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ABSTRACT Cefepime is commonly used in the intensive care unit (ICU) to treat
bacterial infections. The time during which the free cefepime concentration is above
the MIC (fT�MIC) should be optimized to increase the efficacy of the regimen. We
aim to optimize the exposure of cefepime in ICU patients by using population phar-
macokinetic (PK) modeling and simulations. Two data sets were included in this
study. The first was a prospective study of pediatric patients who received cefepime
at 50 mg/kg of body weight and had extensive PK sampling. The second study com-
prised retrospective data for adult ICU patients admitted to UF Health Shands Hospi-
tal who received cefepime and had their cefepime concentrations measured. The
population PK model was developed, and simulations were performed, using Pmet-
rics. The target exposures were 100% fT�MIC and 100% fT�4�MIC. The studies in-
cluded a total of 266 patients, and the mean ages were 3.9 years in the pediatric
group and 55 years in adult group. More than half of the patients were males. The
mean (standard deviation [SD]) creatinine clearance (CrCl) was 125 (93) ml/min. The
mean (SD) daily dose for adults was 4.9 (1.6) g. Cefepime was well described by a
two-compartment model with weight as a covariate on the volume of distribution
and elimination rate constant (kel), and CrCl and age group as covariates on kel. At a
MIC of 8 mg/liter, a cefepime loading dose of 4 g as an extended infusion followed
by a 6-g continuous infusion was needed for good target attainment. In conclusion,
prolonged or continuous infusions will be needed to achieve optimal cefepime ex-
posure for ICU patients. Given the observed variability, therapeutic drug monitoring
can help individualize therapy.

KEYWORDS Monte Carlo simulation, cefepime, clinical therapeutics, population
pharmacokinetics, precision dosing

Antimicrobial resistance is a worldwide problem that is putting millions of patients’
lives at risk (1). In the United States, resistant bacteria and fungi cause almost 3

million infections and more than 35,000 deaths annually. The Centers for Disease
Control and Prevention have specified certain pathogens as associated with great
threat to humans given their resistance patterns and mortality rates, including
carbapenem-resistant Acinetobacter spp. and Enterobacteriaceae, extended-spectrum
beta-lactamase-producing Enterobacteriaceae, and multidrug-resistant Pseudomonas
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aeruginosa (2). The existence of these resistant pathogens has created a problem for
clinicians and has limited their options in treating such resistant bacterial infections,
especially with the slow development of new antibiotics.

In the critical care setting, sepsis is considered a major problem. The number of
sepsis cases is increasing, and the associated mortality rate is 25% globally (3–5). Part
of the early management of sepsis is adequate antimicrobial therapy (6). Resistance can
develop in such populations if there is suboptimal antimicrobial exposure that is
insufficient to eradicate the pathogen (7, 8). In addition, there is ample evidence in the
literature that intensive care unit (ICU) patients have great variability in antimicrobial
exposure, given the dynamic changes happening continuously (9–11).

Beta-lactam antibiotics, such as cefepime, are prescribed frequently in the ICU for
various Gram-negative bacterial infections. Since their bacterial kill is time dependent,
beta-lactam therapy should be optimized by achieving a high percentage of the dosing
interval during which the concentration of the free, unbound fraction of the drug is
above the MIC (%fT�MIC). The doses currently suggested in the package insert of
cefepime are insufficient to achieve the pharmacokinetic/pharmacodynamic (PK/PD)
targets for therapeutic efficacy against common bacteria in the ICU (12–14). In this
study, we aim to investigate the cefepime regimens associated with optimal exposure
in critically ill patients by using population PK modeling and Monte Carlo simulations
(MCS) to provide a guide for the best initial dosing regimens.

RESULTS
Population characteristics. A total of 266 patients and 813 plasma samples were

included in the study. Table 1 shows the baseline characteristics for both data sets. The
mean (standard deviation [SD]) ages were 3.9 (4.7) years in the pediatric group and 55
(18.8) years in the adult group. More than half of the patients were males in both
groups. In the adult group, the mean (SD) creatinine clearance (CrCl) was 125 (93)
ml/min, and the mean (SD) daily dose was 4.9 (1.6) g. Cefepime was administered as an
intermittent infusion (II) to 174 adult patients (and to all 36 pediatric patients), as an
extended infusion (EI) to 47 patients, and as a continuous infusion (CI) to 9 patients.
Figure 1 shows the local MIC data for P. aeruginosa.

Population pharmacokinetic model. The best population PK model describing the
cefepime data was a two-compartment model with weight normalized to the mean (37
kg) on the volume of distribution (V) and the total elimination rate constant (kel), and
CrCl normalized to the mean (80 ml/min) and age group (pediatric versus adult) as
covariates on kel:

V � V �
weight

37

TABLE 1 Baseline characteristicsa

Characteristic

Value for group

Adult (n � 230) Pediatric (n � 36)

Age (yr) 55.0 (18.8) 3.9 (4.7)
Male sex (no. [%]) 131 (57.0) 21 (58.3)
Wt (kg) 86.6 (33.3) 16.0 (16.1)
Serum creatinine concn (mg/dl) 1.1 (1.0) 0.4 (0.2)
Creatinine clearance (ml/min) 124.9 (93.1) 67.6 (38.9)

No. (%) with the following creatinine
clearance (ml/min):

�30 13 (5) 2 (6)
�30–60 41 (18) 19 (53)
�60–90 43 (19) 5 (14)
�90–120 41 (18) 7 (19)
�120 92 (40) 3 (8)

Plasma samples (no.) 302 511
aData are presented as means (SD) unless otherwise specified.
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kel � [kelAdults � �1 � Peds�] � [kelPeds � Peds] � �weight

37 ��0.25

�
CrCl

80

where Peds stands for pediatric group, with a value of 1 for the pediatric study and a
value of 0 for the adult ICU group.

The results for pediatric simulations and the probability of target attainment (PTA)
have been published previously (15–18). Table 2 shows the parameter estimates for the
final model. The means (SDs) for the estimated cefepime kel were 0.28 (0.21) h�1 for
adults and 1.10 (0.74) h�1 for pediatric patients; the mean (SD) estimated V was 7.75
(3.69) liters; and the mean (SD) estimated intercompartmental transfer rates (the rate
constants for transfer from the central to the peripheral compartment [Kcp] and from
the peripheral to the central compartment [Kpc]) were 1.53 (1.39) h�1 and 1.26 (1.23)
h�1, respectively. Figure 2 shows the observed versus predicted population and
individual concentrations of cefepime.

Monte Carlo simulations. Figures 3 and 4 show the PTA at targets of 100% fT�MIC

and 100% fT�4�MIC, respectively, at different time points after simulations of different
adult dosing regimens. For the target 100% fT�MIC, at a MIC of 1 mg/liter, all regimens
had �90% target attainment after the first dose, 24 h, and 72 h of therapy, except for
2 g every 12 h (q12h). At a MIC of 2 mg/liter, 2 g every 12 h and an II every 8 h fell short
of 90% target attainment at all times. An EI of cefepime at 2 g every 8 h gave an 89%
PTA after the first dose, but the PTA exceeded 90% after 24 and 72 h of therapy. All
other regimens had �90% target attainment at all times at a MIC of 2 mg/liter. After the
first dose, with a MIC of 4 mg/liter, only an 8-g CI had a �90% PTA, while a 6-g CI, a 7-g
CI, and an EI of 2 g every 6 h had 85%, 89%, and 89% PTA, respectively. Similar results
were observed after 24 h at the same MIC. All these regimens had a �90% PTA after
72 h. With a MIC of 8 mg/liter, all the regimens had low target attainment percentages

FIG 1 Local cefepime MIC distribution for Pseudomonas aeruginosa.

TABLE 2 Population parameter estimates for final cefepime model

Parameter Median 95% confidence interval Shrinkage (%)

kel (h–1)
Adult 0.32 0.14–0.36 44
Pediatric 1.03 0.79–1.18 69

V (liters) 6.71 6.04–7.22 43
Kcp (h–1) 1.16 0.62–1.74 65
Kpc (h–1) 1.33 0.04–1.65 63
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FIG 2 Observed versus predicted population (A) and individual (B) plots. (A) Observed versus predicted
population cefepime concentrations. R2, 0.71; intercept, 9.31 mg/liter (95% confidence interval, 6.37 to
11.90 mg/liter); slope, 0.85 (95% confidence interval, 0.81 to 0.89); bias, 0.83; imprecision, 25.50. (B)
Observed versus predicted individual cefepime concentrations. R2, 0.92; intercept, 0.16 mg/liter (95%
confidence interval, 1.29 to 1.61 mg/liter); slope, 0.97 (95% confidence interval, 0.95 to 0.99); bias, 0.41;
imprecision, 4.51.
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after the first dose and after 24 h. After 72 h, only CI regimens were successful in
attaining �90% of the target at a MIC of 8 mg/liter. At a MIC of 16 mg/liter, the highest
PTA reached was 81% after 72 h with an 8-g CI. A loading dose (LD) of 4 g infused over
4 h, followed by continuous infusion, improved the PTA at a MIC of 8 mg/liter in the first
24 h (Fig. 5A). At a MIC of 16 mg/liter, only an 8-g CI led to �80% target attainment

FIG 3 Probability of target attainment (100% fT�MIC) for cefepime regimens in critically ill adult patients after the first dose (A), after the first 24 h (B), and after
72 h of regular dosing (C). Horizontal dashed lines indicate a 90% probability of target attainment. The mean (SD) creatinine clearance and weight used for the
simulations were 116 (92) ml/min and 86 (34) kg, respectively. CI, continuous infusion; EI, extended infusion; II, intermittent infusion.
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after 72 h. After the simulation of a 4-g loading dose before the CI, 7-g and 8-g CIs led
to �80% target attainment in the first 24 h of therapy at that MIC.

For the target 100% fT�4�MIC (Fig. 4), only an 8-g CI led to �90% target attainment
at a MIC of 1 mg/liter in the first 24 h, followed by the PTA for 6-g and 7-g CIs and for
2-g EIs every 6 h, which were between 80% and 90%. After 72 h, only those regimens

FIG 4 Probability of target attainment (100% fT�4�MIC) for cefepime regimens in critically ill adult patients after the first dose (A), after the first 24 h (B), and
after 72 h of regular dosing (C). Horizontal dashed lines indicate a 90% probability of target attainment. The mean (SD) creatinine clearance and weight used
for the simulations were 116 (92) ml/min and 86 (34) kg, respectively. CI, continuous infusion; EI, extended infusion; II, intermittent infusion.
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FIG 5 Probability of target attainment for the first 24 h for 4 g cefepime infused over 4 h, followed by continuous
infusion. The target was 100% fT�MIC (A) or 100% fT�4�MIC (B). Horizontal dashed lines indicate a 90% probability
of target attainment. The mean (SD) creatinine clearance and weight used for the simulations were 116 (92) ml/min
and 86 (34) kg, respectively. CI, continuous infusion.
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led to �90% PTA at that MIC. At a MIC of �2 mg/liter, all regimens failed to lead to 90%
target attainment in the first 24 h. After 72 h, only CI regimens led to a �90% PTA at
a MIC of 2 mg/liter. The highest PTA reached at a MIC of 4 mg/liter after 72 h was 82%
with an 8-g CI. Adding an LD before the CI improved target attainment at a MIC of 1
to 2 mg/liter, and the PTA exceeded 90% in the first 24 h but was around 80% at a MIC
of 4 mg/liter (Fig. 5B).

Table 3 shows the initial dosing guidance for cefepime based on the simulations
generated by our model using the target 100% fT�MIC. This table also reflects the
breakpoints for each regimen and the CrCl. As the MIC and/or the CrCl increased, there
was a need to introduce EI or CI regimens to achieve higher targets. Cefepime should
be avoided, and another agent used, for patients with bacterial MICs of 16 mg/liter and
a CrCl of �60 ml/min.

DISCUSSION

We described a cefepime population PK model in critically ill patients using a
nonparametric approach, followed by simulations of different dosing regimens and
effects at different time points during therapy. Although some regimens led to accept-
able target attainment after 72 h, a high PTA (�90%) for 100% fT�MIC was not possible
with most of the regimens at MICs of 4 to 8 mg/liter early in therapy, which is important
for critically ill patients. Cefepime at 2 g every 8 h as an II led to �80% target attainment
at MICs of �2 mg/liter. At the higher MIC, i.e., 4 mg/liter, at least 2 g every 6 h as an EI
or one of the CI regimens was needed to achieve �80% of the target at any time during
therapy. For an 8-mg/liter MIC, which is the current breakpoint for P. aeruginosa, a
loading dose administered as an EI, followed by a CI regimen, is needed for �90% PTA.
The PTA dropped to 80% with a 4-g loading dose followed by an 8-g CI at a MIC of
16 mg/liter, indicating that this is not a valid MIC target. and alternative agents should
be chosen when this level of resistance is observed clinically. Also, this finding may
support a lowering of the breakpoint for P. aeruginosa. The target of 100% fT�4�MIC

was more difficult to achieve, and an LD followed by a CI was needed at MICs of 1 and
2 mg/liter.

Optimizing antimicrobial therapy early during sepsis in critically ill patients is
important (6). This includes optimal target attainment with the first dose administered
to the patients. Previous work on beta-lactams (in general) and cefepime (in particular)
showed poor early target attainment with contemporary dosing regimens in ICUs.
Huttner et al. reported a prospective beta-lactam PK study of 100 ICU patients with CrCl
of �60 ml/min where drug concentrations were measured on days 1 to 3 and 5 (19).
Cefepime, piperacillin, meropenem, and imipenem concentrations below or equal to 4,
4, 2, and 2 mg/liter, respectively, were considered subtherapeutic. The usual regimens
were 2 g cefepime twice daily (2%), 4.5 g piperacillin-tazobactam three times daily
(33%), 2 g meropenem three times daily (11%), and 500 mg imipenem four times daily
(54%). Eighty-six percent of patients who received any beta-lactam had subtherapeutic
trough values, and 40% of cefepime trough samples were subtherapeutic. Undetect-
able beta-lactam trough concentrations were reported in 27% of patients (19). In

TABLE 3 Guidance on initial cefepime dosing regimens to achieve 100% fT�MIC in
critically ill adult patients based on different renal functions and MICs

MIC
(mg/liter)

Cefepime dosing regimena at the following creatinine clearance (ml/min):

10–30 >30–60 >60–90 >90–120 >120–150

1 2 g q12h (II) 2 g q12h (II) 2 g q8h (II) 2 g q8h (II) 2 g q8h (EI)
2 2 g q12h (II) 2 g q8h (II) 2 g q8h (II) 2 g q8h (EI) 6-g CI
4 2 g q12h (II) 2 g q8h (II) 2 g q8h (EI) 7- to 8-g CI 8-g CI
8 2 g q8h (II) 2 g q8h (EI) 2 g q6h (EI) 4-g LD, 6-g CI 4-g LD, 7-g CI
16 2 g q6h (II) 4-g LD, 6-g CI 4-g LD, 6-g CIb 4-g LD, 8-g CIb 4-g LD, 8-g CIb

aCI, continuous infusion; EI, extended infusion over half the dosing interval; II, intermittent infusion over 30
min; LD, loading dose over 4 h.

bTarget attainment between 80% and 90%.
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another prospective study of ICU patients, the authors evaluated the achievement of
fT�4�MIC after the first dose of beta-lactams in patients with severe sepsis and septic
shock, using the European Committee on Antimicrobial Susceptibility Testing break-
point for P. aeruginosa. Eighty patients were included; they received 2 g cefepime
(n � 19), 4.5 g piperacillin-tazobactam (n � 27), 2 g ceftazidime (n � 18), or 1 g mero-
penem (n � 16). The median %T�4�MIC for cefepime was 34%, and only 16% (n � 3) of
patients who received cefepime achieved 70% T�4�MIC (20). Similarly, Lipman and
colleagues found that 2 g cefepime achieved low trough values in most of the patients
with normal kidney function after the first dose (13). In our study, we investigated
cefepime regimens associated with optimal exposure from the first dose, but the
clinical outcomes associated with early target attainment compared to steady state still
need to be investigated in larger studies.

Different cefepime population PK models for ICU patients have been published,
using different targets for simulations. Nicasio et al. published a cefepime PK model
for 32 adult ICU patients who had ventilator-associated pneumonia (21). Theirs was
a two-compartment model with CrCl on kel and weight on V as covariates. Using
50% fT�MIC as the target at steady state, the simulated regimen of 2 g every 8 h (3-h
infusion) had PTA of 91.8%, 78.1%, and 50.3% at MICs of 8, 16, and 32 mg/liter,
respectively, for patients with a CrCl of 50 to 120 ml/min. At a CrCl of 30 to
49 ml/min, 1 g every 8 h and 2 g every 12 h (II and EI) had around 90% PTA at a MIC
of 8 mg/liter. For a CrCl of �30 ml/min, 1 g every 12 h and 2 g every 24 h (II and EI)
had �90% PTA at a MIC of 8 mg/liter (21). Another cefepime model, published by
Liu and colleagues, included pediatric patients, adult ICU patients, and febrile
neutropenic adult cancer patients (18). Both weight and CrCl were included as
covariates on V and kel, respectively. The final model was used to simulate 2 g
cefepime every 8 h infused over 30 min, and a target of 68% fT�MIC was evaluated
for the first 24 h of therapy. From a MIC of 2 mg/liter to a MIC of 4 mg/liter, the PTA
dropped from �90% to �80% (18). A third model, developed by Roos et al.,
included 13 adult ICU patients and used 65% fT�MIC as a target (22). The final model
was a three-compartment model, and creatinine clearance described cefepime
clearance. The authors concluded that at least a 4-g CI was needed for �90% target
attainment with P. aeruginosa (MIC, 8 mg/liter) (22). Although our model had
shrinkage values of �30%, which might be due to sparse sampling as part of a
clinical therapeutic drug monitoring (TDM) service, it combined pediatric and adult
ICU patients, and, as in the previously published rich models, CrCl and weight were
significant covariates on kel and V, respectively. We simulated different cefepime
dosing regimens, including II, EI, and CI, and used 100% fT�MIC and 100% fT�4�MIC

as targets. Only CI regimens and an EI of 2 g every 6 h reached around 90% PTA at
a MIC of 4 mg/liter using the target 100% fT�MIC. In contrast to the previous studies,
2 g cefepime every 8 h (II and EI) did not lead to high target attainment at a MIC
of �4 mg/liter. This is most likely due to the use of a 100% fT�MIC target, in addition
to the variability in population between our study and others. All the previous
studies, as well as ours, highlight the variability in cefepime PK parameters for ICU
patients, which will affect target attainment for each patient (9, 10). The results
generated and the dosing regimens suggested by the simulations can serve only for
initial dosing in critically ill patients. Dose individualization via TDM should follow
so as to optimize therapy for each patient.

In addition to the PK variability, there was also variability in the target specified
in previous clinical work on cefepime, with a common range of 50% to 74% fT�MIC;
very few studies evaluated 100% fT�MIC. Preclinical studies on cephalosporins
suggested that these antimicrobials have a static effect at �30% to 40% fT�MIC and
maximal killing effect at 60% to 70% (23, 24), while a trough-to-MIC ratio of �3.8
was needed for resistance suppression (25). On the other hand, Rhodes et al. used
population PK models to generate cefepime exposures for 180 patients and iden-
tified �68% and �74% fT�MIC as breakpoints associated with improved survival in
patients with Gram-negative bacterial bloodstream infections (26). Abdul-Aziz et al.
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evaluated the achievement of 100% fT�MIC and clinical outcomes for 140 ICU
patients randomized to receive piperacillin, meropenem, or cefepime as a CI or II.
In the CI arm, more patients achieved the PK/PD target, the clinical cure rate was
higher, and the median number of ventilator-free days was higher than in the II arm
(27). McKinnon and colleagues evaluated PK/PD data for 76 patients who received
cefepime or ceftazidime in two clinical trials (28). Patients who achieved 100%
T�MIC had a significantly higher clinical cure rate and more microbiological eradi-
cation than those who did not (28). A higher target, fT�4�MIC, was assessed in a
smaller study for 20 patients with Gram-negative bacterial infections and was found
to be associated with higher microbiological success (29). Even if targets are
achieved at the plasma level, clinicians should be aware whether the suggested
targets, especially in vivo and in vitro, are achievable at the site of infection. As an
example, pneumonia is one of the most common infections in the ICU (30), and
beta-lactams and cefepime have been found to have variable and poor penetration
to the epithelial lining fluid (ELF) and bronchial secretions in critically ill patients
(10, 31). This indicates that higher plasma drug concentrations might be needed in
order to achieve the desired exposure at the site of infection. Benítez-Cano et al.
conducted a randomized PK trial on 31 patients with nosocomial pneumonia
receiving 3 g or 6 g meropenem as a CI and modeled both measured plasma and
intrapulmonary meropenem concentrations. Their simulations showed that a 6-g CI
is required to achieve the desired targets at the ELF (32). In addition to a higher
efficacy profile, the achievement of higher plasma drug concentrations can be
associated with toxicity. Neurotoxicity is one of the adverse events that researchers
have been trying to correlate with plasma cefepime exposure; however, current
data are limited due to retrospective study design, trough-only concentrations,
total or calculated unbound concentrations, difficulty in defining the event, and lack
of control for other covariates affecting this event, which is common in ICUs
(33–36). In our simulations, the probability of achieving a total trough concentra-
tion in plasma of �20 mg/liter, which has been suggested as the threshold for
cefepime-induced neurotoxicity in previous literature, was highest with CI regimens
(70 to 80%) compared with EI (45 to 50%) and II (20 to 40%). More work is needed
in this area to weigh the risks and benefits and to optimize cefepime exposure, and
TDM can play an important role in maximizing efficacy while limiting toxicity.

Only the unbound drug molecule can pass through the blood capillary wall and
reach the interstitial fluid and then the site of infection (37). Studies reporting the
degree of cefepime protein binding are limited. One study reported the large variability
in the percentage of unbound cefepime compared to the total concentration in
patients’ samples, with a median of 61% (range, 52% to 99%) (38). Consequently,
assuming the unbound fraction to be a fixed value for all patients might be misleading,
and measuring unbound concentrations clinically will be important for optimizing
therapy and assessing target attainment.

Our study has a number of limitations. It was a retrospective study with variable
cefepime sampling times and numbers of samples as part of the TDM service, which
sometimes included measuring only one sample per patient. We measured the total
cefepime concentration and assumed the unbound fraction, which does not consider
the variability in protein binding among patients, especially in the ICU setting. Finally,
we quantified the cefepime concentration in the plasma, which might differ from the
concentrations at different sites of infection. Prospective PK studies evaluating the
achievement of higher targets in plasma and quantifying the free cefepime concen-
tration at the site of infection may address these problems.

Conclusions. Cefepime was well described by a two-compartment model with CrCl
and weight as covariates on kel and V, respectively. Using 100% fT�MIC as the target,
simulations showed that 2 g cefepime given as an II q8h, as an EI q8h, or as an EI q6h
and an LD followed by CI had �90% PTA at MICs of 1, 2, 4, and 8 mg/liter, respectively.
At a MIC of 16 mg/liter, we recommend an alternative antibiotic. At the target of 100%
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fT�4�MIC, CI regimens were needed to achieve �90% PTA at MICs of 1 to 2 mg/liter.
Initial dosing guidance was suggested, and TDM should follow to further optimize and
individualize therapy.

MATERIALS AND METHODS
This was a PK study combining two different existing ICU data sets. The first included pediatric

patients admitted to Rainbow Babies and Children’s Hospital. Patients between the ages of 2 months and
18 years were enrolled prospectively and received 50 mg of cefepime/kg of body weight intravenously
(i.v.) over 30 min every 8 h. Patients were excluded if they were allergic to beta-lactam antibiotics or if
they had central nervous system involvement, human immunodeficiency virus infection, cystic fibrosis,
endocarditis, lung abscess, osteomyelitis, severe burns (�20% full thickness), an infected prosthesis, an
absolute granulocyte count of �500/mm3, or a serum creatinine level of �2 mg/dl. Blood was sampled
at 0, 0.5, 0.75, 1, 2, 4, 6, and 8 h after the beginning of the i.v. infusion. High-performance liquid
chromatography was used for plasma cefepime quantification, with a lower limit of quantification of
0.1 mg/liter. The coefficient of variation (CV) for within-day precision and accuracy was �5%, and the
between-day CV was �10% (39, 40).

The second data set was from a retrospective study of adult ICU patients at UF Health Shands
Hospital. Patients who were 18 years of age or older, received cefepime, had cefepime concentra-
tions reported as part of routine clinical care, and were admitted to the medical, surgical, cardiac,
or neurological ICU between 2016 and 2018 were included. Patients receiving renal replacement
therapy were excluded. Cefepime at 2 g q8h was administered as an II (over 30 min) or EI (over 3
to 4 h), or 6 g was given as a CI. The dose was adjusted for patients with renal impairment according
to their CrCl. Typically, blood sampling for TDM was requested for peak and trough concentrations.
The cefepime concentration was quantified at the Infectious Disease Pharmacokinetics Laboratory
using validated liquid chromatography with tandem mass spectrometry assays. The range of
quantification was 2 to 100 mg/liter. Intra- and interbatch precision were 3.72 to 10.98% and 3.30 to
9.79%, respectively. Intra- and interbatch accuracy were 94.10 to 109.5% and 90.84 to 106.09%,
respectively.

Both data sets included age, sex, weight, serum creatinine levels, cefepime regimens, and serum
cefepime concentrations. CrCl was calculated using the Cockcroft-Gault equation (41) to find a reason-
able renally based descriptor of cefepime PK.

The studies included were approved by the Institutional Review Boards at the participating sites, and
written consent for study participation was obtained from a parent or legal guardian for each patient in
the prospective pediatric study.

PK analysis and MCS. The nonparametric adaptive grid (NPAG) platform in Pmetrics, v1.5.2, was
used to build the cefepime population PK model and perform the MCS (42). One- and two-compartment
models were tested, and the best-fit model was chosen. The covariates tested were weight, sex, age, and
CrCl; they were added on PK parameters in a forward stepwise fashion, starting with the lowest P value.
Models were examined on every step, and the final models were compared based on the Akaike
information criterion (AIC), the coefficient of determination (R2) of observed versus predicted plots for
both population and Bayesian models, imprecision, and bias. We accounted for assay error (standard
deviation) and environmental noise using error polynomials as function of observed concentration
[standard deviation � C0 � (C1 � observed concentration)] using C0 (intercept) and C1 (slope) values of
1 and 0.1, respectively. A gamma multiplicative error model was used to estimate residual error, and a
value of 5 was entered initially; this was dropped to 2 later on.

For adults, 1,000 subjects were simulated for each of the following regimens: 2 g every 6 or 8 h,
either as an II or as an EI; 2 g every 12 h as an II; and 6 g, 7 g, and 8 g as a CI, with or without a 4-g
loading dose over 4 h. For simulation purposes, the EI time was defined as half of the dosing interval.
The MICs chosen for simulation were 1, 2, 4, 8, and 16 mg/liter. The PK/PD targets specified were
100% fT�MIC and 100% fT�4�MIC, and the unbound fraction of cefepime was assumed to be 80% (43).
The PTA was calculated for the first dose (from time zero to the end of the dosing interval), the first
24 h of therapy, and after 72 h of therapy (from 72 h to the end of the dosing interval). The
breakpoint was considered the highest MIC at which the simulated regimen was able to attain at
least 90% of the target (44). In order to suggest an initial cefepime regimen, different regimens were
simulated for CrCl values of 10 to 30, �30 to 60, �60 to 90, �90 to 120, and �120 to 150 ml/min
at the MICs specified above.
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