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ABSTRACT Sepsis causes half of acute kidney injuries in the intensive care unit
(ICU). ICU patients may need continuous renal replacement therapy (CRRT), which
will affect their antimicrobial exposure. We aimed to build a cefepime population
pharmacokinetic (PK) model in CRRT ICU patients and perform simulations to assess
target attainment. Patients who were =18years old, were admitted to the ICU, and
received cefepime 2 g every 8h as a 4-h infusion while on CRRT were enrolled pro-
spectively. Samples were collected from the predialyzer ports, postdialyzer ports, and
effluent fluid at 1, 2, 3, 4, and 8h after the first dose and at steady state. Age, sex,
weight, urine output, and CRRT parameters were recorded. Pmetrics was used for
population PK and simulations. The target exposure was 100% of the dosing interval
during which the free beta-lactam concentration is above the MIC (fT_\,). Ten
patients were included; their mean age was 53 years, and mean weight was 119 kg.
Seventy percent were males. Cefepime was described by a five-compartment model.
The downtime was applied to the CRRT flow rates, which were used to describe the
rates of transfer between the compartments. At MICs of =8mg/liter, intermittent
infusion of 2 g cefepime every 8h achieved good target attainment both early in
therapy and at steady state. Only extended- and continuous-infusion regimens
achieved good target attainment at MICs of 16 mg/liter. In conclusion, 2 g cefepime
infused over 30 min followed by extended infusion of 2 g every 8h achieved good
target attainment at MICs of =16 mg/liter with different CRRT flow rates and may be
considered in resistant bacterial infections.
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epsis is a major problem in the intensive care unit (ICU). The number of sepsis cases

is increasing, and the associated mortality is 25% globally (1-3). Sepsis causes half
of the acute kidney injuries in the ICU (4). As such, patients receive antimicrobial ther-
apy while on renal replacement therapy, which adds to the variability in drug exposure
in these patients (5-7). Continuous renal replacement therapy (CRRT) provides better
tolerability while efficiently maintaining fluid, electrolytes, and acid-base balance (8). In
patients who receive CRRT, the antimicrobial exposure can be affected by CRRT param-
eters, drug characteristics, and patient’s pharmacokinetics (PK) (9-11). If insufficient
doses of antimicrobials are administered to ICU patients, resistance and treatment fail-
ure can develop, given the suboptimal antimicrobial exposure that is not adequate to
eradicate the pathogen, resulting in clinical worsening and even death (12, 13).
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TABLE 1 Baseline characteristics and CRRT settings?

Characteristic Value for patients (n=10)
Age, yrs 53.2(11.3)
No. (%) of males 7 (70)
Wt, kg 118.8 (26.8)
No. (%) with CRRT modality

CVVH 8(80)

CVVHD 2(20)
Urine output,® ml 14.4 (43.2)
Blood flow rate, ml/min 296 (49)
Ultrafiltrate rate,* ml/kg/h 0.6 (0.9)
Therapy fluid rate,© ml/kg/h 29.6 (5.2)
CRRT downtime,® h 0.1(0.5)
No. of samples

Predialyzer serum 82

Postdialyzer serum 80

Effluent filtrate 79

aData are means (SD) unless otherwise specified. CRRT, continuous renal replacement therapy; CVVH, continuous
venovenous hemofiltration; CVVHD, continuous venovenous hemodialysis.

bCalculated as total volume or time during the dosing interval.

Calculated as average rate during the dosing interval.

Beta-lactams are commonly prescribed in the ICU for suspected or confirmed Gram-
negative bacterial infections. Beta-lactam therapy is optimized by achieving a high per-
centage of the dosing interval during which the free beta-lactam concentration is
above the MIC (fT- y,c), which is the pharmacokinetic/pharmacodynamic (PK/PD) target
(14). Given the changes in CRRT factors and the variability between the ICU patients,
beta-lactam regimens recommended by the earlier studies may be insufficient to
achieve the optimal PK/PD targets (9, 15, 16). In addition, there is a conflict in the litera-
ture concerning the best cefepime dosing regimen to achieve the appropriate PK/PD
target and the impact of CRRT intensity on cefepime exposure in ICU patients (15,
17-19). In this study, we aimed to build a cefepime population PK model and assess
the optimal PK/PD target attainment using Monte Carlo simulation (MCS) in ICU
patients receiving CRRT.

RESULTS

Patient characteristics. Ten patients contributed 162 plasma and 79 effluent sam-
ples, with an average of 24 samples drawn from each patient (16 plasma and 8 efflu-
ent). Table 1 shows the baseline characteristics. The mean (standard deviation [SD])
age was 53.2 (11.3) years, and mean weight was 118.8 (26.6) kg. Seventy percent (n=7)
were males; two patients received continuous venovenous hemodialysis (CVVHD), and
eight received continuous venovenous hemofiltration (CVVH). Figure 1 shows the insti-
tutional Pseudomonas aeruginosa and Enterobacteriaceae MIC data.

Population pharmacokinetic model. In this population, cefepime was best
described by a five-compartment model: two compartments for the patient and three
for the CRRT machine (Fig. 2). The CRRT blood and total effluent flow rates were used
as flow rates in the model. The CRRT downtime covariate was applied to the rates of
transfer as run time and as a fraction of the dosing interval: k = (flow rate/V) x [(dosing
interval — CRRT downtime)/dosing intervall, where k is the rate of transfer and V' is the
volume of distribution of the compartment.

Table 2 shows the parameter estimates for the final model. The mean (SD) for the
rate of elimination is 0.07 (0.05) h—', the rate of transfer from the central to the periph-
eral compartment is 0.83 (0.64) h—, the rate of transfer from the peripheral to the cen-
tral compartment is 2.47 (2.25)h~", and the volume of distribution in the central com-
partment is 26.76 (15.09) liters. Figure 3 shows the observed versus population and
individual predicted predialyzer, postdialyzer, and effluent concentrations.
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FIG 1 Local Pseudomonas aeruginosa and Enterobacteriaceae MIC distribution for cefepime.

Monte Carlo simulations. Figure S1a and b show the results of simulating cefe-
pime 2 g intravenously (i.v.) infused over 4 h at 8-h intervals along with different values
of CRRT blood flow rate, total effluent flow rate, and downtime to assess the impact of
these parameters on 100% fT-,, target attainment. Total effluent flow rate impacted
target attainment the most in this population. Figures 4 and 5 show the probability of
target attainment (PTA) at target 100% fT_,c within the first 24h and after 72h,
respectively, at different total effluent flow rates. For the first 24 h of therapy, all regi-

Total effluent*

IV infusion

Total effluent*

Blood flow*

Central
Pre-filter

Peripheral

Blood flow* Blood flow*

Serum
post-filter

FIG 2 Cefepime five-compartment model in patients on CRRT. *, CRRT downtime was applied as run time and
as a fraction of the dosing interval on these flow rates. CRRT, continuous renal replacement therapy; IV,
intravenous; Kcp, transfer rate from the central to the peripheral compartment; Ke, rate of elimination; Kpc,
transfer rate from the peripheral to the central compartment.
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TABLE 2 Population parameter estimates for cefepime final model?

Parameter 95% credibility Shrinkage
(unit) Median interval Mean SD CV (%) (%)
ky(h™) 0.07 0.04-0.09 0.07 0.05 71.73 0.31

k., (h™7) 0.75 0.13-1.64 0.83 0.64 76.80 4.80

Koc (h=7) 3.23 0.25-5.00 247 2.25 90.94 1.50
V.oriea (liters) 18.67 9.18-45.02 26.76 1509  56.37 1.44

Vegr (liters) 2.09 0.01-3.47 1.98 1.69 85.41 3.27

V. uene (liters) 0.18 8% 1074-0.85 0.57 0.66 11625  3.72
Viostdialyzer (lit€rs) 1.28 0.81-3.38 1.79 1.34 74.90 10.75

9CRRT, continuous renal replacement therapy compartment; CV, coefficient of variation; k., rate of transfer from
the central to the peripheral compartment; k,, elimination rate constant; k., rate of transfer from the peripheral
to the central compartment; SD, standard deviation; V, volume of distribution.

mens achieved =90% target attainment at MICs of 1 and 2 mg/liter at all total effluent
flow rates. At MICs of 4 mg/liter, PTA dropped below 90% with continuous infusion (Cl)
at all flow rates and with intermittent infusion (Il) every 12 h at a 40-ml/kg/h flow rate.
At a MIC of 8 mg/liter, cefepime given via Cl, extended infusion (El) every 8 h, and Il ev-
ery 12 h had a PTA of <90% at all flow rates. PTA within the first 24 h dropped signifi-
cantly for all regimens at MIC of =16 mg/liter. After 72h of therapy, all regimens
achieved good target attainment with all flow rates at MICs of 1, 2, and 4 mg/liter. At
MICs of 8 mg/liter, Il of 2 g every 12 h achieved a PTA close to 90% at a total effluent
flow rate of 20 ml/kg/h but dropped significantly at higher flow rates. At MICs of
16 mg/liter, the PTA for Il of 2 g every 12 h was =<50% at all flow rates, while for the ev-
ery-8-h Il regimen, it was <90% at flow rates of =30 ml/kg/h. All regimens had PTA of
<90% at MICs of 32 mg/liter, with the highest PTA achieved with the Cl regimen. To
improve the PTA early in therapy, we simulated a 2-g loading dose (LD) administered
over 30 min before the El and Cl regimens (i.e., an 8-g total dose for the first day) (Fig.
6). Both regimens achieved PTA of >90% at target 100% fT-,c up to a MIC of 16 mg/Ii-
ter. At 60% fT>,, v all regimens achieved good target attainment at MICs of =4 mg/
liter except for cefepime 2 g every 12 h, both within the first 24 h and after 72 h of cefe-
pime therapy. All regimens had a PTA of <90% at a MIC of 8 mg/liter (Fig. S2).

Figure S3 shows the probability of achieving free trough concentrations of =20 and
=70 mg/liter. Within the first 24 h, the probability is low for both targets with all regi-
mens. After 72 h, the El and Cl regimens had the highest probability of achieving a
trough concentration of 20 mg/liter but not 70 mg/liter. The probability of achieving
these targets might change with changes in CRRT flow rates and downtime.

DISCUSSION

We describe a cefepime population PK model in ICU patients receiving CRRT using
the machine flow rates to describe the drug elimination and transfer between com-
partments. This may provide flexibility to clinicians if this model is to be used to opti-
mize cefepime therapy in similar patients while providing the blood flow rate, total
effluent flow rate, and CRRT downtime. We assessed the impact of different CRRT flow
rates and downtimes on the clearance of cefepime and found that total effluent rate
had the highest impact on the drug clearance, especially after 72 h of therapy. CRRT
downtime had the second-highest impact on cefepime clearance; however, it is not
expected to happen with every dose of cefepime. Based on our simulations, Il of 2 g
cefepime every 8 h achieved good target attainment at MICs of =8 mg/liter. Both El
and Cl did not initially attain the target if the MIC was 16 mg/liter (intermediate suscep-
tibility for P. aeruginosa and resistant for Enterobacterales). Thus, a 2-g LD will be
needed before El and Cl so that better target attainment is achieved early in therapy.
This dosing strategy should allow clinicians to maximize the potential efficacy of
cefepime.

Carlier et al. (17) built a cefepime one-compartment model using blood (arterial)
samples drawn at 0, 1, 2, 5, and 6 or 12 h after the start of cefepime infusion, from 13
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FIG 3 Observed versus population and individual predicted cefepime concentrations in predialyzer (A), effluent (B), and postdialyzer (C) compartments.
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FIG 4 Probability of target attainment (100% fT-,,c) for cefepime within the first 24 h with total effluent flow rates of 20 (A), 30 (B), and 40 (C) ml/kg/h. The
dashed lines indicate 90% probability of target attainment. The mean (SD) weight used for the simulations was 119 kg (27 kg). Blood flow rate and CRRT
downtime were fixed at 300 ml/min and 0 h, respectively.

patients receiving CRRT. Ultrafiltration rate was used as a covariate on the volume of
distribution and clearance. Based on the simulations, cefepime at 1 g every 6h or 2 g
every 8 h as an Il achieved good target attainment (100% fT-,,c) at a MIC of 8 mg/liter
and ultrafiltration rates of 1,000 to 2,000 mi/h. The PTA dropped below 90% at a MIC of
16 mg/liter (17). This is consistent with our findings that 2 g cefepime given as an Il ev-
ery 8 h had good target attainment at all total effluent rates at MICs of =8 mg/liter but
not 16 mg/liter. In a prospective PK study conducted on 12 ICU patients who received
Il of 1 to 2 g cefepime every 12 to 24 h during CRRT, premembrane blood, postmem-
brane blood, and ultrafiltrate or dialysate samples were collected at 1, 2, 4, 8, and 12 or
24 h after the end of cefepime infusion. The mean blood flow was 150 ml/min, and the
ultrafiltration rate was ~1,000 ml/h. The authors measured the total concentration and
used standard PK methods to calculate the T-,,c. The authors suggested that 2 g/day
might be sufficient for treating susceptible pathogens and 4 g/day for those with
higher MICs (18). However, given the method of calculating the PK/PD parameters, not
accounting for the free drug concentration and use of different ultrafiltration rates,
these regimens might be suboptimal for dynamic patients with changes in the CRRT
flow rates. Seyler and colleagues (16) evaluated the PK of beta-lactams in patients
receiving the recommended CRRT doses. Blood samples were drawn at times 0, 1, 2, 5,
and 6 or 12 h after the antibiotic administration. The mean blood flow was 150 ml/min,
and the ultrafiltration rate was 22 ml/kg/h. Of 53 patients, eight received Il of 2 g
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FIG 5 Probability of target attainment (100% fT_,,.) for cefepime after 72 h with total effluent flow rate of 20 (A), 30 (B), and 40 (C) ml/kg/h. Dashed lines
indicate 90% probability of target attainment. The mean (SD) weight used for the simulations was 119 kg (27 kg). Blood flow rate and CRRT downtime

were fixed at 300 ml/min and 0 h, respectively.
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the simulations was 119 kg (27 kg). Total effluent flow rate, blood flow rate, and CRRT downtime were fixed at 30 ml/kg/

h, 300 ml/min, and 0 h, respectively. LD, loading dose.

cefepime every 12 h. The median (range) total trough concentration was 11 mg/liter (3
to 22 mg/liter), and none of the patients achieved the 70% T-,. uc target as specified
by the authors (16).

A few previous studies assessed the impact of CRRT intensity on cefepime clear-
ance. A retrospective study included 50 ICU patients who received unadjusted doses of
beta-lactams and had therapeutic drug monitoring. Nine patients received cefepime.
The authors found a weak, but significant, correlation between beta-lactam clearance
and CRRT intensity (r=0.32, P=0.03) (19). On the other hand, simulations performed
using published PK values suggested that CRRT intensity may not have a significant
impact on cefepime PK/PD target attainment (15, 20). In our simulations, we found
that the total effluent rate might have an impact on target attainment at MICs of
=8 mg/liter after 72 h of therapy. There are differences in the simulations published
previously and the one in this study. Assuming a normal distribution of cefepime PK
parameters, previous work used the mean and standard deviation values of PK and
CRRT parameters and used certain fixed CRRT parameters (i.e., less intensive versus in-
tensive flow rates). On the other hand, our simulations were semiparametric where
support points, each with a value for each PK parameter (e.g., elimination rate constant
and volume of distribution) in the model and an associated probability which corre-
sponds to the number of patients having these PK parameter values, serve as the
mean of one multivariate normal distribution in a multimodal, multivariate joint distri-
bution. The weight of each multivariate distribution is equal to the probability of the
support point (21).

Different cefepime PK/PD targets were specified in the literature with a common
range of 50% to 74% fT_\, and very few studies evaluated 100% fT-,c. Based on
some preclinical studies, cephalosporins may have static effect at fT-,c values of
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>30% to 40% while maximal killing is achieved at 60% to 70% (14, 22). To prevent re-
sistance, a trough-to-MIC ratio of >3.8 was needed (23). Higher targets (i.e., 100%
fTomic and fT— . .wc) might be desirable in the clinical setting (24-26). The differences in
favorable targets between the preclinical and clinical studies might be due to the fact
that suggested preclinical targets are assumed to be at the site of infection, whereas
clinically, plasma concentrations are usually measured, which may not correlate with
the concentration at the site of infection. In case of pneumonia, a common infection in
the ICU, beta-lactams and cefepime may have variable and poor penetration to the
lung tissue and secretions in critically ill patients (6, 27), which may indicate that higher
drug plasma concentrations are desirable to achieve the optimal exposure at the site
of infection. This has been shown previously with meropenem Cl (28).

As the cefepime concentration goes up, optimizing efficacy, neurotoxicity may be a
concern, which researchers have tried to correlate to plasma exposure. Current evi-
dence on this topic is still weak due to retrospective study design, trough-only sam-
pling, measurement of total concentration in plasma, difficulty in defining the event,
and presence of confounders affecting the neurotoxic event, which is common in the
ICU (29-32). In this study, the probability of achieving a free trough plasma concentra-
tion of =20 mg/liter was the highest with Cl and El after 72 h of therapy, while the
probability of achieving a trough concentration of =70 mg/liter was much lower. The
CRRT flow rates and downtime will affect these probabilities, given the impact on cefe-
pime clearance. Eventually, more investigation is still needed in the area of cefepime
neurotoxicity to better define thresholds. Therapeutic drug monitoring will have a
major role in this.

In this study, we showed that CRRT ICU patients might benefit from extended-infu-
sion cefepime regimens rather than intermittent therapy. The strengths of this study
are that five samples were drawn per site and occasion, samples were drawn from the
three different sites, and unbound cefepime concentration was measured. On the
other hand, some of the limitations were that sample size was limited, clinical out-
comes were not evaluated, and the results may not be generalizable because of the
use of different CRRT machines or filters. Future studies should have a larger sample
size and use different CRRT filters to help identify more support points in the PK model
and assess the impact of different filters on cefepime exposure.

Conclusions. In patients receiving CRRT, cefepime was described by a five-compart-
ment model, and CRRT flow rates were used to describe the drug transfer between
compartments. A 2-g LD of cefepime followed by El of 2 g every 8 h achieved a high
PTA at MICs of =16 mg/liter (at target 100% fT-,,c) and at MICs of =4 mg/liter (at tar-
get 60% fT—,..mc) With a very low probability of reaching a trough concentration of
70 mg/liter.

MATERIALS AND METHODS

This was a prospective, PK study at the University of Cincinnati Medical Center (NCT02458261) which
included patients who were =18 years old, were admitted to the ICU, and received cefepime 2 g i.v. ev-
ery 8h as a 4-h infusion while on CVVH or CVVHD. Exclusion criteria were pregnancy, cystic fibrosis,
incarceration, admission for burns, and unmeasured or >400 ml of urine output in the last 24 h. Data col-
lected include age, sex, weight, urine output, and CRRT parameters, including blood, dialysate, therapy
fluid, and ultrafiltrate flow rates. The total effluent rate is the sum of therapy fluid and ultrafiltrate rates.
This study was reviewed and approved by the Institutional Review Board at the University of Cincinnati
(IRB no. 00000180) and the University of Florida (IRB202003071), and informed consent was obtained
from all participants (33).

CRRT machines. NxStage CRRT machines with Purema high-permeability polysulfone membrane fil-
ters (NxStage Medical Inc., Lawrence, MA) were used to provide the CVVH and CVVHD therapy. NxStage
PureFlow fluids 400, 401, 402, 453, and 454 were used as appropriate. Patients who received CVVH
received precircuit replacement fluid.

Cefepime samples and assay. Two sets of predialyzer serum, postdialyzer serum, and effluent sam-
ples were collected after both the first and the fourth to sixth cefepime doses. If the CRRT was not run-
ning, a single arterial sample was collected. The samples were collected at 1, 2, 3, 4, and 8 h after the
start of cefepime extended infusion in nonheparinized tubes and stored at —80°C. The concentration of
unbound cefepime in the samples was measured at the Antimicrobial Research Laboratory at the
University of Cincinnati James L. Winkle College of Pharmacy using high-performance liquid chromatog-
raphy with UV detection (298 nm). Microcon 30-kDa filters (Millipore, Cork, Ireland) were used, and
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samples were centrifuged at 12,000 x g for 10 min at room temperature to obtain the protein-free ultra-
filtrate for drug quantification. The cefepime range of detection was 1 to 200 mg/liter for all matrices (r
> 0.999, n=11). The intra- and interday coefficients of variation were =8.2% for low (2-mg/liter), me-
dium (25-mg/liter), and high (100-mg/liter) controls (33).
Population PK analysis and simulations. The nonparametric adaptive grid in Pmetrics v1.9.7 was
used to build cefepime population PK model and perform the Monte Carlo simulations (34). Cefepime
values from the three sites of sampling (predialyzer, postdialyzer, and effluent) were used to build the
model. Starting with the simplest model, we tested a two-compartment model assuming one compart-
ment for the patient and another for the CRRT machine and kept testing additional compartments up to
a five-compartment model. The following covariates were tested and added on PK parameters in a for-
ward stepwise fashion: weight, urine output, CRRT downtime, blood, ultrafiltrate, therapy fluid, and total
effluent flow rates. We examined the model on each step, and the final model was chosen based on the
lowest Akaike information criterion, highest coefficient of determination (R?) of observed versus pre-
dicted plots for both population and Bayesian, and lowest imprecision and bias. The assay error (stand-
ard deviation) and environmental noise were accounted for using error polynomials as a function of
observed concentration (SD = C, + [C, x observed concentration]) using C, (intercept) and C, (slope)
values of 1 and 0.1, respectively. The gamma multiplicative error model was used to estimate residual
error (error = SD x gamma) (35).
To assess the impact of CRRT parameters included in the model, a fixed cefepime dose of 2 g i.v.
infused over 4 h at 8-h intervals along with different values for the CRRT parameters were simulated. A
total of 2,500 subjects were simulated for each of the following regimens: 2 g every 8 and 12 h over 30
min, 2 g every 8h over 4h, and 6 g as a Cl. Also, a 2-g LD over 30 min followed by El and Cl regimens
was simulated. The covariates included in the final model were simulated either as mean and SD or fixed
at certain values. The MICs chosen for simulation were 1, 2, 4, 8, 16, and 32 mg/liter. The PK/PD targets

chosen were 100% fT.

>

wic and 60% fT_, . In addition, we assessed the probability of achieving free

trough concentrations of =20 mg/liter and =70 mg/liter as potential thresholds for neurotoxicity (15).
Given that unbound cefepime concentration was measured, there was no assumption of free fraction.
We calculated the PTA for the first 24 h and after 72 h of therapy (from 72 h to the end of the dosing
interval).
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