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ABSTRACT Cefepime has been reported to cause concentration-related neurotoxicity,
especially in critically ill patients with renal failure. This evaluation aimed to identify a dosing
regimen providing a sufficient probability of target attainment (PTA) and the lowest
justifiable risk of neurotoxicity in critically ill patients. A population pharmacokinetic model
was developed based on plasma concentrations over four consecutive days obtained from
14 intensive care unit (ICU) patients. The patients received a median dose of 2,000 mg
cefepime by 30-min intravenous infusions with dosing intervals of every 8 h (q8h) to
q24h. A time that the free drug concentration exceeds the MIC over the dosing interval
(fT.MIC) of 65% and an fT.2�MIC of 100% were defined as treatment targets. Monte Carlo
simulations were carried out to identify a dosing regimen for a PTA of 90% and a probabil-
ity of neurotoxicity not exceeding 20%. A two-compartment model with linear elimination
best described the data. Estimated creatinine clearance was significantly related to the clear-
ance of cefepime in nondialysis patients. Interoccasion variability on clearance improved the
model, reflecting dynamic clearance changes. The evaluations suggested combining thrice-
daily administration as an appropriate choice. In patients with normal renal function (creati-
nine clearance, 120 mL/min), for the pharmacodynamics target of 100% fT.2�MIC and a PTA
of 90%, a dose of 1,333 mg q8h was found to be related to a probability of neurotoxicity
of #20% and to cover MICs up to 2 mg/L. Continuous infusion appears to be superior to
other dosing regimens by providing higher efficacy and a low risk of neurotoxicity. The
model makes it possible to improve the predicted balance between cefepime efficacy
and neurotoxicity in critically ill patients. (This study has been registered at ClinicalTrials.gov
under registration no. NCT01793012).

KEYWORDS cefepime, population pharmacokinetics, probability of target attainment,
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Cefepime is a fourth-generation cephalosporin antibiotic covering both Gram-positive
and Gram-negative bacteria (1). It was first approved in Europe in 1993 and in 1996 by

the U.S. Food and Drug Administration (FDA) for the treatment of moderate to severe pneu-
monia, complicated and uncomplicated urinary tract infections, uncomplicated skin and skin
structure infections, intra-abdominal infections, and, later, febrile neutropenia (2, 3). Through
its property as a zwitterion, cefepime has an enhanced ability to penetrate the outer cell
membrane porins of Gram-negative bacteria more rapidly than third-generation cephalo-
sporins (4). In addition, it is relatively stable to chromosomally encoded AmpC beta-
lactamase, representing the treatment of choice in AmpC producers that do not harbor
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extended-spectrum beta-lactamase enzymes (5). Cefepime has activity comparable to
that of ceftazidime against Pseudomonas aeruginosa (4). This broad-spectrum activity of cefe-
pime and its relative beta-lactamase stability make this drug suitable as an empirical treatment
for patients in intensive care units (ICUs) (6). The recommended standard dose of cefepime
according to EUCAST (European Committee on Antimicrobial Susceptibility Testing) is 1 g
every 8 h (q8h) or 2 g q12h (7). The manufacturer’s recommended dose of cefepime for
adults with mild to moderate infections and normal kidney function is 0.5 g to 1 g q12h
and for those with moderate to severe infections is 1 g to 2 g q12h (8). This dosing regimen
has been effective against the vast majority of streptococci, members of the Enterobacterales,
and Staphylococcus aureus (9). For patients with febrile neutropenia, the recommended dose
is 2 g q8h, all with a 30-min infusion (8). Cefepime doses of 2 g q8h in patients with normal
renal function are required to achieve adequate exposure and increase antibacterial effect
against susceptible P. aeruginosa infections (10). To account for the mainly renal elimination
of cefepime, in patients with an estimated creatinine clearance below 60 mL/min, dose
adjustment is required. The manufacturer’s dosing recommendations for the maintenance
dose for adults weighing more than 40 kg with renal impairment for severe infection are as
follows: 2 g q24h, 1 g every day, and 0.5 g every day for creatinine clearance estimated by
the Cockcroft-Gault equation (eCLCR) of 30 to 60 mL/min, 11 to 29 mL/min, and#10 mL/min,
respectively (8).

Pathophysiological changes in severely ill patients may cause high pharmacokinetic vari-
ability, which may result in under- and overexposure to the drug. It is important to under-
stand that the interindividual variability (IIV) of pharmacokinetic (PK) parameters, specifically
clearance and volume of distribution, determines the probability of target attainment (PTA)
for optimal bacterial cell killing by b-lactams after the administration of a fixed dose (9).

Cefepime is administered parenterally. It exhibits linear pharmacokinetic behavior and
low plasma protein binding, which ranges from 16% to 19%, and is widely distributed in
body tissues and fluids. It is mainly eliminated by the kidneys through glomerular filtration,
with more than 80% of the drug being unchanged in subjects with normal kidney func-
tion. The elimination half-life is about 2 to 2.5 h (11). The percentage of time that the free
drug concentration exceeds the MIC over the dosing interval (fT.MIC) is the PK/pharmaco-
dynamic (PD) index that best describes its efficacy (12). In line with other beta-lactam anti-
biotics, the efficacy of cefepime is optimal when the free-drug concentration exceeds the
MIC for at least 50% of the dosing interval (13). For Gram-negative bacteria, an fT.MIC of 60
to 70% is generally required to achieve sufficient killing (14). Nicasio et al. reported a PD
target of .50% fT.MIC for cefepime in patients with ventilator-associated pneumonia (13),
while Roos et al. used a 65% fT.MIC as a target (9). Treatment of severe infections may
require the administration of doses that keep free serum concentrations at least 1- to 2-
fold higher than the MIC throughout the dosing interval. Accordingly, Aitken et al. used
a PD target of 100% fT.2�MIC, or 100% fCmin.2�MIC (free minimum concentration to MIC) ratio
of $ 2.1 in patients with Gram-negative bacterial pneumonia (15). Al-Shaer et al. suggested
PD targets of 100% fT.MIC and 100% fT.4�MIC (16).

A comprehensive review and meta-analysis published in 2006 revealed that the use of
cefepime in febrile neutropenic patients was associated with higher mortality (17). The same
study team expanded their meta-analysis in 2007 to include all cefepime-treated patients,
and they still discovered higher mortality rates than in individuals receiving other broad-
spectrum b-lactam antibiotics (18). It has been reported that 15% of all ICU patients will
experience one symptom of cefepime neurotoxicity or another (19), but recognition of
these symptoms is difficult, as they reflect common conditions in critically ill patients.
Symptoms of neurotoxicity include confusion, encephalopathy, abnormal electroence-
phalography (EEG), nonconvulsive status epilepticus, and severe toxicity leading to coma
(20). In general, the neurotoxic symptoms, including encephalopathy, are reversible after
discontinuation of cefepime and/or after hemodialysis. The mechanism of the neurotoxic
effect is not yet known, but it has been related to the inhibition ofg -aminobutyric acid A
(GABA-A) receptors (21). Researchers have been attempting to link the neurotoxicity to plasma
cefepime exposure, but the available data are limited by the availability of trough-only
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concentrations, retrospective study designs, total or calculated unbound concentrations, dif-
ficulties in defining the events, and lack of control for covariates affecting these events,
which are frequent in intensive care units (16).

To assess the risk for neurotoxicity in this study, the logistic regression model reported
by Boschung-Pasquier et al. was used (22). According to the model, at cefepime plasma
trough concentrations less than 7.7 mg/L, no patients showed signs of potential neurotoxic-
ity. The risk of neurotoxicity was 25% when plasma trough concentrations were $12 mg/L.
In patients with trough concentrations of$16 mg/L, this risk increased to 50% when plasma
trough concentrations were$16 mg/L. At plasma trough concentrations of$38.1 mg/L, all
patients experienced neurotoxicity. On the other hand, Lamoth et al. reported a 50% proba-
bility of neurotoxicity at a trough concentration of $22 mg/L (23), while Huwyler et al. rec-
ommended avoiding a trough concentration of.20 mg/L in patients receiving intermittent
dosing and a steady-state concentration of .35 mg/L in patients receiving a continuous
infusion (CI) (24) (Table 1).

The aims of this study were (i) to quantify PK variability and explore predictors of cefepime
clearance and (ii) to identify a dosing regimen of cefepime in critically ill patients providing a
sufficient PTA and an acceptably low risk of neurotoxicity.

RESULTS

Fourteen medical-surgical ICU patients were included in the study. Four of the patients
were on continuous venovenous hemodialysis (CVVHD), and all but one patient had sepsis.
Sepsis was defined according to the European Society of Intensive Care Medicine/Society of
Critical Care Medicine Consensus Conference Committee (25). The median numbers of avail-
able blood samples per patient were 11.5, 6, 6.5, and 6 on days 1 to 4 of sampling, respec-
tively. A total of 344 plasma concentrations were used for the development of the model.
Four very high plasma concentrations ranging between 447.17 and 848.36 mg/L were con-
sidered implausible and removed from the evaluation. The patients’ characteristics are
shown in Table 2. The median age and body weight of the patients were 62 (range, 22 to
94) years and 70 (45 to 120) kg, respectively.

TABLE 1 Cefepime-induced neurotoxicity based on plasma trough concentrations reported
in various studies

Trough concn (mg/L) Probability of neurotoxicity (%) Reference
$12 25 22
$16 50 22
$38 100 22
.20 24 24
.40 39 24
$22 50 23

TABLE 2 Summary of demographic and clinical characteristics of the patients

Characteristica Median (range) or no. of patients
eCLCR (mL/min) 60.8 (16.7–217)
mCLCR (mL/min) 56 (0–219)
Body wt (kg) 70 (45–120)
Age (yrs) 62 (22–94)
Sex (male/female) 6/8
Body ht (m) 1.68 (1.5–1.83)
BMI (kg/m2) 25 (20–37)
Serum albumin concn (mg/dL) 2.5 (1.8–3.6)
Serum creatinine concn (mg/dL) 0.8 (0.3–4.4)
Serum urea concn (mg/dL) 53 (12–196)
Lung transplantation (yes/no) 4/10
Liver transplantation (yes/no) 1/13
Dialysis (yes/no) 4/10
Sepsis (yes/no) 13/1
aeCLCR, Cockcroft-Gault creatinine clearance; mCLCR, measured creatinine clearance based on 24-h urinary excretion of
creatinine and corresponding plasma concentration of creatinine in patients without hemodialysis; BMI, bodymass index.
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Population pharmacokinetic model. A two-compartment model with linear elimi-
nation best described cefepime concentrations. The base model was parametrized in terms
of elimination clearance for nondialysis patients (CLND), clearance of CVVHD patients (CLD),
central volume of distribution (V1), the peripheral volume of distribution (V2), and inter-
compartmental clearance (Q). IIV was found to be significant on clearance and volume of
distribution. Interoccasional variability (IOV) estimated on clearance of both dialysis and
nondialysis patients was significant and decreased objective value function (OVF) by 45
points. IOV was tested on the volume of distribution and decreased OVF (by 16.9 points)
but was not properly identifiable. Parameter estimates of the final model and 95% confi-
dence interval for the parameter estimates are given in Table 3.

Observations were uniformly distributed along the line of identity; no systematic over-
or underprediction was evident from plots of residuals (Fig. 1). Relative standard errors of all
parameters in the final model were less than 30% except for V1 and Q, which suggests that

TABLE 3 Parameter estimates of cefepime obtained from the final modela

Parameter

NONMEM Bootstrap analysis

Estimate RSE (%) Shr (%) Median RSE (%) 95% CI
CLD (L/h) 2.74 13 2.71 9.26 2.29–3.19
CLND (L/h) 2.94 10 2.96 12.3 2.36–3.78
V1 (L) 8.88 38 9.06 17.9 5.70–12.2
Q (L/h) 27.4 54 24.7 22.4 16.8–41.7
V2 (L) 18.7 22 18.0 12.4 14.2–23.5
eCLCR effect on CLND 0.896 17 0.829 13.5 0.637–1.04
IIV CLD (CV %) 22.7 15 51 20.6 37.0 12.5–27.9
IIV CLND (CV %) 31.3 20 21 28.8 51.4 9.80–40.8
IIV V1 (CV %) 47.3 25 14 44.2 42.3 26.7–65.0
IIV V2 (CV %) 19.3 26 34 19.8 51.8 5.8–29.7
IOV CLND (CV %) 22.4 23 8 22.3 47.6 14.1–35.5
Proportional residual error (SD) 0.278 11 0.276 14.4 0.217–0.324
aRSE, relative standard error; CI, confidence interval; CLD, elimination clearance in dialysis patients; CLND, elimination
in nondialysis patients; V1, central volume of distribution; Q, intercompartmental clearance; V2, peripheral volume
of distribution; eCLCR, creatinine clearance estimated by the Cockcroft-Gault equation; IIV, interindividual
variability; IOV, interoccasional variability; CV, coefficient of variation; shr, shrinkage; SD, standard deviation.

FIG 1 Goodness-of-fits plots for the final covariate cefepime population pharmacokinetic model. (A) Plot of observed concentrations versus individual predictions.
(B) Plot of observed concentrations versus population predictions. (C) Plot of conditional weighted residuals (CWRES) versus population predictions. (D) Plot of
CWRES versus time after the first dose. The dashed line represents the best linear fit. Black dots represent observed concentrations. The solid line represents
the line of identity or unity. The total number of ICU patients is 14, including four patients with continuous venovenous hemodialysis. The patients received a
median daily dose of 2,000 mg cefepime by 30-min intravenous infusions.
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parameters were estimated with sufficient precision (Table 3). Figure 2 shows prediction-
corrected visual predictive checks (pcVPC), confirming that the developed model was able
to capture the central trend and variability in the data except for the last few observations.

In the covariate analysis, eCLCR was found to significantly decrease OVF by 14 points.
Serum creatinine was also found to be a significant covariate on clearance but to a lesser
extent than eCLCR, decreasing OVF by 7 points. Other covariates, such as measured creatinine
clearance (mCLCR), weight, sex, and age, tested on PK parameters did not significantly
improve the model.

Monte Carlo simulations. Monte Carlo simulations were used to assess the combined
effect of cefepime dose, dosing interval, and CLCR on both PTA and the risk of neurotoxicity.
While the published relationship between cefepime exposure and neurotoxicity was based
on trough concentrations, we additionally used the (higher) average concentrations in the
logistic regression equation provided by Boschung-Pasquier et al. (22) to increase the safety
margin for patients.

Figure 3A and B show neurotoxicity estimates based on trough concentrations with
the pharmacodynamics target of 65% T.MIC and 100% T.2�MIC, respectively. For a PD target
of 65% T.MIC and a PTA target of 90%, doses of 500 mg q8h and 2,000 mg q8h predicted
around 20% neurotoxicity for patients with eCLCR of 60 mL/min and 150 mL/min, respec-
tively, covering MICs of up to 8 mg/L (Fig. 3A). Increasing the PD target to 100% T.2�MIC,
doses of 400 mg q8h and 2,250 mg q8h predicted #20% neurotoxicity for patients with
eCLCR of 60 mL/min and 150 mL/min, respectively, covering MICs of 2 mg/L (Fig. 3B). With
CI, daily doses of 500 mg and 1,250 mg predicted ,10% risk of neurotoxicity in patients
with eCLCR of 60 mL/min and 150 mL/min, respectively, for PD targets of 65% T.MIC, covering
MICs of up to 4 mg/L. For a similar risk of neurotoxicity, doses and renal function increasing
the PD target to 100% T.2�MIC reduced MIC coverage to 2 mg/L with CI. Prolonging dosing
intervals while maintaining daily doses was predicted to result in a decrease in efficacy (i.e.,
requiring higher daily doses to cover the same MICs) but even more so in a decrease in the
risk of neurotoxicity, while overall any improvement was only marginal when balancing effi-
cacy and neurotoxicity.

When the risk of neurotoxicity was estimated based on average plasma concentrations,
this risk would depend only on daily dose and not on dosing intervals; accordingly, a
prolonged dosing interval would deteriorate the efficacy-versus-neurotoxicity risk rela-
tionship in this evaluation (Fig. 4A and B).

FIG 2 Prediction-corrected visual predictive check (n = 1,000). Solid dots represent observed concentrations. The
black solid line represents the median, and the lower and upper dashed lines are the 5th and 95th percentiles of
observed concentrations. Shaded areas are the respective model-predicted 95% confidence intervals. Dark-shaded
areas represent the median prediction interval, and light-shaded areas show the 2.5th and 97.5th percentiles of the
simulated data.
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FIG 3 Combined effect of cefepime dose, dosing interval, and estimated creatinine clearance on both PTA and on the probability of neurotoxicity for an efficacy
target of (A) 65% T.MIC and (B) 100% T.2�MIC based on plasma trough cefepime concentrations. The color gradient in the background indicates the estimated risk
of neurotoxicity. The black lines represent 90% PTA for assumed MICs ranging from 0.5 to 16 mg/L.
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FIG 4 Combined effect of cefepime dose, dosing interval, and estimated creatinine clearance on both PTA and on the probability of neurotoxicity for an efficacy
target of (A) 65% T.MIC and (B) 100% T.2�MIC based on plasma average cefepime concentrations. The color gradient in the background indicates the estimated
risk of neurotoxicity. The black lines represent 90% PTA for assumed MICs ranging from 0.5 to 16 mg/L.
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For the pharmacodynamics targets of 100% T.2�MIC and PTA target of 90%, doses of
200 mg q8h and 1,000 mg q8h for a patient with a creatinine clearance of 60 mL/min and
150 mL/min, respectively, was predicted to be related to a probability of neurotoxicity of
less than 10% (based on average cefepime concentrations) and providing coverage for MICs
up to 1 mg/L. For the same PD target, a daily dose of 1,000 mg and 1,500 mg for CI predicted
low neurotoxicity risk for eCLCR values of 60 mL/min and 90 mL/min, respectively, and pro-
vided coverage for MICs up to 4 mg/L (Fig. 4B). Doses to achieve 100% T.2�MIC and to cover
MICs above 4 mg/L would in all cases be related to a high risk of neurotoxicity. Dosing inter-
vals of q12h and q24h would require higher doses to achieve the pharmacodynamics target
and thus would again deteriorate the balance of efficacy versus neurotoxicity risk as assessed
based on average cefepime concentrations (Fig. 4B). In summary, it is essential to take renal
function into account to select the appropriate daily cefepime dose, and a q8h dosing should
be preferred over reduced dosing frequencies, as it provides higher pharmacodynamics target
attainment, while a possible benefit regarding neurotoxicity risk because of lower trough
values is negligible (Fig. 3A and 4A). Table 4 shows typically suitable doses with an acceptable
risk of neurotoxicity for a MIC of 2 mg/L depending on the desired PTA.

While we did not carry out Monte Carlo simulations for CVVHD patients because of the
very limited data available, clearance point estimates for patients with CVVHD (CLD, 2.74 L/h)
and without CVVHD (CLND, 2.94 L/h) in our model were very similar; thus, the doses predicted
for patients with normal kidney function might also be suitable for CVVHD patients in ICUs;
however, therapeutic drug monitoring (TDM) in these patients would be desirable to ensure
appropriate exposure.

DISCUSSION

A population pharmacokinetic model of cefepime was developed to describe its
pharmacokinetics in critically ill patients. Our model enabled stochastic simulations for
proposing a dosing regimen balancing antibacterial effects and the risk of neurotoxic-
ity for various degrees of renal impairment.

Balancing efficacy versus risk of neurotoxicity, continuous infusion provided the most
favorable results, followed by the shortest dosing interval tested for intermittent infusions,
i.e., 8 h. To reach the pharmacodynamics target of 100% T.2�MIC in 90% of patients with an
eCLCR of 120 mL/min, a q8h dose of 1,333 mg was related to a#20% neurotoxicity risk and
covered bacteria with MICs up to 2 mg/L.

A two-compartment model with eCLCR as a covariate on clearance best described the
cefepime data, which is in line with previous studies (13, 26, 27). In published evaluations,
some authors also suggested a three-compartment model (9); however, the data in our
study did not support adding a third compartment. Several studies have described cefepime
pharmacokinetics in hospitalized patients (26–29). The typical value of clearance in our study
for CLND was 2.96 L/h (mean eCLCR, 87.1 mL/min). This is close to the clearance value previ-
ously reported in the literature: Cheng et al. reported a clearance of 2.43 L/h (mean eCLCR,
75.6 mL/min) for five critically ill patients who required extracorporeal membrane oxygen-
ation (ECMO) (27). However, the typical values of clearance reported by other studies (5.99
and 6.33 L/h) were notably higher (26, 29). The difference observed in the studies of Rhodes
et al. (29) and Kois et al. (26) may be explained by the fact that in both studies, the mean
eCLCR of the cohort was higher, i.e., 126 and 149 mL/min, respectively, than the value of

TABLE 4 Suitable predicted cefepime doses administered q8h with an acceptable risk for
neurotoxicity (i.e., 20% or lower, based on average concentration) for selected creatinine
clearance valuesa

CLCR (mL/min) Dose (mg) required for 90% PTA
30 440
60 1,100
90 2,300
120 4,000
150 6,500
aThe MIC target is up to 2 mg/L, and the PK/PD target used is 100% T.2�MIC.
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87.1 mL/min in our study. This also is in agreement with the high dosing regimens suggested
for cefepime in both studies.

Renal dysfunction is the major risk factor for cefepime overexposure and thus for cefe-
pime-related toxicity. Among those who experienced neurotoxicity in intensive care units,
80% had renal dysfunction (30), suggesting that a proper dose adjustment may avoid this
adverse event. Unfortunately, the assessment of renal function in ICU patients is a chal-
lenge (31). Despite the major limitations discussed below, estimated creatinine clearance
(eCLCR) is one of the most widely used markers of renal function. In this study, creatinine
clearance estimated by the Cockcroft-Gault equation (eClCR) was found to be significantly
related to cefepime clearance. In the present study, eCLCR was better than serum creatinine
concentration to predict cefepime clearance. Measured creatinine clearance did not improve
the model in terms of OVF and goodness of fit. This finding is in line with the conclusions
reported by Jonckheere et al. (32). Although determining measured creatinine clearance is
considered the method of choice for renal function measurement in critically ill patients
(33), it is poorly related to the clearance of drugs such as cefepime (32) and meropenem
(34). This might be due to the error-prone nature of urine collection. As eCLCR was a predictor
of cefepime clearance, the patients with low eCLCR are expected to reach high plasma
averages and trough concentrations if cefepime doses are not reduced accordingly. However,
the eCLCR equation was created based on non-critically ill patients and the creatinine measure-
ments were at a steady state (35). In addition, eCLCR is not considered reliable for estimating
renal function in obese individuals and is not recommended in subjects older than 65 years
(36). These limitations of eCLCR must be considered when the model is applied to patients
with highly dynamic renal function.

An important outcome of the model development was that an IIV (coefficient of varia-
tion [CV]) of 89% was much higher than IOV on clearance, which reached 21.4% in the base
model. This is in line with the high IIV reported by Roos et al. (9) for cefepime in ICU patients
and supports the individualized-dose concept for the drug, which can be achieved by taking
estimated creatinine clearance as a covariate into account and/or by taking blood samples
during treatment and using an intervention approach based on a target concentration, as
suggested for aminoglycosides (37). On the other hand, accounting for IOV on clearance of
nondialysis patients significantly improved the model in terms of OVF and goodness of fit.
IOV describes the changes in cefepime clearance over time which might be due to patho-
physiological conditions, concomitant medication, excessive fluid resuscitation, changes in
renal function, and other disease treatment-related interventions. Changes in cefepime phar-
macokinetics between occasions are difficult to predict; to take them into account, dense
TDM would probably be indispensable. More than 90% of patients in our data had sepsis.
Cefepime clearance in sepsis patients can be quite variable, making appropriate dosing diffi-
cult (2). To reduce the risk of neurotoxicity or suboptimal efficacy in these patients, both
plasma concentrations and renal function should be carefully monitored. In this model, vari-
ability in kidney function is reflected by estimating IOV on clearance, which can describe
unexplained variation of clearance over time, and by covariate modeling, i.e., by incorporat-
ing eCLCR as a covariate on clearance of nondialysis patients in the model.

A recently published study involving patients with hospital-acquired/ventilator-associated
pneumonia with.50% T.MIC as a treatment target and trough concentration of,20 mg/L as
a safety target recommended a dosing regimen of 2,000 mg via infusion every 12 h adminis-
tered over 4 h in patients with normal renal function (CLCR, 90 to 120 mL/min) for a MIC target
of 4 mg/L (38) (Table 5). However, no information on the risk of neurotoxicity was provided. In
our study, with a PD target of 65% T.MIC, doses of 500 mg q8h and 1,000 mg q8h with 30 min
infusion for eCLCR values of 60 mL/min and 90 mL/min, respectively, appear to be optimal for
MICs up to 4 mg/L and 1 mg/L, respectively, with ,10% neurotoxicity (Fig. 4A and B). The
dosing of 1,000 mg q8h is identical to the EUCAST recommendation for cefepime standard
dosing (7), while in a study with patients infected with Pseudomonas aeruginosa, a higher dos-
age of 2,000 mg q8h was required to provide attainment of similar targets (10), but neurotox-
icity was not addressed. Taking a trough concentration of$20 mg/L as the toxicity target and
100% T.MIC (with a MIC of 8 mg/L) as the efficacy target, Cheng et al. reported that for patients
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with a CLCR of 30 mL/min and 65 mL/min, 1,000 mg q12h will achieve 84 to 92% and 46 to
53% probability of efficacy and 8 to 44% and 1 to 8% probability of toxicity, respectively
(Table 5). For patients with a CLCR of 120 mL/min, the authors suggest that 1,000 mg q8h will
achieve a 40 to 44% probability of efficacy and 1 to 6% probability of toxicity (27). With a PD
target of 100% T.2�MIC and neurotoxicity target of ,10%, for eCLCR of 60 mL/min and of 120
mL/min, our study found doses of 366 mg q8h and 1,333 mg q8h, respectively, for a PTA of
90% for MICs up to 2 mg/L (Table 4). In this evaluation, we determined optimized dosing regi-
mens irrespective of the vial sizes currently available on the market. Therefore, combinations
and divisions of vials of 500 or 1,000 mgmight be required to provide doses close to the opti-
mal doses we identified. Several clinical trials have reported high efficacy for continuous infu-
sion (39, 40). Simulations for continuous infusion predicted high efficacy with lower daily doses
than those used with q8h, q12h, and q24h administration (Fig. 3 and 4). The predicted neuro-
toxicity risk was ,10%. Continuous infusion also has a pharmacoeconomic advantage over
intermittent dosing by achieving the same effect with a lower daily dose of medication (41).

To date, mainly trough concentrations have been used for the evaluation of cefe-
pime-induced neurotoxicity. We added respective simulations using the same equation
based on average concentrations, because the basis for using trough concentrations only
was that no other information was available in these studies. However, we expect that the
exposure during the rest of the dosing interval is not meaningless, and therefore, we tried
to increase the safety margin for patients by using average concentrations. The risk of neuro-
toxicity but also efficacy were found to be decreased for daily doses with prolonged dosing
intervals, i.e., q12h and q24h, when trough concentrations were used, while predicted effi-
cacy was decreased by prolonging dosing intervals; however, when average plasma concen-
trations were used, the risk for neurotoxicity remained unchanged. Thus, irrespective of the
concentrations used to predict neurotoxicity, the shorter dosing interval of 8 h provides the
best results in balancing the relationship between efficacy and risk of neurotoxicity.

Beyond modeling, clinical data confirm that patients with estimated glomerular filtration
rates (eGFR) of 30 mL/min/1.73 m2 or less have the highest proportion of suspected neuro-
toxicity (22). TDM in these patients seems to be another useful tool to account for the slower
elimination of cefepime. Suttels et al. suggested TDM of cefepime in non-critically ill patients
to monitor and prevent adverse events (42). In another study of patients who had CLCR less
than 30 mL/min and who were on renal replacement therapy, TDM or an alternative antimi-
crobial agent was suggested (27). When neurological symptoms appear or worsen, the pos-
sibility of a cefepime overdose must be considered, particularly in elderly patients (30). Renal
function should also be carefully monitored when cefepime is combined with potentially
nephrotoxic antibiotics (such as aminoglycosides) or potent diuretics (43).

This study had several limitations. The small sample size provided limited statistical
power for the analysis. Individual PD data in our patients for exploration of a direct link
between cefepime concentrations and neurotoxicity were not available. Another issue
is heterogeneity in the patient population studied, with some of them being on dialy-
sis. Moreover, little information on the relationship between exposure of cefepime and
neurotoxicity was available in the literature.

Conclusion. In conclusion, the model makes it possible to balance the predicted ef-
ficacy and neurotoxicity risk of cefepime in critically ill patients, with emphasis on renal
function as the main covariate for exposure. Overall, a daily administration frequency
of q8h was found to have advantages over q12h and q24h. For the pharmacodynamics

TABLE 5 Published cefepime dosing recommendations based on trough concentrations and renal functiona

eCLCR
(mL/min)

Dose
regimen

Patient
population

Trough
concn (mg/L)

Time of
infusion

MIC
(mg/L)

PKPD target
(% T>MIC)

Probability of efficacy
and neurotoxicity (%)a Reference

90–130 2,000 mg q12h Hospital-acquired-pneumonia
patients

,20 4 h 4 .50 NA 38

30 1,000 mg q12h ICU patients $20 30 min 8 100 E, 84–92; N, 8–44 27
65 1,000 mg q12h ICU patients $20 30 min 8 100 E, 46–53; N, 1–8 27
120 1,000 mg q8h ICU patients $20 30 min 8 100 E, 40– 44; N, 1–6 27
aE, efficacy; N, neurotoxicity; NA, not available.
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target of 100% T.2�MIC and PTA target of 90%, a dose of 1,333 mg q8h was related to a me-
dium to low neurotoxicity risk and coverage of bacteria with MICs up to 2 mg/L in patients
with an eCLCR of 120 mL/min. For MIC targets above 2 mg/L, higher doses are required, lead-
ing to a high risk of neurotoxicity. Continuous infusion improves the balance between efficacy
and neurotoxicity risk and provides higher efficacy with lower daily doses than q8h, q12h, and
q24h administration.

Further evaluations are needed, including studies with larger groups and studies
that include experimental pharmacodynamics assessment, to further explore optimal
dosing of cefepime in critically ill patients.

MATERIALS ANDMETHODS
Study design. This monocentric, prospective observational study was conducted at the Department

of Anesthesiology, University Hospital, Ludwig-Maximilians-Universität (LMU) München, Munich, Germany. The
study protocol (ClinicalTrials.gov; NCT01793012) was approved by the Ethics Committee of the Medical Faculty
of the LMU (registration number 428-12) and conducted following the principles of the Declaration of Helsinki.
Written informed consent from patients or their legal representatives was obtained. Patients over the age of
18 who were treated with cefepime and had an ICU stay were included. Following local guidelines, patients
received a median dose of 2 g with dosing intervals of q8h, q12h, or q24h as 30-min intravenous infusions.
Blood samples were taken on four consecutive days. If feasible/appropriate, the samples were collected prior
to and 0.25, 0.5, 1.5, 4, 7.25 or 8, and 12 or 16 h after administration of a cefepime dose and immediately
before (trough concentration) the next administration. Demographic information and laboratory data (includ-
ing serum creatinine) were also collected along with patient-specific clinical information. Creatinine clearance
was calculated using the Cockcroft-Gault equation based on daily serum creatinine results (35).

Blood samples were immediately centrifuged and stored at 280°C. Total plasma concentrations of
cefepime were determined using a validated liquid chromatography-mass spectrometry method (44).
Cefepime-D3,

13C1 was used as an internal standard. Validation showed good analytical performance,
with a CV for intra- and interassay (n = 5) imprecision of #8.6%, and the relative error for inaccuracy was
between 28% and 21%.

Population pharmacokinetic analysis. A population pharmacokinetic model was developed by
nonlinear mixed-effects modeling using NONMEM 7.4.3 software (45). Estimation was based on first-order con-
ditional estimation with interaction (FOCE1I). One-, two-, and three-compartment models for plasma concen-
trations were explored. IIV and IOV were evaluated on clearance and central volume of distribution assuming
log-normal distributions of the parameters. IOV was modeled over clearance, assuming that each administra-
tion was a separate occasion. For patients on CVVHD, a separate clearance was estimated.

The goodness of fit (GOF) was evaluated by visual assessment of predicted versus observed concen-
trations and scatterplots of the residuals. For the evaluation of uncertainty around PK parameter esti-
mates, a nonparametric bootstrap (n = 1,000) was performed, and a 95% confidence interval for the pa-
rameters was obtained (37). To assess the predictive performance of the final model, pcVPC were
performed, comparing observed data with model-based simulated data to assess the adequacy of the
predictive ability of the model.

For covariate modeling, covariates were first screened based on physiological plausibility, and later,
covariates were plotted against individual empirical Bayes estimates to explore relationships. mCLCR and eCLCR
(not weight adjusted) were evaluated, as they are markers of renal function. Demographic characteristics such
as total body weight, age, and sex were tested along with serum creatinine, since they are part of typical renal
function and the eCLCR equation. Body weight as a covariate on clearance and volume of distribution was also
tested by simple allometric scaling with coefficients fixed at 0.75 and 1, respectively. The evaluation was
guided by changes in OVF, with a change of 3.84 being considered statistically significant (P value less than
0.05, assuming that the OVF follows a chi-squared distribution with one degree of freedom). Continuous cova-
riates were evaluated on cefepime clearance by the power relationship as shown in equation 1, while categori-
cal covariates were evaluated by the linear equation shown in equation 2.

CL
L
h

� �
5CLTV � covariate

median

� �u

(1)

CL
L
h

� �
5CLTV � 11 u � covariateð Þ½ � (2)

where L is liter, h is hour, and CLTV is typical value of clearance, u is theta.
Monte Carlo simulations.Monte Carlo simulations for patients not on CVVHD were performed using

10,000 virtual subjects using the mrgsovle package, version 1.0.6, in R (46). Cefepime doses were simulated up
to 6,000 mg with dosing intervals of q8h, q12h, and q24h and CI for 7 days. Plasma protein binding of 20%
was assumed. Creatinine clearance was simulated ranging from 0 to 150 mL/min. Pharmacodynamics targets
of 65% T.MIC and 100% T.2�MIC with a PTA of 90% described in the steady state were selected. To assess the
risk for neurotoxicity, a logistic regression model developed by Boschung-Pasquier et al. (equation 3) was used,
where cefepime was administered three times a day (2 g every 8 h), with dosing adjusted for patients with an
eGFR of 50 mL/min/1.73 m2 (22).
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P Ctroughð Þ5 1
11 exp 4:782 0:258 � Ctroughð Þ½ � (3)

In this study, the risk of neurotoxicity was evaluated based on the trough and average concentrations.
Neurotoxicity of ,10% was considered low (optimal), a value between 10 and 20% was considered me-
dium (the maximum acceptable range), and beyond 20% was deemed a high risk of neurotoxicity.

Data availability. The data that support the findings of this study are available from the correspond-
ing author upon request.
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