 mg/L was chosen, because this value best correlated with efficacy on
P. aeruginosa resistant to CEF alone in the neutropenic mouse thigh infection model (16). A PTA of
=90% was considered acceptable in all simulations.

In addition to PD target attainment, we evaluated the risk of overexposure associated with alterna-
tive dosage regimens by computing maximal concentration at the end of infusion (C,,,,), trough concen-
tration at steady-state or plateau concentration in case of continuous infusion (both denoted as C,

min)s

and area under the concentration-time curve over 24 h (AUC,_,,.). The median and 2.5th and 97.5th
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percentiles of those quantities were compared between recommended and alternative dosage regi-

mens. The highest C,

maxs Cnine

renal function were considered safety upper limits.

Data availability. All simulated data are available upon request.
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