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Purpose: Critically ill patients exhibit significant pharmacokinetic alterations, necessitating population pharmacokinetic (PPK)
modeling of piperacillin to optimize dosing regimens. This study aimed to develop a PPK model for piperacillin in critically ill
patients from China and optimize dosing regimens based on model predictions.

Patients and Methods: A nonlinear mixed-effects modeling approach was applied to characterize piperacillin pharmacokinetics. Covariate
analysis identified significant predictors of CL and V. Monte Carlo simulations assessed dosing regimens against pharmacodynamic targets.
Results: The final model estimated population typical CL and V as 6.48 L/h and 19 L, respectively. Estimated glomerular filtration
rate and body weight significantly influenced CL, while plasma albumin affected V. Simulations revealed that continuous intravenous
infusion achieved higher probability of target attainment (PTA) than intermittent dosing, particularly for pathogens with elevated
MICs. Obesity and augmented renal clearance reduced PTA, necessitating dose escalation or more frequent administration.
Conclusion: This study highlights the interplay between host pathophysiology, pathogen susceptibility, and drug exposure. Guided by
the PPK model and susceptibility testing, tailored dosing strategies are crucial for optimizing therapeutic outcomes in critical
populations.
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Introduction
Piperacillin is a broad-spectrum B-lactam antibiotic with antibacterial activity against a wide range of Gram-positive and
Gram-negative aerobic and anaerobic bacteria. It is extensively used for empirical treatment of severe infections,
particularly among patients in intensive care units (ICUs)."* As a time-dependent antibiotic, the efficacy of piperacillin
is correlated with the duration for which the plasma drug concentration exceeds the minimum inhibitory concentration
(MIC). The proportion of time that the free drug concentration remains above the MIC (fT>MIC) is a key determinant of
therapeutic success.” In clinical practice, achieving optimal drug exposure is crucial for maximizing therapeutic efficacy
and minimizing the risk of resistance development.* For B-lactam antimicrobials, a magnitude of 40%-70% fT>MIC is
required for bactericidal effect.” Studies have shown that, in critically ill patients, achieving 100% fT>MIC is associated
with improved clinical outcomes.” A research group recommended a more aggressive target of 100%fT>4-8xMIC to
maximise bacterial killing.®

Optimising antibiotic exposure in the critically ill is complicated by a constellation of simultaneous, and often
opposing, pathophysiological changes.”'° First, for hydrophilic antibiotics like piperacillin, which is predominantly
renally eliminated, these alterations are primarily driven by extreme fluctuations in renal function, encompassing both
augmented renal clearance (ARC), which can increase drug clearance by 2 to 8 times and elevate the risk of
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subtherapeutic exposure, and acute kidney injury (AKI) can lead to drug accumulation and potential toxicity.
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Second, hypo-albuminaemia further enlarges the unbound fraction and effectively raises clearance of the pharmacolo-
gically active moiety."® Third, systemic inflammatory response syndrome, triggered by infectious or non-infectious
factors, is common among ICU patients, resulting in excessive extravasation of fluid from the damaged endothelium and
capillaries into the interstitial space.'* This increase in interstitial volume can lead to a substantial expansion of the
volume of distribution of piperacillin. Finally, although body size provides a physiological basis for standardizing dosing
across a population, body-composition changes (fluid overload, sarcopenia) make weight-based dosing unreliable.'*'®
These factors collectively lead to significant differences in the concentration of piperacillin after standard fixed dosing,
underscoring the need for population pharmacokinetic (PPK) models and individualised dosing algorithms in this
population.

PPK models are powerful tools for characterizing the variability in drug disposition and identifying covariates that
influence pharmacokinetic parameters in critically ill patients. By integrating demographic, clinical, and physiological
data, PPK models can be used to tailor dosing regimens to the individual needs of ICU patients. PPK models based on
data from critically ill patients in various countries, including France, Spain, South Korea, and Australia, have been
developed.'’2° However, differences in patient characteristics across regions can limit the extrapolation performance of
these models.”'** Therefore, it is necessary to establish more region-specific PPK models for piperacillin in critically ill
patients to optimize individualized dosing regimens for local ICU patients.

In this study, we developed a PPK model for piperacillin in critically ill patients from the East China region and
optimized dosing regimens based on model predictions. We focused on identifying the key covariates influencing the
pharmacokinetics of piperacillin and evaluating the feasibility of various dosing strategies to achieve pharmacodynamic
targets. Our aim was to provide evidence-based recommendations for clinical practice to ensure that critically ill patients
receive effective and safe antibiotic therapy.

Material and Methods
Study Design and Population

This prospective observational PK/PD study was conducted in the intensive care unit of the First Affiliated Hospital of
Shandong First Medical University (Shandong Provincial Qianfoshan Hospital) from September 2021 to January 2022.
The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Shandong First Medical
University (Shandong Provincial Qianfoshan Hospital) (YXLL-KY-2021(050)). The inclusion criteria for this study were
(1) admitted to ICU, (ii) treatment with piperacillin, (iii) written informed consent obtained from the patient or legal
surrogate. The exclusion criteria were (i) continuous renal-replacement therapy (CRRT), (ii) concurrent participation in
another clinical trial involving systemic investigational medicinal products, (iii) pregnancy. The entire study protocol was
carried out in compliance with the ethical principles of the Declaration of Helsinki.

Patient demographic information, piperacillin medication data, and laboratory test results were collected from the
hospital information system. These included age, sex, height, total body weight, APACHE II score, date, administration
time, dose, frequency of administration, type of infection, type of pathogen, alanine aminotransferase, aspartate
aminotransferase, gamma-glutamyl transferase, alkaline phosphatase, total bilirubin, direct bilirubin, blood urea nitrogen
(BUN), albumin, creatinine, Cystatin C.

Sample Collection

Blood samples were collected after at least five piperacillin doses (ie, at steady state). 2~3 samples per patient were
drawn: 30 min before the next infusion (trough), at the end of the infusion (peak), and at any intermediate time-point
within the same dosing interval (mid-interval, optional). The blood samples were centrifuged at 4000 rpm for 10 minutes
at 4 °C to separate the plasma. Plasma samples was analysed immediately or stored at 4 °C and assayed within 24 h. The
plasma concentration of piperacillin was determined by high-performance liquid chromatography (LC-2030C, Tokyo,
Japan) equipped with ultraviolet detector (LC-2030C, Tokyo, Japan). Chromatographic separation was performed using
an InertSustain C18 column (4.6 x 250 mm, Sum, GL Sciences, Tokyo, Japan) with a column temperature of 35 °C and
a detection wavelength of 218 nm. Mobile phase A was a KH,PO, solution with a pH of 3.3, and mobile phase B was
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acetonitrile. A gradient elution program was used: 0—15 minutes, 96% A; 15-25 minutes, 69% A. The flow rate was
1.0 mL/min. The linear range of piperacillin was 1.25-400 mg/L. The determination method was fully validated, and the
calibration curve, selectivity, carryover, accuracy, precision, and stability all met the requirements of FDA.** The
methodological validation results of the quantitative analysis method can be found in the Supplementary Materials.

Population Pharmacokinetic Model Development

Potential concentration outliers were identified from the base structural model by conditional weighted residuals
(CWRES). Any individual data point whose [CWRES| exceeded 6 was flagged, manually verified against the original
analytical worksheet and chromatogram, and re-sampled when a clear analytical or documentation error was suspected.
Below-quantification-limit (BQL) samples were retained and set to 2x lower limit of quantification (LLOQ).

Population pharmacokinetic analysis was conducted using a nonlinear mixed-effects model (NONMEM version 7.4;
ICON Development Solutions, Ellicott, MD, USA), Pirana (version 2.9.7), and R (version 3.6.0).

One- and two-compartment models were compared to determine the optimal structural model. Inter-individual
variability (IIV) in pharmacokinetic parameters was estimated using an exponential model. Residual variability (RSV)
was estimated using exponential, proportional, additive, and combined models. Model selection was based on the
objective function value (OFV) and goodness-of-fit (GOF) plots. A decrease in OFV (AOFV) of greater than 3.84
between two nested models was considered statistically significant for model improvement (p < 0.05).

Covariate models were developed using forward inclusion and backward elimination methods. Covariates evaluated
included sex, age, total body weight, body mass index (BMI), APACHE II score, albumin, total bilirubin, direct bilirubin,
creatinine, Cystatin C, BUN, estimated glomerular filtration rate (¢GFR) based on different equations and ARC defined
as eGFR > 130 mL/min/1.73 m? (mL/min).** During forward inclusion, covariates were added to the model if the OFV
was significantly lower than that of the base model (reduction > 3.84, p < 0.05). All statistically significant covariates
were included in the full model. Subsequently, backward elimination was performed, with each covariate independently
removed from the full model. Only covariates that resulted in an OFV increase greater than 6.635 (p < 0.01) were
retained in the final model.

The principle of statistical independence at the subject level was rigorously upheld in this study. Each enrolled
critically ill patient constituted a single, independent observational unit. The repeated piperacillin concentration measure-
ments within each patient were explicitly accounted for by using a NONMEM framework. This approach inherently
partitions the total variability into inter-individual variability and intra-individual variability, thereby correctly handling
the hierarchical data structure and ensuring valid statistical inference.

Validation of the Final Model

The final model was validated using diagnostic scatter plots, bootstrapping, normalized prediction distribution errors
(NPDE), and prediction-corrected visual predictive checks (pc-VPC). Diagnostic scatter plots included the following:
observed values (DV) versus population predicted concentrations (PRED), DV versus individual predicted concentrations
(IPRED), CWRES versus PRED, and CWRES versus time. NPDE were evaluated using R software (version 3.6.0) by
generating quantile-quantile (Q-Q) plots of NPDEs, histograms of NPDEs, scatter plots of NPDEs versus time, and scatter
plots of NPDEs versus PRED. Bootstrapping was performed with 1000 resamples, and the estimated parameters from the
bootstrap process were compared with those from the original dataset. Pc-VPC were generated by simulating datasets and
calculating the Sth, 50th, and 95th percentiles of the simulated concentrations with their 95% confidence intervals (CIs).
These were then compared with the observed concentrations to assess the predictive performance of the model.

Dose Simulation

Based on the parameters of the final model, Monte Carlo simulations were performed to generate simulated datasets
consistent with the characteristics of the original dataset (100 simulations). These simulations were used to predict the
steady-state concentrations of piperacillin under various dosing regimens. The simulated dosing regimens included
combinations of different daily doses (8 g, 12 g, 16 g, 20 g, and 24 g) and dosing frequencies (continuous infusion,
q4h, q6h, q8h, and q12h). For the intermittent regimens (q4 h, q6 h, q8 h and q12 h), the infusion time was set to 30 min.
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According to the CLSI M100 Performance Standards for Antimicrobial Susceptibility Testing, the MICs of piperacillin
were defined as follows: 1 mg/L for Haemophilus influenzae and Haemophilus parainfluenzae, 8 mg/L for Enterobacterales
(excluding Salmonella/Shigella), and 16 mg/L for Pseudomonas aeruginosa, Acinetobacter spp., non-Enterobacterales, and
anaerobes. These MIC values were used as target concentrations. The probability of target attainment (PTA) was calculated for
different dosing regimens to achieve 50% fT>MIC (free piperacillin concentration maintained above the MIC for at least half
of the dosing interval), 100% fT>MIC (free piperacillin concentration maintained above the MIC for the entire dosing
interval), and 100% fT>4xMIC (free piperacillin concentration maintained above four times the MIC for the entire dosing
interval). The PTA for specific MIC value was calculated as the proportion of the virtual patients in whom the target was
attained. A PTA of >90% was considered optimal. The unbound fraction of piperacillin was assumed to be 70%.%

Results

Patient Characteristics

This study is a single-center investigation that enrolled 117 plasma drug concentration data from 42 subjects. The
proportion of data below the lower limit of quantification (BQL) following the first administration was 2.56%, calculated
as half of the lower limit of quantification. The demographic characteristics and biochemical parameters of the patients
are detailed in Tables 1 and 2. The concentration range of piperacillin in plasma samples was from 1.25-376.34 mg/L.
The concentration-time profile is depicted in Figure 1.

Table | Demographic Characteristics and Biochemical Parameters of the
Patients (n=42)

Characteristic Number (%) or Median (IQR)

Demographics

Age (year) 59 (50.25-75.5)
Sex, male/female M=30/ F=12

Total body weight (kg) 70 (65-75)

BMI (kg/m?) 2422 (22.41-26.12)
APACHE Il score 21.5 (19-26)

Biochemical parameters

Albumin, g/L 34.8 (32.7-39.2)
Alanine aminotransferase, U/L 20.8 (9.6-43.4)
Aspartate aminotransferase, U/L 21.9 (16.2-48.8)
y-glutamyl transpeptadase, U/L 50 (26.3-93)

Alkaline phosphatase, U/L 93 (61-115)

Total bilirubin, pmol/L 10.1 (6.6-15.7)
Direct bilirubin, pmol/L 5.6 (4.1-10.6)

Serum creatinine, umol/L 69 (48-130)

Blood urea nitrogen, mmol/L 8.9 (6.2-14.6)
Cystatin C, mg/L 1.44 (1.02-2.19)
Estimated glomerular filtrationrate

Creatinine clearance,”® mL/min 85.46 (53.39-134.77)
Abbreviated MDRD,”” mL/min/1.73 m? 107.30 (54.96—163.43)
Modified MDRD,?® mL/min/1.73 m? 100.95 (51.71-153.76)
MDRDcpn 2’ mL/min/1.73 m? 112.63 (55.38-177.99)
2021 CKD-EPIc.*® mL/min/1.73 m? 93.32 (54.64—108.68)

2012 CKD-EPlcys.c.' mU/min/1.73 m? 46.56 (26.88-68.26)
2021 CKD-EPlc,.cys.c.>® mL/min/1.73 m? | 68.07 (39.59-87.46)
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Table 2 Treatment Regimens and Infection Types

of the Study Population

Characteristic Number (%)
Piperacillin administration

4g q8h ivgtt intermittently, 12 g/day | 39 (92.86%)
4g q8h ivvp intermittently, 12 g/day | | (2.38%)
4g ql2h ivgtt intermittently, 8 g/day | 2 (4.76%)
Treatment

Mechanical ventilator 36 (85.71%)
Vasopressor 36 (85.71%)
Type of infection

Pulmonary infection 39 (92.86%)
Sepsis 6 (14.29%)
Abdominal cavity infection 3 (7.14%)
Skin and soft tissue infection 2 (4.76%)
Urinary system infection 1 (2.38%)
Intestinal infection 1 (2.38%)
Multiple infection 8 (19.05)
Pathogen identified

Pseudomonas aeruginosa 11 (26.19%)
Klebsiella pneumoniae 6 (14.29%)
Escherichia coli 5 (11.90%)
Stenotrophomonas maltophilia 5 (11.90%)
Acinetobacter baumannii 4 (9.52%)
Staphylococcus aureus 3 (7.14%)
Enterococcus faecium 2 (4.76%)
Corynebacterium striatum 2 (4.76%)
Enterobacter cloacae 2 (4.76%)
Acinetobacter nosocomialis 1 (2.38%)
Enterobacter aerogenes 1 (2.39%)
Enterococcus faecalis 1 (2.40%)
Proteus mirabilis 1 (2.41%)
Acinetobacter pittii 1 (2.42%)
Staphylococcus hominis 1 (2.43%)
Staphylococcus haemolyticus | (2.44%)
Streptococcus agalactiae 1 (2.45%)
Unknown 7 (16.67%)

Population Pharmacokinetics Model Development

The pharmacokinetic characteristics of piperacillin can be well explained by a one-compartment model with first-order
elimination. Interindividual variability of CL and V can be well fitted by an exponential model, and residual variability
were best described by a combined model.

A covariate model was established using forward inclusion and backward elimination. The covariates that were
ultimately retained were eGFR (based on CKD-EPI), total body weight, and albumin, with eGFR and total body
weight being significant covariates for CL, and albumin being a significant covariate for V. The equations for the final
model are presented as follows. The typical values for CL and V are 6.48 L/h and 19 L, respectively. The population
parameter estimates of the final model are presented in Table 3. Bootstrap results formally confirmed the robustness of

the model, with all of 1000 bootstrap replications being successful. The estimated values for each parameter in the final
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Figure | Piperacillin concentration versus time after last dose.

model fall within the 5% to 95% confidence intervals of the bootstrap parameters and are close to the median values of
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Model Evaluation

The diagnostic goodness-of-fit plots for the final model are presented in Figure 2. In the dependent variable-population
prediction scatter plot and the dependent variable-individual prediction scatter plot, the trend line and the reference line
(y=x) show a high degree of overlap, indicating that the model describes the central tendency of the data well (Figure 2A

TSLD( h)

46.56

Total Body weight 113
70

Albumin 2!
34.8

Table 3 Final Model Estimation Parameters and Bootstrap Analysis

Parameters Final Model Bootstrap (n=1000)
Estimate RSE (%) Median S5th 95th
OFV 804.181 - 792.856 727.319 | 858.360
PK parameters
CL (L/h) 6.48 5.8 6.46 5.82 7.1
V(L) 19 6.8 18.9 17 21.4
eGFR on CL 0.615 13.5 0.621 0.482 0.76
Total body weight on CL 1.13 13.1 1.12 0.73 1.4
Albumin on V 1.21 334 1.23 0.53 2.06
Inter-individual variability
IIV-CL (%) 338 14.6 327 24.4 40.9
IIV-V (%) 26.3 248 24.2 0.3 344
Residual variability
RSV_CV (%) 17.7 15.9 17.7 13 229
RSV_SD (mg/L) 1.2 233 1.162 0.528 1.723

Abbreviations: IV, inter individual variability; RSV_CV, proportional residual variation; RSV_SD, additive type

residual variation.
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Figure 2 Diagnostic goodness-of-fit plots of final model. (A) Scatter plot of dependent variable concentration (DV) versus population prediction concentration (PRED);
(B) Scatter plot of DV versus individual prediction concentration (IPRED); (C) Scatter plot of conditional weighted residuals (CWRES) versus PRED; (D) Scatter plot of
CWRES versus time after last dose (TIME). The black solid line represents the reference line the black dashed line represents the trend line.

and B). The CWRES display a good spread against time and PRED, with most points falling within the £2 range
(Figure 2C and D).

Validation of the final model’s predictive performance was conducted using the normalized prediction distribution error
(NPDE). The NPDE mean was 0.0161 with a variance of 0.954. The Wilcoxon signed-rank test p = 0.93, the Fisher variance test
p=0.757, and the Shapiro—Wilk normality test p = 0.592, indicating that the NPDE follows a normal distribution. The Q-Q plot
revealed that data points were closely aligned around the trend line and evenly distributed on both sides of it (Figure 3A). The
histogram of NPDE was close to a normal distribution (Figure 3B). The scatter plot of NPDE against time and PRED showed no
significant trend changes in the data points (Figure 3C and D). These results confirm the predictability of the final model.

The visual predictive check (VPC) results demonstrate that the 5th, 50th, and 95th percentiles of the observed
piperacillin concentrations all fall within the 95% confidence intervals of the predicted concentrations, thereby validating

the accuracy and appropriateness of the model (Figure 4).
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Figure 3 Normalized prediction distribution error (NPDE) test of final model. (A) quantile-quantile plot; (B) NPDE histogram; (C) Scatter plot of NPDE versus time after
last dose (TIME); (D) Scatter plot of NPDE versus population prediction concentration (PRED).

Dosage Regimen Simulations

Monte Carlo simulations were conducted to predict the PTA (Figure 5). For the predefined target of 50% fT > MIC, when
the MIC was 1 or 8 mg/mL, most dosing regimens simulated could achieve 90% PTA; when the MIC was 16 mg/mL, the
q12 h dosing regimen failed to achieve 90% PTA. With the target set at 100% fT > MIC, a q6h or more frequent dosing
regimen could achieve a 90% PTA when the MIC was 1 mg/mL; when the MIC was 8 or 16 mg/mL, continuous
intravenous infusion (CII) was recommended. With the target set at 100% fT > 4 x MIC, a dosing regimen of Q4H or
more frequent dosing regimen could achieve a 90% PTA when the MIC was 1 mg/mL; when the MIC was 8 mg/mL, CII
with a daily dose of no less than 20 g could achieve a 90% PTA; when the MIC was 16 mg/mL, only CII with a daily
dose of 24g approached a 90% PTA (78%). The aforementioned results highlight the influence of dosing frequency on
the PTA for piperacillin, with more frequent dosing associated with a higher PTA.
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Figure 4 Visual predictive check (VPC) of the final model. Black hollow circles represent the observed piperacillin concentrations. The red solid line indicates the median of
the observed concentrations, while the blue solid line denotes the 5th and 95th percentiles of the observed concentrations. The red shading represents the 95% confidence
interval for the simulated median concentrations, and the blue shading represents the 95% confidence intervals for the simulated 5th and 95th percentiles of concentrations.

The covariate model analysis revealed that eGFR (based on CKD-EPI.y) and total body weight were significant
covariates for clearance. Subsequently, we simulated the PTA for piperacillin in critically ill patients across varying
levels of eGFR and total body weight. As eGFR increased, the PTA for piperacillin in critically ill patients gradually
decreased, particularly when targeting higher MIC values (Figure 6). When the target was set at 50% fT > MIC or 100%
/T > MIC, appropriate dosing regimens could be selected based on different MIC values and renal function. However,
achieving the target of 100% fT > 4 x MIC (MIC=16 mg/mL) became challenging for patients with eGFR exceeding
60 mL/min/1.73m?. The PTA for patients with varying total body weights is illustrated in Figure 7, demonstrating an
inverse relationship between total body weight and PTA. For patients weighing over 110 kg infected with pathogens
exhibiting a high MIC (16 mg/L), a daily dose of 24 g of piperacillin administered as a continuous infusion achieved the
targets of 50% fT > MIC and 100% fT > MIC, but fell short of the 100% fT > 4 x MIC target.

Discussion
Due to the profound alterations in pharmacokinetics among critically ill patients, establishing a piperacillin PPK model in
this population is crucial for optimizing dosage regimens. In this study, we successfully developed a piperacillin PPK
model using nonlinear mixed-effects modeling based on data from Chinese critically ill patients and investigated the
effects of eGFR and total body weight on the PTA.

The pharmacokinetics of piperacillin were best described by a one-compartment model with linear elimination. The
population typical values for piperacillin CL and V were 6.48 L/h and 19 L, respectively. Previous PPK studies in

193233 with reported CL and V estimates

critically ill patients have employed both one- and two-compartment models,
varying substantially (CL: 3.12-19.9 L/h; V: 11.2-41.2 L). As a hydrophilic small molecule primarily eliminated renally,
the variability in piperacillin CL may reflect differences in renal function across study populations, with elevated CL
observed in patients with enhanced renal function.*> Factors such as capillary leakage, hypoalbuminemia, organ

dysfunction, and obesity in critically ill patients may contribute to increased V.>*** Our study identified eGFR, total
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Figure 5 Probability of target attainment (PTA) for different dosage regimens of piperacillin in critically ill patients. The dashed horizontal line indicates that 90% of patients
in the simulation have reached the specified target fT > MIC.
Abbreviation: Cll, continuous intravenous infusion.

body weight, and serum albumin as significant covariates affecting piperacillin pharmacokinetics: eGFR and total body
weight chiefly influence CL, whereas serum albumin primarily affects V.

In critically ill patients, eGFR values derived from serum creatinine differ markedly from those calculated using
cystatin C.*> To identify the most appropriate renal-function descriptor for piperacillin clearance in this population,we
evaluated the commonly used equations for eGFR (Cockcroft-Gault, MDRD, CKD-EPI,, CKD-EPI,, and CKD-EPI,,.
cys) @s continuous covariates on CL. Among those eGFR equations, CKD-EPI., produced the largest OFV drop and was
therefore retained in the final model. This result aligns with previous reports indicating that cystatin C based eGFR
equations provide superior prediction of piperacillin elimination in the ICU.'*® Cystatin C is constitutively produced by
nucleated cells and freely filtered at the glomerulus. Unlike creatinine, it appears to be less affected by non-kidney
determinants such as muscle mass or systemic inflammation.’’

Both eGFR and total body weight were significant predictors of CL, suggesting that total body weight may
independently affect CL beyond its association with eGFR. When both eGFR and total body weight were entered
simultaneously in a covariate forward search, eGFR produced the greatest OFV drop. This is mechanistically consistent
with the known pharmacokinetics of piperacillin, a hydrophilic antibiotic that undergoes minimal metabolism and is
primarily eliminated unchanged by the kidneys, via glomerular filtration and active tubular secretion.>®*° The mechanism
underlying the total body weight-CL relationship remains unclear. Increased renal blood flow in obese patients may
enhance renal excretion capacity despite comparable eGFR.** Additionally, elevated free fatty acid levels in obesity
could competitively bind to albumin, potentially increasing the unbound piperacillin fraction and accelerating renal
clearance.*' Synthesizing these points, eGFR serves as the primary and modifiable determinant of piperacillin clearance,
explaining the largest portion of pharmacokinetic variability in our study. Body weight provides a necessary physiolo-
gical foundation for size-based normalization but its effect is secondary to the functional status of the kidneys. Plasma
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Figure 6 Probability of target attainment (PTA) of piperacillin in critically ill patients with different eGFR (CKD-EPI,,;) levels. The dashed horizontal line indicates that 90% of
patients in the simulation have reached the specified target T > MIC.
Abbreviation: Cll, continuous intravenous infusion.

albumin emerged as a significant covariate for V, a subgroup frequently underemphasized in previous PPK studies.*
Hypoalbuminemia reduces drug-albumin binding, leading to higher free drug concentrations that may distribute more
readily into interstitial tissues. Moreover, hypoalbuminemic patients often exhibit expanded extracellular fluid volume
(eg, edema), which may increase V for hydrophilic drugs like piperacillin.*?

Our findings are consistent with a growing body of evidence indicating that achieving aggressive PK/PD targets,
particularly 100% fT>4xMIC, is exceptionally challenging in critically ill patients with standard dosing regimens.
Research evaluating piperacillin in burn and surgical ICU patients concluded that higher doses were needed to achieve
50% fT>MICfor more resistant organisms (eg, with high MICs).*> A prospective study of ICU patients receiving
piperacillin found that despite aggressive dosing, plasma concentrations often fail to reach 100% fT > MIC and 100%
JfT>4xMIC.** Our study emphasizes the profound impact of MIC distribution on the feasibility of aggressive dosing
strategies. The concept that “one size does not fit all” is a consistent theme in the literature that our findings reinforce.

Optimizing piperacillin dosing regimens is critical for achieving therapeutic targets and ensuring clinical efficacy.*’
Monte Carlo simulations demonstrated that dosing strategy significantly impacts PTA, with larger dose, more frequent
administration or CII associated with higher target attainment probabilities. It is important to note that with high-dose
piperacillin administration, especially in patients with renal impairment, elevated concentrations in the cerebrospinal fluid
may occur, potentially leading to penicillin-induced encephalopathy. Therefore, it is recommended to conduct routine
monitoring of renal function and regular neurological surveillance for early signs of neurotoxicity. For pathogens with
elevated MICs, CII outperformed intermittent dosing, consistent with previous studies showing that sustained drug
concentrations above MIC reduce the likelihood of bacterial resistance.**** However, the feasibility of implementing CII
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Figure 7 Probability of target attainment (PTA) of piperacillin in critically ill patients with different total body weight. The dashed horizontal line indicates that 90% of
patients in the simulation have reached the specified target fT > MIC.
Abbreviation: Cll, continuous intravenous infusion.

in clinical practice must be considered, including resource availability and patient tolerance. Augmented renal function and
higher total body weight were associated with reduced piperacillin concentrations and lower target attainment probabilities.
This effect became pronounced when targeting 100% fT > 4xMIC, particularly at higher MIC values. Patients with
augmented renal function or obesity may require higher doses or more frequent administration to achieve therapeutic
concentrations. These findings underscore the importance of incorporating patient-specific factors into dosing decisions.
Furthermore, antimicrobial susceptibility testing should be prioritized to guide MIC-based regimen adjustments.*’

Despite these advances, this study has certain limitations that warrant consideration. The single-center design limits
generalizability, a common issue in PK studies. Prospective validation in diverse ICU populations is essential. Besides,
this study measured the total plasma concentration of piperacillin, rather than the free concentration. This approach may
introduce potential biases in interpreting PK/PD relationships, particularly in patients with severe hypoalbuminemia or
altered protein-binding capacity.’ 0

Conclusion

This study provides valuable insights into the pharmacokinetics of piperacillin in critically ill patients, emphasizing adaptive
regimens based on renal function, body composition, and pathogen susceptibility. By incorporating patient-specific factors
into dosing decisions, clinicians can enhance the efficacy and safety of piperacillin therapy in the ICU setting.
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