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ABSTRACT Cefepime is the second most common cephalosporin used in U.S. hos-
pitals. We aim to develop and validate a cefepime population pharmacokinetic (PK)
model and integrate it into a precision dosing tool for implementation. Two data
sets (680 patients) were used to build the cefepime PK model in Pmetrics, and three
data sets (34 patients) were used for the validation. A separate application data set
(115 patients) was used for the implementation and validation of a precision dosing
tool. The model support points and covariates were used to generate the optimal
initial dose (OID). Cefepime PK was described by a two-compartment model includ-
ing weight and creatinine clearance (CrCl) as covariates. The median rate of elimina-
tion was 0.30 h21 (adults) and 0.96 h21 (children), the central volume of distribution
was 13.85 L, and the rate of transfer from the central to the peripheral compart-
ments was 1.22 h21 and from the peripheral to the central compartments was
1.38 h21. After integration in BestDose, the observed versus predicted cefepime con-
centration fit using the application data set was excellent (R2 . 0.98), and the me-
dian difference between what was observed and what BestDose predicted on a sec-
ond occasion was 4%. For the OID, cefepime at a 0.5- to 1-g 4-h infusion every 8 to
24 h (q8 to 24 h) with a CrCl of ,70 mL/min was needed to achieve a target range
of free trough:MIC 1 to 4 at a MIC of 8 mg/L, while continuous infusion was needed
for higher CrCl and weight values. In conclusion, we developed and validated a cefe-
pime model for clinical application. The model was integrated in a precision dosing
tool for implementation, and the median concentration prediction bias was 4%. The
OID algorithm was provided.
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A2015 survey of antimicrobial use in U.S. hospitals identified third- and fourth-gen-
eration cephalosporins as the most common antibiotics administered to patients.

Of these, cefepime was the second most common cephalosporin, with a rate of 3.5%
of all antimicrobials administered (1). Cefepime is widely used in intensive care unit
(ICU) patients due to its wide spectrum of activity encompassing Gram-negative and
Gram-positive organisms. Appropriate dosing of beta-lactams, such as cefepime, is
essential for therapeutic effect, especially in ICU patients with septic shock, where
reduced time to effective antimicrobial therapy is associated with a mortality benefit
(2). Beta-lactam antibacterial efficacy is best predicted by the percentage of time free
drug concentrations remain above a pathogen’s MIC (fT.MIC). There are several factors
that may alter patients’ beta-lactam pharmacokinetic (PK) profiles and subsequent
pharmacodynamic (PD) effects, including sickness severity, organ dysfunction, and bac-
terial MIC (3).

Integration of therapeutic drug monitoring (TDM) into clinical practice has the potential
to improve patient outcomes through optimization of dosing based on factors relevant to
the respective individual patient and pathogen. Proposed beta-lactam PK/PD targets
include 60% fT.MIC and 100% fT.1–5�MIC in critically ill patients (4, 5). Beta-lactam dosing
regimens are typically selected based on recommendations provided in the package insert,
and these doses may fail to achieve PK/PD targets, especially in ICU patients (6, 7). As a
result, there is a need for an individualized approach to optimize beta-lactam dosing, espe-
cially in ICU patients. The purpose of this study was to develop a cefepime population PK
model using multiple patient data sets, validate the model in a precision dosing tool, and
generate optimal initial doses (OID) based on the model and patients’ characteristics.

RESULTS
Population characteristics. A total of 680 patients and 1,633 cefepime plasma

samples were included in the original data set to develop the population PK model.
Table 1 summarizes the demographics of these patients; 56% were males and 5% were
children.

PK model. Cefepime was well described by a two-compartment model with the
normalized weight allometrically scaled as a covariate on the central volume of distri-
bution (Vd) and the total elimination rate constant (ke), and the normalized creatinine
clearance (CrCl) and age group as covariates on ke:

Vd ¼ Vd � weight
70

ke ¼ keAdults � 12Pedsð Þ1 kePeds � Peds
� �

� weight
70

� �20:25

� CrCl
120

where Peds stands for pediatric group, with a value of 1 if the patient is pediatric or 0 if
adult. Table 2 summarizes the PK parameter estimates. Figure 1 shows the observed
versus population and individual predicted concentrations, and Fig. S2 in the supple-
mental material shows the visual predictive checks and weighted residual error plots.
The model generated 81 support points (Fig. S3). Figure S4 shows the observed versus
population and individual predicted cefepime concentration for the validation data
set.

Precision dosing application. Table 3 summarizes the patient demographics
included in the precision dosing application. Figure 2 shows the observed versus pre-
dicted cefepime concentration based on multiple model (MM) and interacting multiple
model (IMM) fit. Out of 115 patients, 25 were resampled after a subsequent dose, pro-
ducing an additional 38 cefepime samples. These additional samples were used for
evaluating the model prediction. The median (interquartile range [IQR]) percentage of
difference between measured cefepime concentration and what BestDose forecasted
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in the second TDM occasion was 14% (–25% to 126%) (coefficient of determination
[R2] = 0.33; root mean square error [RMSE] = 20.93). One outlier sample had a percent-
age difference of1627% (Fig. 3).

OID generation and validation. Tables S1 and S2 summarize the OID targeting
free trough (fCmin):MIC 1 to 4 for adults and children, respectively. As one could expect,
the optimal dosage increased with both body weight and renal function. In adults with
weight ranging from 60 to 100 kg, extended infusion was optimal only in patients with
a CrCl between 50 and 70 mL/min. With further increases in weight and/or CrCl, contin-
uous infusion (CI) most consistently achieved target exposure. For a given dosage regi-
men, a priori probability to achieve the target interval varied with weight and CrCl
(57% to 90%) in subjects with a CrCl of$20 mL/min.

TABLE S3 shows the target attainment results obtained from the simulation of the
OID and the approved dose in the validation data set. The OID approach was success-
ful in maximizing attainment of the target interval and reducing both under- and over-
exposure, as well as overall variability. Using the package insert dose, 62% were within,
24% below, and 15% above the target, while using the OID, 76% were within, 18%
below, and 6% above the target.

DISCUSSION

We presented a cefepime population PK model developed from the largest data set
thus far reported. We combined a previously published pediatric data set (8) with a
University of Florida (UF) clinical data set to build the model, validated the model with
three published data sets (7, 9, 10), integrated it into a precision dosing software, and
favorably evaluated it in yet another independent data set. Also, we provided a com-
prehensive, initial dosing algorithm to optimize drug exposure in each patient.
Although our model was not as rich as the models generated by planned PK studies,
having a large number of patients enriched the model with support points. Both the
MM and IMM Bayesian methods fit the data very well in BestDose, and IMM was
slightly superior. This is consistent with the previous work on amikacin and

TABLE 2 Summary of the cefepime population pharmacokinetic parameter estimatesa

Parameter Median 95% credibility interval Mean SD Shrinkage (%)
ke, h21

Adults 0.30 0.24–0.37 0.37 0.29 57.94
Pediatrics 0.96 0.88–1.30 1.22 0.73 79.72

Vd (L) 13.85 12.73–17.88 18.33 10.37 64.69
kcp (h21) 1.22 0.78–1.66 1.93 2.67 64.76
kpc (h21) 1.38 1.07–1.76 2.10 2.79 78.83
akcp, rate of transfer from the central to the peripheral compartment; ke, elimination rate constant; kpc, rate of
transfer from the peripheral to the central compartment; Vd, central volume of distribution.

TABLE 1 Demographics of patients included in the PK model development and validationa

Characteristic

Model development from: Model validation from:

Reed (8) UF Health Roberts (7) Sime (9) Whited (10)
No. of patients/samples 36/511 644/1,122b 13/26 12/48 9/93
Population Neonatal/pediatric ICU Adult ICU Adult ICU Cancer with febrile neutropenia Cancer with febrile neutropenia
Age (yrs) 3.9 (4.7) 55 (19) 56 (41–64)c 57 (52–67)c 54 (10)
No. male 21 (58) 362 (56) 9 (69) 9 (75) 5 (56)
Wt (kg) 16 (16) 85 (33) 76 (14) 89 (32) 83 (8)
Wt median (range) 11 (4–75) 79 (30–247) 76 (55–105) 82 (64–194) 85 (69–94)
CrCl (mL/min) 68 (39) 111 (73) 105 (77) 76 (14) 149 (36)
CrCl median (range) 56 (21–188) 97 (7–609) 89 (10–289) 72 (61–106) 127 (109–220)
Cefepime regimen 50 mg/kg q8h over 30 min 0.5–6 g/dayd 6 g/day (5–6)c 2 g q8h over 30 min 2 g q8h over 30 min
aData presented as mean (SD) or n (%) unless indicated. CrCl, creatinine clearance; ICU, intensive care unit; UF, University of Florida; q8h, every 8 h.
bA total of 198 patients had peak and trough samples drawn in the same dosing interval.
cMedian (interquartile range).
dRange.
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vancomycin using the same software (11). Given the continuous changes in ICU
patients’ PK parameters, the MM predictions for the subsequent TDM occasions were
good (i.e., the median percentage difference between actual and predicted MM was
14%). The predictions may improve in future studies if the changes in PK parameters
can be correlated with other variables in ICU patients (e.g., fluid input/output).

In the nonparametric modeling, the probability distribution of the PK parameter
values is discrete. When estimating individual PK parameters, the entire discrete joint
distribution of parameters is used as a prior, rather than using the mean and standard
deviation (12). Then, the probabilities of the support points, each containing a set of
PK parameters, will be updated such that the ones that best fit the data become more
probable, while those poorly fitting the data become less probable or zero (MM
approach) (Fig. S1). Such tools may increase the accuracy of estimated PK profiles in
the clinical setting as shown previously with different antibiotics (13–16).

Two previous PK models used part of the data sets in our model. The first included
pediatrics and UF data sets (patients admitted between 2016 and 2018) to a build cefe-
pime two-compartment model and simulate different regimens to assess 100% fT.MIC

and fT.4�MIC attainment. The rate constants were similar to those in our model, but the
Vd was lower with a median population parameter estimate of 6.71 L (17). The increase
in the Vd in the new model might be due to the addition of more adult patients who
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FIG 1 Observed versus population and individual predicted concentrations for the cefepime pharmacokinetic model.

TABLE 3 Patient demographics in the precision dosing application data set from UF Healtha

Characteristic Mean (SD) or n (%)
No. of patients/samplesb 115/181
Population ICU
Age (yrs) 54 (21)
Pediatrics 6 (5)
Wt (kg) 82 (28)
Wt median (range) 80 (4.5–172)
CrCl (mL/min) 118 (78)
CrCl (mL/min) median (range) 103 (14–431)
Cefepime doses 0.22–3 g per dosec

aData presented as mean (SD) or n (%) unless indicated. CrCl, creatinine clearance; ICU, intensive care unit; UF,
University of Florida.

bA total of 25 patients had peak and trough samples drawn in the same dosing interval.
cRange.
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might have larger Vd than the pediatric patients. The second model was built using the
pediatrics and validation data sets in our model. The data from Whited et al. (10) and
part of that from Reed et al. (8) were used for model building, while the remaining of
Reed’s data along with that of Roberts et al. and Sime et al. (7, 9) were used for valida-
tion. This was a two-compartment model with ke estimated as both renal and nonrenal
elimination (18). The population parameter estimates generated by this model were
similar to those of our model. In this paper, we have expanded the UF data set and
added more than 400 patients to enrich the model in order to be able to apply it to a
larger number of patients using precision dosing software.

Poor target attainment early in therapy was reported with the current regimens of
beta-lactams. In a prospective ICU study, 100 patients with CrCl of .60 mL/min had
their beta-lactam concentration measured within the first 3 to 5 days of therapy; 80%

FIG 2 (A and B) Cefepime observed versus BestDose predicted concentration in the precision dosing
external data set using (A) MM and (B) IMM Bayesian approach. R2, coefficient of determination;
RMSE, root mean square error.
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of those patients had subtherapeutic beta-lactam trough (Cmin), including cefepime
(19). In another ICU study, 80 patients received one dose of beta-lactam and had their
exposure evaluated. A total of 19 patients received cefepime at 2 g, and only 3
achieved 70% fT.4�MIC (20). This highlights the need for better initial, individualized
regimens based on patients’ characteristics. Also, the current recommended dose
adjustments of cefepime are overly simplistic, as they only consider impaired renal
function. In addition, dosage reductions are applied at arbitrary cutoff values of renal
function, irrespective of the real covariate-parameter relationships. Considering that
the relationship between ke and CrCl in adults is linear, it is suboptimal to select a sin-
gle CrCl threshold, such as 30 or 60 mL/min, for population-based dose changes. Using
OID algorithm, we provided a more continuous dosing approach including both CrCl
and weight, which also provides useful information with the probability of achieving
the goal (i.e., Cmin of 10 to 40). Clinicians should be aware that these are still empirical
doses based on population estimates and are not guaranteed to achieve the optimal
individual exposure. This is shown in the validation fit (Fig. S4), where the population
predictions were not as good as the individual predictions. Consequently, TDM and
model-informed precision dosing should follow to individualize therapy. As the cefe-
pime toxicity target is not well defined yet, clinicians should exercise caution in giving
large doses to their patients without the availability of the TDM at their institutions.
This might be the case in many health institutions globally which do not have access
to an in-house cefepime assay, and the turnaround time for sending the samples to
another lab may be inconvenient. As a result, the availability of the cefepime assay
with results available in a reasonable time is important to promptly adjust therapy.

Neurotoxicity might be a concern with increased cefepime exposure. Currently pub-
lished data in this area are mainly retrospective with trough-only sampling. Different cefe-
pime trough thresholds were suggested in these studies to be associated with neurotoxic-
ity, including 22, 38, and 49 mg/L (21–23). More investigations are needed in this area,
including well-defined diagnosis criteria and a better plasma and/or cerebrospinal fluid
sampling scheme to assess the best PK/PD predictor of this event (24, 25).

We included a large number of patients and samples in the PK model, which was
validated using multiple data sets and applied to an additional data set using TDM
software. However, there are a number of limitations. First, the majority of the data
contributed to the model were sparse TDM data, which resulted in elevated shrinkage

P
er

ce
n

ta
g

e 
o

f 
d

if
fe

re
n

ce
 b

et
w

ee
n

 m
ea

su
re

d
 a

n
d

 B
es

tD
o

se
 

fu
tu

re
-p

re
d

ic
te

d
 c

ef
ep

im
e 

co
n

ce
n

tr
at

io
n

-100%

-80%

-60%

-40%

-20%

0%

20%

40%

60%

80%

100%

FIG 3 Boxplot for the percentage of difference between measured and BestDose future-predicted
cefepime concentration. One outlier sample (not shown) had a percentage difference of 1627%.

Alshaer et al. Antimicrobial Agents and Chemotherapy

February 2022 Volume 66 Issue 2 e02046-21 aac.asm.org 6

https://aac.asm.org


of the PK parameters. However, that may have affected the individual predictions
which were still reasonable in the validation (Fig. S4) given that most of the patients in
the model-building data set had at least Cmin measured, which was the concentration
we targeted in our individual predictions. Second, only the total concentration was
measured, and the unbound fraction was assumed. Third, the number of pediatric
patients in the model was low. Finally, while intrapatient variability may have been fit-
ted in the past, future changes in the PK parameters were not possible to predict (26).
Future efforts should address these limitations to improve the predictions and utility of
precision dosing tools.

Conclusions. We described cefepime population PK using a large data set mainly
from the ICU. The model was integrated into precision dosing software to fit a new
data set and showed good prediction ability. Optimal initial dosing recommendations
in this work are based on modeling and simulation to maximize the probability of
achieving prespecified target concentrations. Such dosing recommendations have not
been otherwise validated in retrospective or prospective studies. Hence, if dosing out-
side the approved regimens in the package insert or institutional precedent, the appro-
priate cefepime plasma concentration should be verified by TDM and further dose indi-
vidualization if needed.

MATERIALS ANDMETHODS
Study population. This was a PK study combining six cefepime data sets.
PK model development data sets. The first data set presented pediatric patients between 2 months

and 18 years old who received cefepime at 50 mg/kg intravenously (i.v.) over 30 min every 8 h. Samples
were drawn at times 0, 0.5, 0.75, 1, 2, 4, 6, and 8 h after starting cefepime infusion (8).

The second data set was an update of a previously published one which was based on a retrospec-
tive chart review of adult ICU patients admitted to UF Health between 2016 and 2018 (17). The data set
was updated to include adult ICU patients admitted to UF Health between 2016 and 2019. Patients who
received cefepime and had a cefepime concentration reported were included. Cefepime was adminis-
tered as 2 g i.v. every 8 h over 30 min, 3 to 4 h, or 6-g CI. Cefepime dose was adjusted based on renal
function and the measured concentrations. The recommended blood sampling times were 1 h after the
end of infusion and before the next dose within the same dosing interval.

Model validation data sets. The third data set was from a prospective international study which
included adult ICU patients who received beta-lactams, including cefepime. The median (IQR) cefepime
daily dose was 6 g (5, 6). Plasma samples were collected midinterval and before the next dose (7).

The fourth data set included adult patients with hematological malignancy who developed febrile
neutropenia and were initiated on cefepime. Cefepime was administered as 2 g i.v. every 8 h over 30
min. Five plasma samples were drawn, two after the third dose at 60% of the dosing interval and a
trough; the next two were drawn similarly after the sixth dose, and one sample was drawn before the
tenth dose (9).

The fifth data set had adult patients with hematological malignancy and hematopoietic cell trans-
plant who received cefepime 2 g i.v. every 8 h over 30 min for the treatment of febrile neutropenia.
Blood samples were collected after $2 days into therapy at times 0, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, and 8 h
after the start of cefepime infusion (10).

Precision dosing application data set. Similar to the second data set, the sixth data set included
ICU patients admitted to UF Health between 2016 and 2019 who received cefepime therapy and had
available cefepime concentrations. This data set was independent from others and was used with preci-
sion dosing software to evaluate the predictive accuracy and precision of the PK model we developed
using the previously mentioned data sets. Also, this data set was used to validate the OID generated
using the PK model and assess the target attainment.

For all the data sets, patients on renal replacement therapy were excluded. Data collected included
age, sex, weight, serum creatinine, cefepime regimens, and serum concentrations. CrCl was calculated
using the Cockcroft-Gault equation (27), using total body weight and 0.85 correction factor in females,
to find an acceptable renally based descriptor of cefepime elimination as reported previously in similar
models (17, 18). Institutional review boards at all the involved sites reviewed and approved the corre-
sponding studies, and informed consent was obtained from participants or legal guardians (prospective
studies) or waived (retrospective studies).

Population pharmacokinetics. The actual dosing and sampling times were used in the data sets to
calculate the elapsed time, and no assumption was made about reaching steady state. The nonparamet-
ric adaptive grid (NPAG) algorithm in the Pmetrics v1.9.7 R package was used to build the cefepime PK
model. NPAG builds nonparametric population PK models by creating support points, with each point
comprising a set of estimates for all PK parameters in the model and the associated probability (weight)
of that set of estimates, with no underlying assumption of PK parameter value probability distributions.
This property is suitable for characterizing populations expected to have outliers with extreme parame-
ter values, such as ICU patients (28). One- and two-compartment models were evaluated, and the best-
fit model was chosen. We tested for the weight, CrCl, and age group covariates by adding them to PK
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parameters in a forward stepwise fashion. If the CrCl at the time of the first dose was not available, the
next closest CrCl value was used. On certain occasions when the CrCl is not available with subsequent
doses because serum creatinine is not measured, Pmetrics will linearly extrapolate between available
values or, if there are no further values, carry the last value forward. The final models were compared
based on the Akaike information criterion, R2 of observed versus population and individual predicted
concentration plots, bias, and imprecision. The assay error (standard deviation [SD]) was accounted for
using error polynomial as a function of observed concentration (SD = C0 1 [C1 � observed concentra-
tion]) using C0 (intercept) and C1 (slope) values of 1 and 0.1, respectively. A gamma multiplicative error
model value was set to 2 to estimate the magnitude of additional noise or model misspecification (error =
SD � gamma) (29). The final model gamma was estimated to be 1.78, with a value of 1 indicating no addi-
tional source of error. The model was validated by using it as a prior with zero cycles and the three exter-
nal data sets (see “Model Validation Data Sets”). The observed versus predicted plots were evaluated for
the acceptability of the model predictions.

Precision dosing application. We used BestDose (www.lapk.org), software for individualized drug
dosing, to test the predictive ability of our model against the external data set from UF Health. BestDose
combined the cefepime PK model with the data from each patient in the external data set to update the
model to an individualized, Bayesian posterior version, which comprises the most likely probability dis-
tribution of support points for each patient. The predicted cefepime concentration-time profile is the
weighted average across all support points (i.e., MM design) in the posterior distribution (Fig. S1) (30,
31). In addition, BestDose includes the IMM Bayesian approach, which is specifically useful in ICU
patients with changes in their PK parameters during therapy. This approach allows the posterior distri-
bution to change from the previous distribution each time a new drug concentration is obtained (31).
BestDose was used to fit the cefepime model to the data using the MM approach for samples in each
separate dosing occasion and using the IMM approach for all samples in different dosing occasions. For
patients who had cefepime concentrations from more than one dosing occasion, the prediction of cefe-
pime concentration was evaluated using the MM fit from the previous occasion.

Optimal initial dosing simulations. The final model was used to calculate the initial dose that maxi-
mizes the a priori probability of achieving a concentration target of efficacy, as described elsewhere (32).
Using the Pseudomonas aeruginosa susceptibility breakpoint of 8 mg/L, the efficacy target was Cmin

between 10 and 40 mg/L (corresponding to fCmin of 8 of 32 mg/L and fCmin:MIC 1 to 4). Optimal doses
were derived for a large range of body weight and creatinine clearance values. The method is described
in detail in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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