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1 Introduction 

Anti-infective drugs are of paramount importance for the treatment of infectious diseases (1). An 

array of new drugs entered clinical use in the second half of the 20th century, providing physicians 

with the best options for treating infectious diseases. The mortality of acute meningococcal 

meningitis was reduced to 10% from 70–90% with subcutaneous sulphanilamide. However, its use 

also revealed the drug's safety issues. In the United States, the Food, Drug and Cosmetic (FD&C) 

Act was passed in 1938 due to the deaths linked to using the Elixir of Sulfanilamide. The FD&C 

Act was modified in 1962 due to the adverse effects of using thalidomide. This change resulted 

from the realization that the efficacy of the drug used should outweigh its adverse effects (2). A 

dose range should be investigated to characterize the response and identify the efficacious doses. 

(3). Individualizing doses with consideration to drug and patient-specific factors improves 

treatment outcomes i.e. maximizes the therapeutic effect and or minimizes the risk of toxicity in 

diverse patient populations (4). To find an appropriate dose for a drug it is important to know the 

underlying pharmacokinetics and pharmacodynamics of the drug (5). Computer-aided modelling 

and simulation of pharmacokinetic and pharmacodynamic data form the basis of pharmacometrics 

analysis (6).   

1.1 Pharmacometrics 

Pharmacometrics is an interdisciplinary field defined by the United States Food and Drug 

Administration (FDA) as “the science that quantifies disease, drug and trial information to assist 

efficient drug development and or regulatory decisions”(7). It started before 1960 with the study 

of the time courses of the drugs in biological fluids (pharmacokinetics, PK) (8). PK refers to the 

relationship between the influx of a drug (a broader concept than dose) and the time course of 

concentrations of the drug at various body sites, particularly the biophase(s) or sites where the drug 

exerts its effects. This correlation is determined by various subprocesses (submodels) involving 

drug absorption, distribution, metabolism, and elimination (9). The amalgamation of PK and 

clinical pharmacology principles were fundamental in developing advanced modelling approaches 

and tools to assess data from clinical trials (10). Pharmacometrics scientists in 1979 started using 

econometric and biometric methods, notably mixed effect modelling, to analyze and quantify 

patterns in data (11). The term “pharmacometrics” was coined by Benet and Rowland in 1982 and 

defined as “the design, modeling and analysis of experiments involving complex dynamic systems 

in the field of pharmacokinetics and biopharmaceutics”(12). In 1989, the FDA showed concern 
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about the PK of new drugs intended to be used in the geriatric population (13). A decade later in 

1999, FDA issued its first guidance for the industry on population pharmacokinetics followed by a 

series of guidances over the next 10 years to individualize drug dosing based on exposure-response 

relationships in patients subgroups with renal/hepatic impairment, pediatrics and in patients 

receiving concomitant drug therapy and are at risk for drug-drug interactions (14,15).  

1.2 Population Pharmacokinetics 

Population pharmacokinetics (PopPK) enables the analysis of the data obtained from various 

unbalanced studies including in populations normally not included in PK analysis such as in 

pediatrics and or geriatrics. The PopPK studies typically are based on concentration vs. time data 

obtained in populations of healthy volunteers and of patients acquiring PK information about the 

drug under investigation. It identifies fixed effects defined as the typical PK parameters, denoting 

central tendency in the data, called population predictions, along with various variabilities. This 

includes Inter-individual variability or between-subject variability (IIV) and inter-occasional 

variability or between-occasion variability (IOV). IOV is defined as the variability between 

administrations of a drug on two or more occasions in a subject separated by sufficient time 

intervals where underlying PK varies between the two occasions. PopPK analysis also quantifies 

by estimating the extent of unexplained variability within the population. The magnitude of residual 

(unexplained) variability holds significance as an increase in residual variability decreases the 

safety and efficacy of the drug. The errors in concentrations due to measuring (assay variability), 

errors in sample time collection, or errors occur due to model misspecification are termed residual 

variability (16). The IIV quantified in the PopPK model could be explained by including covariates, 

clinical or demographic, in the model. It helps in identifying the need for dose adjustments in 

specific populations such as pregnant women, pediatric patients, obese patients and critically ill 

patients with hepatic or renal impairment. The PopPK analysis is a widely accepted approach to 

optimize dosing regimens not only during drug development but also to improve dosing regimens 

of existing drugs and to individualize treatment in clinical settings (17). A total of 317 new drug 

applications (NDAs) and biological licensing applications (BLAs) submitted to the FDA over the 

period from 2012 to 2022 contained PopPK approaches (18). 
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1.3 PopPK Approaches 

Several PopPK approaches exist, used for estimating PK parameters in a population. Namely, 

classical or traditional methods and direct PopPK methods.  

1.3.1 Traditional PopPK Methods  

Traditional methods require rich datasets with many samples per individual to describe a PK 

parameter. The PK parameter is estimated for each subject while the PopPK parameter is obtained 

from the central tendency such as the mean or median and a covariance matrix. The residual error, 

the difference between the model and data, for each subject originates from model misspecification, 

assay errors, measurement errors, dosing time, sampling time and dosage preparations. Among 

those discussed here are two classical or traditional approaches: the Standard two-stage (STS) and 

the iterative two-stage (ITS) method.  

1.3.1.1 Standard Two-Stage (STS) Method 

The STS is the traditional approach to estimating the average pharmacokinetic parameter of the 

population and producing reliable estimates only with a rich dataset, which is not feasible across 

populations. First, the PK parameters of each individual are estimated followed by a measurement 

of the central tendency and the variability of these parameters in a group of individuals (a 

population). Sometimes, a covariate is included in the PK model as the third step (19). In the case 

of rich datasets, where it is considered to be the gold standard, the STS method can estimate 

parameters similar to the direct PopPK methods (20,21) However, the occurrence of some level of 

overestimation in inter-individual variability is expected in this method (22). For sparse datasets, 

the direct PopPK method outperforms the STS method. The STS method would produce poor 

individual estimates even with as many as five samples per subject, and when combined with other 

individual parameter estimates to derive population estimates, they can potentially produce 

suboptimal and or biased results (19).  

1.3.1.2 Iterative Two-Stage (ITS) Method 

The ITS method can be used in rich, sparse or in a combination of rich and sparse datasets. A priori 

population model is required for the initiation of this method. The values can be obtained from the 

literature, naïve pooled data (performed with the same data) method or from the STS method 

providing substantial informative data is available (23). This initial PopPK model serves as the set 
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of prior distributions for the Bayesian estimation of individual parameters for all individuals (Stage 

I) both for sparse and rich datasets. Following this, the PopPK parameters are reestimated based on 

these new individual parameters, creating a new set of prior distributions. (Stage 2). The Bayesian 

estimation step is repeated using the new model until more precise estimates of the individual 

parameters are obtained and the difference between new and old prior distributions becomes zero. 

Similar to STS, ITS methods also yield individual and population parameters and can be performed 

in software supporting least squares regression and Bayesian estimates.  

1.3.2 Direct PopPK Methods 

Direct PopPK methods can analyze data with fewer samples per individual by pooling it into one 

dataset. Generally, the direct method performs better than the traditional methods by generating 

population parameter estimates without prior knowledge (19). The direct PopPK approaches are 

naïve pooled data, nonlinear mixed-effect models and nonparametric approaches.  

1.3.2.1 Naive Pooled Data (NPD) Method  

The NPD method is the direct PopPK method analyzing the data simultaneously. It is less 

sophisticated in estimating variability and residual error. The sparse data from various subjects is 

aggregated into a single dataset and treated as if the data originated from a single individual. The 

NPD method can be used when only one sample per individual is available.  

The simplicity of this method is both its advantage and its disadvantage. It is simple to use and 

computationally efficient and is expected to describe the observations well. However, it has been 

shown to produce bias in the PK parameter estimate. The random effects between subjects, IIV, 

cannot be differentiated from the residual error due to the assumption in this method that the data 

originated from a single individual and consequently variance in the PK parameters is not estimated. 

Simulations have shown that the NPD method produces incorrect PK estimates and is considered 

inferior (19). For the successful application of this method, it is recommended that the goal of the 

study is an estimation of typical individual value and not the distribution i.e. the variance of 

individual parameters about typical population value. 
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1.3.2.2 Nonlinear Mixed-Effects (NLME) Modelling Approach  

The longitudinal data or data with repeated measurement, such as PK and dose-response data are 

inherently nonlinear to a given response regression function (24). In the nonlinear mixed effect 

modelling approach, the “effects” refers to the elements that contribute to the variability of the 

measured observations and are categorized into fixed effects and random effects. Fixed effects refer 

to the parameters that define the structure of the PK  model (25,26). These are the components used 

to estimate the typical values as shown in the following expressions.  

𝑝𝑖 =  𝜃   Eq (1) 

Where 𝑝𝑖 is the individual parameter and θ is the typical population value. The random effects 

account for any unexplained variability and are categorized into interindividual variability and 

residual variability. Based on data visualization, experience and trial & error various random effects 

(interindividual variability) can be modelled using additive (Eq.1), constant (Eq.2) or exponential 

function (Eq.3) as shown below.  

𝑝𝑖 = 𝜃 + 𝜂𝑖    Eq (2) 

𝑝𝑖 = 𝜃 + (1 + 𝜂𝑖)  Eq (3) 

𝑝𝑖 = 𝜃 ∗ ℯ𝜂𝑖     Eq (4) 

Interindividual variability (η) is assumed to follow a normal distribution with mean zero and 

variance (ω2) as shown in Eq. 4 

𝜂𝑖~ 𝑁(0, 𝜔2)   Eq (5) 

As previously stated, the residual error (ε) refers to the difference between the model-predicted and 

observed concentration and is distributed normally with mean zero and variance (σ2) , and 

represents sources of all unexplained errors (variability) that occurred during data collection, 

bioanalytical processes and model development (misspecification). The residual variability is 

determined using the following equations (Eq 5).  The residual variability (Eq 5) can be estimated 

by proportional (Eq 6), additive (Eq 7) and or combined error models (Eq 8).   

𝑦 − 𝐹 = 𝐸𝑟𝑟𝑜𝑟  Eq (6) 

𝑌 = 𝐹 ∗ (1 + 𝜀(1))  Eq (7) 

𝑦 = 𝐹 + 𝜀(2)   Eq (8) 

𝑦 = 𝐹 ∗ (1 + 𝜀(1)) + 𝜀(2)  Eq (9)



  Introduction 

6 

Where y; is observed data, F; is model predicted data, ԑ; is Epsilon.   

A general nonlinear mixed-effects (NLME) with constant variance is as follows:  

𝑦𝑖𝑗 = 𝑓(𝑝𝑖, 𝑥𝑖𝑗) +  ԑ𝑖𝑗  Eq (10) 

𝑝𝑖 =  𝐴𝑖𝜃 + 𝐵𝑖𝜂𝑖 Eq (10.1) 

𝜀𝑖𝑗~𝑁 (0,  𝜎2)  Eq (10.2) 

Where 𝑦𝑖𝑗; is the 𝑗𝑡ℎ response of the 𝑖𝑡ℎ subject,  

𝑓; is the real-valued function of 𝑝𝑖 and predictor parameter 𝑥𝑖𝑗,  

𝑥𝑖𝑗; data matrix of individual specific predictor values,  

𝑝𝑖; vector of individual-specific model parameters, 

θ; vector of fixed effect (modelling population parameter)  

ηi; vector of multivariate normally distributed random effects of the ith subject,  

Ai; design matrix for combining fixed effects,  

Bi; design matrix for combining random effects,  

ԑ𝑖𝑗; represents error model assumed to be independent of  𝜂𝑖, identical and normally distributed,  

𝜎2; Error variance is assumed to be constant across observations, 

The model parameter of NLME (Eq10) is estimated by the maximum likelihood (27) based on the 

marginal density of y as shown in equation 11. 

𝑝(𝑦|𝜃, 𝜎2, 𝛹) = ∫ 𝑝(𝑦|𝜃, 𝜂, 𝜎2)𝑝(𝜂|𝛹)𝑑𝜂  Eq (11) 

Where y; represents response data,  

θ; vector of fixed effect,  

𝜎2; error variance, 

𝛹; covariance matrix of random effects,  

η; vector of unobserved random effects,  

 𝑝(𝑦|𝜃, 𝜎2, 𝛹); marginal density of y, 

𝑝(𝑦|𝜃, 𝜂, 𝜎2) and 𝑝(𝜂|𝛹); represent the conditional density of y given the random effects of η, and 

the prior distribution of η, respectively.   

The most widely used software for applying the NLME modelling is NONMEM followed by 

Monlix and Phoenix NLME (28). 

1.3.3 NONMEM 

NONMEM analyses all data simultaneously and proves particularly useful for randomly collected 

sparse data. Despite pooling data into one dataset, the individual subjects are still recognizable 

allowing the collection of multiple observations per individual. The output of a NONMEM model 
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consists of parameter estimates of means, variances and covariances with an underlying assumption 

of the normal or log-normal distribution of parameters before estimation. As the name indicates, 

variability is defined as mixed effects, with a difference between fixed effects i.e. the typical or 

average value in the population and random effects i.e.variability around the typical or average 

value (29). Estimation of covariates balances the data by reducing the potential risk of biasedness 

while allocating patients to treatment groups. Apart from the estimation of typical parameters, 

NONMEM has Bayesian estimation capability for computing post hoc individual parameter 

estimates. These post hoc estimates can be calculated conventionally after the estimation of typical 

population estimates or can be iteratively estimated alongside typical population estimates. Various 

estimation methods used in NONMEM are described below. 

1.3.3.1 First Order  

The First Order (FO) was the first method employed in PopPK studies which could differentiate 

variability in parameters between subjects and variability during sample measurement (residual 

variability). The FO method was also able to relate PK/PD parameters with patient characteristics 

even when the data was sparse. The FO method could analyze the data without requiring high 

computational power and optimize the objective function without going through complex integrals 

for every subject and hence quickly analyze the data (30). The FO approximation does not directly 

calculate the marginal likelihood, instead, it transforms the NLME model to a linear mixed-effect 

model via Taylor series approximation around the mean of random (η) effects, typically assumed 

to be zero (31). The marginal likelihood is then computed, assuming the Gaussian distribution of 

the data (32). The FO approximation can serve as a tool to obtain initial parameter estimates that 

can be used as starting values for more precise estimation algorithms like First Order Conditional 

Estimation or Laplace approximation (31). 

1.3.3.2 First Order Conditional Estimation 

The FO method was fast but very approximate and gave inaccurate results when the residual error 

and IIV were large. The First Order Conditional Estimation (FOCE) method, also an approximation 

method, gives more accurate results for a larger range of problems. FOCE is described as a first-

order Taylor series approximation of the NLME model around the posterior mode of random effects. 

Both FOCE and Laplace depend on conditional estimates of random effects (31). It is more 

complex than the FO approximation because it involves estimating the empirical Bayes estimate 
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during each iteration (28). The FOCE method takes into consideration the integral of all the 

individual parameter values (ETAs or random effects) for each subject’s joint density of observed 

data and random effects in determining the best overall effects (THETAS, OMEGAs and SIGMAs). 

Due to integration, the FOCE method is more computationally expensive than the FO method. To 

reduce the computational expense, the FOCE method estimates the mode of the joint density and 

variances of ETAs. Unlike the FO method which linearizes both inter- and intra-subject variability, 

the FOCE method treats both the variabilities differently. With Gaussian function approximation, 

the FOCE method evaluates the inter-subject variability while linearizing the intra-subject 

variability (30). FOCE approximation can only be used for an additive error model (28).  

1.3.3.3 Laplace Method 

The Laplace method is named after Pierre-Simon Laplace. Unlike FO approximation where direct 

linearization is used to approximate likelihood, the Laplace method uses first order Laplace integral 

method (32). The Laplace method is similar to the FOCE method, both are referred to as conditional 

estimation algorithms, except the Laplace method uses a second-order derivative to approximate 

the likelihood function making it more accurate but computationally more expensive than the 

FOCE method. The Laplace method is used when dealing with the non-normal distribution of the 

observed data or when the prediction model imparts high nonlinearity to the joint density of the 

individual parameters (30).  

1.3.3.4 First-Order Conditional Estimation with Interaction  

The First-Order Conditional Estimation with Interaction (FOCEI) method is commonly used for 

estimation in NONMEM and is a method of choice for PopPK modelling. It is considered more 

robust, especially for the complex NLME models. FOCEI employs first-order approximation 

around individual estimates of the random effects with estimation of interaction between random 

effects and residual variability during the optimization process (33). Bea et al have reported that 

for an additive error model, both FOCE and FOCEI can be used. However, for other error models, 

the FOCEI method should be preferred (28).  

1.3.4 Monolix 

Monolix, MOdèles NOn LInéaires à effets miXtes, literally means nonlinear models with mixed 

effects in French was developed to model longitudinal data employing the stochastic approximation 
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expectation-maximization algorithm (34). The incorporation of numerous diagnostic tools (35) 

with its extension to left-censored data in NLME models (36) and automatic model-building 

procedures made Monolix faster to learn for the users.  

Monolix is part of the MonolixSuite which comprises several interconnected software applications 

for modelling and simulation of which only Monolix carries NLME modelling. Monolix has an R 

Application Programming Interface and thus enables users to interact with R programming 

language scripts. Moreover, the R Speaks Monolix (Rslmx) package offers additional methods for 

model development and evaluation tools such as Bootstrap (37). 

1.3.4.1 Stochastic Approximation Expectation-Maximization 

The Stochastic Approximation Expectation-Maximization (SAEM) is an iterative and stochastic 

algorithm for computing maximum likelihood (ML) implemented in Monolix. The SAEM 

algorithm became part of the NONMEM estimation algorithms with Version 7. This algorithm is 

extremely efficient for the estimation of population parameters (35) for a wide variety of models 

including categorical data, censored data, count data, time-to-event data, stochastic differential 

equation-based models (38), discrete mixed hidden Markov models (39) and mixed-effects 

diffusion models (40). SAEM is a stochastic implementation of the Expectation-Maximization (EM) 

algorithm. The EM algorithm was developed to find ML in situations involving missing data (in 

the case of NLME modelling, the missing data are random effects). The E-step (expectation) 

involves determining the expected value of the likelihood given the observed data and the current 

estimate of the missing data. In the the M-step (maximization) the algorithm estimates the 

parameters that maximize this expected likelihood based on the E-step. The two steps iterate until 

convergence is achieved (31). Delyon et al (41) proposed a stochastic version of EM by replacing 

the expectation step of the EM algorithm with one iteration of the stochastic approximation 

procedure (42). Kuhn and Lavielle (34) integrated this stochastic EM algorithm with a Monte Carlo 

Markov Chain procedure for illustrating ML. Lavielle and Mentre (43) later demonstrated the 

method’s effectiveness in estimating the PopPK of saquinavir in HIV patients. The SAEM may be 

particularly useful when the conditional algorithms i.e. FOCEI and Laplace fail to converge, as it 

always converges to a solution, is fast, and is relatively less sensitive to initial parameter choices 

(31).
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SAEM can provide an estimator close to the ML estimation in a few iterations. Though iterative, it 

is still preferable to provide an initial guess to minimize the required number of iterations and 

increase the probability of converging to the global maximum of ML. However, it is not guaranteed 

that SAEM will consistently converge in all situations (38). SAEM convergence depends strongly 

on initial estimates when Likelihood has several local maxima. To find the global maxima of 

objective functions with multiple local maxima, Kirkpatrick (44) proposed simulated annealing, a 

probabilistic optimization method to find the global maxima, improving the convergence of the 

SAEM algorithm.   

SAEM is an effective tool in population modelling and has been shown to estimate population 

parameters accurately (39,40,45–47).  SAEM has subsequently been implemented in NONMEM, 

R (saemix package), and MATLAB (as the function nlmefitsa) (38). 

1.4 Pharmacokinetic/Pharmacodynamic Indices 

The integration of Pharmacokinetic/Pharmacodynamic (PK/PD), the dose-concentration 

relationship of the drug usually in plasma vs time and the concentration-effect relationship over 

time, can be obtained by developing hybrid PK/PD indices. PK/PD indices ensure the optimal drug 

concentrations in the body and susceptibility of respective pathogen-causing infections to clinically 

relevant breakpoints (48) which can be used for dose optimization. Before discussing PK/PD 

indices of antibacterial and antivirals in detail, the minimum inhibitory concentration and clinical 

breakpoints, and probability of target attainment will be introduced. 

1.4.1 Minimum Inhibitory Concentration and Clinical Breakpoints 

Minimum inhibitory concentration (MIC) has been the key parameter to quantify bacterial 

susceptibility to antibiotics by in vitro testing methods (49,50). MIC is the lowest concentration 

that inhibits the visible growth of bacteria after incubation of 18-24 hours at 35 oC with a standard 

inoculum of about 5×105 colony-forming units per milliliter (51). The less susceptible the pathogen 

to the antibiotic, the higher the MIC value.  

MIC breakpoint was initially defined as a value that separates the susceptible and resistant strain 

of the bacteria after the use of an antibiotic, an approach now called epidemiologic cut-off value. 

In contrast, the clinical breakpoints take the shape of the PK profile of the antibiotic into account 

and not only the MIC distribution. The clinical breakpoint is obtained through observation from 
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clinical and experimental studies to establish a PD target that predicts the treatment response to 

patients. Based on clinical breakpoints, pathogens are classified as susceptible or resistant to 

antibiotics (49) serving as a guide for clinicians to identify dosing regimens against bacterial 

infection by differentiating between patients who are likely or unlikely to respond to the antibiotic 

dosing regimen (52).  

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) reports the MIC 

distributions of pathogens (53) and categorizes them as susceptible (S), susceptible at an increased 

dose (I) and resistant (R) [4]. Species-specific MIC breakpoints are provided based on the above 

three categories for an antibiotic against a microorganism and defined as ‘S breakpoint’, (isolates 

of the S and I category), and ‘R breakpoint’, (isolates of the I and R category) (54). In case of the 

absence of species-specific MIC breakpoints for a pathogen, non-species related PK/PD 

breakpoints (likewise: S and R breakpoints) of the antibiotic are provided (55). Though MIC 

provides a simple way of assessing potential therapeutic success, it does not consider the individual 

pharmacokinetics of patients which might be important, particularly for critically ill patients which 

may cause high pharmacokinetic (PK) variability resulting in over - or - underexposure. 

1.4.2 Probability of Target Attainment 

The probability of target attainment (PTA) is the probability of achieving a certain value of a PD index 

(T>MIC) at a certain MIC in Monte Carlo simulations (MCS) (60). The PTA analysis is a powerful tool for 

dose regimen selection of anti-infective drugs based on simulations. In PTA analysis, the drug 

concentration-time profile of individuals (e.g. 1000) is generated via MCS based on the NLME model and 

assessed for the attainment of a predefined PD target (e.g. %65 T>MIC) as shown in Fig 2.  



  Introduction 

12 

 

Fig 2. Probability of target attainment of cefepime (PD target % 65 T>MIC ) for MICs up to 32 mg/L for a 

range of dosing regimens based on creatinine clearance.OD, once a day, BID, twice a day, CVVHD;  

continuous venovenous hemodialysis 

The PTA (%) is computed from the simulated subjects achieving the PD target and plotting or tabulating 

the PD index as a function of MIC for a range of dosing regimens of interest (66). A PTA of >90% is 

generally required, however, <90% is sometimes acceptable for poor tolerability of higher doses of the drug 

leading to adverse effects, low severity of the infection and or very few organisms with MIC at the upper 

end of the range (67). The PTA analysis is useful for identifying ineffective exposure or over-exposure of a 

standard dosing regimen and could be used to find alternative dosing regimens. Fig 2 shows the PTA versus  

MIC profile of different cefepime dosing regimens in renal impairment patients according to the Summary 

of Product Characteristics (68).  

1.4.3 Antibacterials PK/PD indices  

In terms of antibacterials, a PK/PD index may be defined as a quantitative relationship between a 

PK parameter such as the peak or highest concentration (Cmax) or area under the concentration-time 

curve (AUC) and a microbiological parameter such as MIC (56). Based on the concentration or 

time-dependent antibacterial activity of antibiotics, PK/PD indices extensively used for various 

classes of antibiotics are  AUC/MIC, Cmax/MIC or fCmax/MIC and T>MIC or fT>MIC (57) (Fig 1.). 

The prefix f with PK/PD indices indicates the fraction of free or unbound drugs. 
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Fig 1. Graphical illustration of PK/PD indices. AUC, Area under the curve; Cmax: Maximum concentration; MIC, 

Minimum inhibitory concentration; T>MIC, time that drug concentration exceeds the MIC 

1.4.3.1 AUC/MIC 

AUC/MIC is the ratio of area under the concentration-time curve to MIC for over 24 hours. It is 

easily calculated and appears to be the best index for both concentration-dependent antibiotics (58) 

such as fluoroquinolone and polymyxin (B, E[colistin]) and concentration and time-dependent 

antibiotics such as glycopeptide (vancomycin) (59). 

1.4.3.2 Cmax/MIC 

Cmax/MIC or fCmax/MIC is the ratio of free drug (f) peak concentration reached or estimated in the 

compartment of reference (e.g. plasma) typically over 24 hours divided by MIC (60,61). When the 

effect of antibiotic concentration dominates over time, the antibiotic displays concentration-

dependent activity associated with free drug maximum concentration. The class of antibiotics 

which shows concentration-dependent killing characteristics is aminoglycosides (59). Generally, a 

Cmax/MIC ratio of 8-10 is considered optimal for achieving antibacterial activity against Gram-

negative bacteria. (62).  
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1.4.3.3 T>MIC 

T>MIC or fT>MIC is the cumulative percentage of 24 hours during which the unbound (f) drug 

concentration exceeds or remains above the MIC at steady-state PK conditions (61). An antibiotic 

shows a time-dependent effect when the effect of time is greater for a defined portion of the dosing 

interval above MIC. β-lactams antibiotics including penicillins, cephalosporins and carbapenems 

display a time‑dependent antibacterial effect. For bacteriostatic effect, the free concentration must 

exceed the MIC for 35%–40%, 30% and 20% of the dosing interval for cephalosporins, penicillins 

and carbapenems, respectively. For bactericidal effect, the free concentration must exceed 60%–

70%, 50% and 40%, respectively, for the same above-mentioned β‑lactam classes (56) 

1.4.4 Antiviral PK/PD Indices  

The FDA recommends half-maximal inhibitory concentration/ concentration at half-maximum 

effect should be determined in vitro or animal model as an appropriate PD target to establish the 

efficacy of antiviral drugs (63). These models vary greatly depending on the virus type, antiviral 

agent, and the desired outcome (64). Antiviral PD is still variable and evolving. It has also been 

suggested to use EC95 as a PD parameter since the ultimate goal is complete eradication of the virus 

(65). For example, 80%fT>EC95 has been linked to the efficacy of amprenavir (66).  

Antiviral drug potency is commonly expressed using EC50 (50% effective concentration) or EC90 

(90% effective concentration) and can be equivalent to MIC50 or MIC90 of antibacterial drugs, 

respectively (67). While EC90 is typically preferred, it may not be routinely reported and can only 

be inferred from EC50 under the conditions when the Hill coefficient is 1 (68). By linking the drug 

exposure parameters such as Cmax, AUC and time above the measured potency to EC50 of the virus, 

the clinical effectiveness of the antiviral drugs can be predicted as the desired PK/PD indices 

(Cmax/EC50, AUC/EC50 and T>EC50) (67). The time during which the free drug concentration remains 

above the measure of the potency of the drug, T>EC50, of the drug to the virus may be most closely 

linked to the antiviral drug effect (e.g. amprenavir and zanamivir) (66,69). In this case, continuous 

infusion or drug administration with short dosing intervals may lead to maximal drug effects. 

Alternatively, the ratio of Cmax/EC50 (e.g. for nelfinavir and remdesivir (70) may be linked to the 

antiviral effect in this case least frequent administration with peak concentration results in the 

antiviral drug effect. When the continuous and fractioned doses have similar effects, then the PD 



Introduction 

15 

index of the ratio of AUC0-24/EC50 (e.g. Oseltamivir and abacavir) is linked to the antiviral effect 

(71). 

1.5 Investigated Agents  

1.5.1 Cefiderocol 

1.5.1.1 Chemical Structure and Mechanism of Action 

Cefiderocol is the first antibiotic obtained by conjugation of a siderophore and a β-lactam ring. At 

the C-3 position, the pyrrolidinum group is linked with a catechol moiety, 2-chloro3, 4-

dihydroxybenzoic acid (Fig 3). Cefiderocol acts by binding to penicillin-binding proteins (PBPs) 

and inhibits bacterial cell wall synthesis (72). It employs the “Trojan horse mechanism”. The 

catechol group present in cefiderocol chelates with iron transporters of the bacteria which actively 

transport the antibiotic into bacterial cells (73).  

 

 

 

 

 

 

 

Fig 3. Chemical structure of cefiderocol (74)  

1.5.1.2 Antibacterial Spectrum Therapeutic Indications  

Cefiderocol has strong in vitro and in vivo activity against Gram-negative bacteria including 

carbapenem-resistant Enterobacteriaceae (75), and multidrug-resistant Acinetobacter baumannii 

and  Pseudomonas aeruginosa (76). The pyrrolidinum at the C-3 position improves antibacterial 

activity and gives cefiderocol stability against β-lactamases while the carboxypropanoxyimino 

group at the C-7 position improves the transport of cefiderocol across the outer cell membrane [19]. 

The presence of catechol at C-3 is the key difference between cefiderocol and other cephalosporins.
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 It confers the siderophore activity by chelating with iron transporters. Bacterial strains with a 

deficiency in membrane iron transporters due to mutation show an increase in MIC i.e.≥ 16-fold 

(73).  FDA and EMA approved cefiderocol in 2019  and 2020, respectively (77). Cefiderocol is 

effective in treating patients with pneumonia and bloodstream infections (BSI/sepsis) and 

complicated urinary tract infections (78). APEKS-cUTI and APEPKS-NP studies showed that 

cefiderocol is not inferior to imipenem-cilastatin and meropenem, respectively. In the CREDIBLE-

CR study, a phase III clinical trial, cefiderocol showed similar clinical efficacy versus the best 

available therapy against infections caused by Gram-negative bacteria resistant to carbapenem (79).  

1.5.1.3 Pharmacokinetics and Pharmacodynamics 

Cefiderocol follows linear pharmacokinetics. The plasma protein binding is between 40% to 60% 

(80). The terminal elimination half-life (t1/2) is 2 to 3 h (76). Cefiderocol is primarily excreted in 

urine with 60% to 70% unchanged. (72) and less than 10% excreted is metabolised (76). Dose 

adjustment is recommended for patients with poor kidney function. The recommended daily dose 

of cefiderocol is 2 g q8h with 3 h infusion for patients with CLCR of >60 mL/min while the 

recommended dose for patients with CLCR of 30-59 mL/min and 15-29 mL/min is 1.5 g q8h and 1 

g q8h, respectively. In patients with ESRD, the recommended dose is 750 mg q12h. Cefiderocol 

shows time-dependent bacteriocidal activity similar to other β-lactam antibiotics. The %T>MIC best 

describe the efficacy of cefiderocol. (81). In the simulations for a dosing regimen of 2 g q8h with 

3 h infusion with a PD target of 100%T>MIC, the PTA was >90% for MIC of up to 4 µg/mL for all 

infections except for BSI/sepsis patients (85%)  (78).  

1.5.2 Cefepime  

1.5.2.1 Chemical Structure and Mechanism of Action 

Cefepime belongs to the cephalosporin class of antibiotics which contains a six-member dihydro 

thiazine ring fused with a β-lactam ring forming a cephem skeleton (82). At position 7 of the 

cephem skeleton, cefepime has a methoxyimino group just like other third-generation 

cephalosporins (e.g. ceftriaxone, cefuroxime etc) (83). This modification gives cefepime stability 

against β- lactamases. It is different from third-generation cephalosporins by having positively 

charged N-methyl pyrrolidine substitution at position 3 of the cephem skeleton (Fig.4). This 

substitution gives cefepime the ability to penetrate the outer cell membrane of Gram-negative 
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bacteria rapidly. The intrinsic negatively charged carboxyl group and positively charged quaternary 

nitrogen group give cefepime its zwitterion property. Like other beta-lactam antibiotics, cefepime 

inhibits transpeptidases or PBPs, by binding to it and inhibits bacterial cell wall synthesis resulting 

in bacterial cell lysis and death (84). The molecular mass of cefepime is 480.6 and its formula is 

C19H24N6O5S2 (85).  

 

 

 

Fig 4. Chemical structure of  cefepime (86)

1.5.2.2 Antibacterial Spectrum Therapeutic Indications  

Cefepime, a fourth-generation broad-spectrum cephalosporin antibiotic, offers good activity both 

against Gram-positive and Gram-negative bacteria including pseudomonas aeruginosa (84). It is 

less prone to hydrolysis of AmpC-lactamases and shows strong activity against Enterobacteriaceae. 

Cefepime also exhibits strong activity against haemophilus influenza despite the production of β -

lactamases. (87) However, cefepime is not as stable as carbapenems against extended-spectrum β-

lactamases produced by escherichia coli and klebsiella pneumonia (88). The FDA and EMA have 

approved cefepime for the treatment of uncomplicated skin structure infections, uncomplicated and 

complicated urinary tract infections (UTIs), intra-abdominal infections, moderate to severe 

pneumonia and febrile neutropenia.(89).  

1.5.2.3 Pharmacokinetics and Pharmacodynamics 

Cefepime is administered parenterally primarily as an intravenous (IV) infusion over 30 to 60 

minutes (90) or as a prolonged infusion from 3 to 24 hours (89). Studies have also reported over 3, 

5, 10 or 15-minute IV push administration (91). Cmax after IV administration is 2  to 3 times higher 

compared to intramuscular (IM) administration (92). When administered 2 g IV and IM dose, Cmax 

is 137 ± 30.7 mg/L after 30 minutes compared with a Cmax of 57.0 ± 9.50 mg/L after 90 (93,94). 

Moreover, cefepime has also been reported to be administered with subcutaneous infusion and 

appears to result in a PK profile similar to that of IM infusion (93,95). Cefepime is reasonably 

distributed in tissues and biological fluids (96) and has plasma protein binding ranging from 
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16-19% (90). The volume of distribution at a steady state varies between 18 to 22 litres and is not 

dependent on the dose (97). Cefepime clearance exhibits first-order kinetics and the drug is 

primarily excreted by the kidneys via glomerular filtration with at least 85% unchanged drug in 

urine (89). The t1/2 of cefepime is approximately 2  hours in healthy subjects with normal renal 

function after IV administration (94). With the decrease in kidney function, the clearance decreases 

and t1/2 increases proportionally. Creatinine clearance (CLCR) is a good predictor of cefepime 

clearance and patients with low CLCR may experience neurotoxicity with standard cefepime doses 

(98). On the other hand, patients with augmented renal clearance e.g. in cystic fibrosis have a 

shorter t1/2 and high clearance leading to subtherapeutic plasma concentrations (89). The dose 

recommended by the manufacturer for adults with severe infection and renal impairment estimated 

by the Cockcroft-Gault equation is 2g q24h (30 to 60 mL/min), 1g q24h (11 to 29 mL/min) and 

0.5g q24h (<10 mL/min) (99). The Cefepime dose approved by the FDA for infants between 2 to 

12 months is 50 mg/kg every 8 to 12 hours (100). Hemodialysis removes cefepime and its clearance 

is proportional to the filter efficiency flow (101,102). Cefepime is not compatible with drugs such 

as vancomycin, gentamycin, tobramycin and theophylline (103).  

Similar to other β-lactams, cefepime exhibits time-dependent antibacterial activity. fT>MIC of 40-

70% is optimal for the pharmacodynamics (PD) activity of cefepime in murine models (89). In a 

clinical study of 36 patients, Tam et al. found microbiologic success associated with 100% fT>×MIC 

(104). In patients with sepsis and the elderly, an fT>×MIC threshold of 75–100% is found as a 

favorable predictor of treatment outcomes (105–107).  

1.5.3 Rifampicin 

1.5.3.1 Chemical Structure and Mechanism of Action 

Rifampicin (Fig. 5) is a member of the rifamycin class of antibiotics derived from Amycolatopsis 

rifmaycinica previously known as amycolatopsis mediterranei and streptomyces mediterranei. It 

exhibits antibacterial activity by binding to the β-subunit of DNA-dependent RNA polymerase and 

suppressing its synthesis (108–111).   
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Fig 5. Chemical structure of Rifampicin (112)

1.5.3.2 Antibacterial Spectrum Therapeutic Indications  

Rifampicin has bactericidal activity against Mycobacterium spp including mycobacterium 

tuberculosis, mycobacterium avium-intracellulare complex and mycobacterium leprae.  

Rifampicin is used as an alternative to doxycycline for the treatment of tick-borne pathogens such 

as borrelia burgdorferi and anaplasma phagocytophilum. It is used to treat brucellosis, legionnaires’ 

disease and serious Gram-positive staphylococcal infections caused by Staphylococcus aureus and 

Streptococcus pyogenes in combination with other antibacterials. It is used against Legionella 

pneumophila, Neisseria gonorrhoeae and however, a susceptibility test is advised before treatment. 

It is used prophylactically for meningitis for individuals at risk of infections caused by Gram-

negative bacteria Neisseria meningitidis and  Hemophilus influenza. (113,114). Rifampicin is the 

first-line drug for the treatment of TB along with isoniazid, ethambutol and pyrazinamide and 

reduced treatment duration to six months by coadministering with pyrazinamide in the first two 

months (115). Rifampicin is also used in the treatment of leprosy along with dapsone, and 

clofazimine (116),  pneumococcal meningitis in a combination of vancomycin (117), as well as 

Legionnaires disease caused by Legionella (113). 

1.5.3.3 Pharmacokinetics and Pharmacodynamics 

Rifampicin achieves a Cmax of 10 mg/L after a single oral dose of 600 mg two hours of 

administration and has a half-life of 2.5 hours with the same dose. Peloquin et al have reported a 

serum rifampicin concentration between  8-24 mg/L 2 hours post-dose administration (118).  Food 

when taken along with rifampicin lowered Cmax by 22% (119).  Rifampicin is primarily excreted 

by the liver and increases in the dose range from 300 to 450 mg, the liver’s capacity to excrete the
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the drug becomes saturated and any further increase in the dose leads to a more than proportional 

increase of the drug concentration in serum. Rifampicin exhibits autoinduction reducing the 

bioavailability of a single oral dose from 93% to 68% after multiple oral administration (120). 

Rifampicin is approximately 80% bound to blood plasma protein primarily to albumin. Rifampicin 

is well distributed to various tissues of the body with approximately 5% of the plasma 

concentrations crossing the blood-brain barrier and reaching cerebrospinal fluid (121). Rifampicin 

has a pronounced effect on the induction of CYP3A4 and could lead to subtherapeutic 

concentrations of drugs metabolized by CYP3A4 when administered concomitantly (122). It 

undergoes deacetylation in the liver forming the derivative desacetylrifampicin which is more polar 

than rifampicin and also pharmacologically active (123).   

Rifampicin exhibits concentration-dependent antibacterial activity. The work of Jayaram et al. (124) 

on the murine aerosol infection TB model found AUC/MIC to be the best PK/PD index for the 

rifampicin bactericidal activity. More recently Gumbo et al (125) using the in vitro TB model also 

found the PK/PD index of the AUC/MIC ratio to best correlate with the antibacterial activity of 

rifampicin while the fCmax/MIC ratio of ≥175 was associated with the prevention of resistance.  

1.5.4 Remdesivir  

Remdesivir was approved by the FDA on October 22, 2020, on conditional marketing authorization 

for adults and children aged ≥12 years weighing ≥ 40 kilograms for the treatment of the coronavirus 

disease outbreak in 2019 (COVID-19) which required hospitalization. The recommended dose is a 

loading dose of 200 mg IV infusion followed by a once-daily dose of 100 mg IV infusion for four 

days in patients not on mechanical ventilation or for 9 days in hospitalized patients on mechanical 

ventilation (126). Later on, on April 25, 2022, it was also approved for children ≥28 days old and 

weighing ≥3 kilograms, either hospitalized or non-hospitalized, exhibiting elevated risk for 

progression to severe COVID-19 i.e. prone to hospitalization or death. The recommended dose for 

pediatric patients (≥28 days and weighing <40-3 kilogram) was a single dose of 5 mg/kg IV 

infusion on day 1 with an additional dose of 2.5 mg/kg via IV infusion over 30 to 120 minutes 

(127). 

1.5.4.1 Chemical Structure and Mechanism of Action 

Remdesivir, chemically coded as GS-5734, is an adenosine (nucleoside) analog first reported for 

the treatment of the Ebola virus in 2016 (128). (Fig 6) (129). Inside the cell remdesivir, the single 
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diastereomer monophosphoramidate prodrug is metabolised first into GS-704277 (alanine 

metabolite), an intermediate metabolite, and later into monophosphate nucleoside analogue GS-

441524 GS-441525 monophosphate is then phosphorylated to pharmacologically active 

triphosphate GS-44302. The GS-44302 competes with natural adenosine triphosphate (ATP) 

substrate selectively to inhibit the virus’s RNA-dependent RNA polymerase resulting in delayed 

RNA chain termination during viral replication of Filoviridae virus (Ebola) and Coronaviridae 

including severe acute respiratory syndrome coronavirus (SARS-CoV, SARS-CoV-2) and Middle 

East respiratory syndrome coronavirus (MERS). Remdesivir and its metabolites GS-704277 and 

GS-441524 can be detected in plasma, but in blood, the active triphosphate GS-443902 can only 

be detected intracellularly in peripheral blood mononuclear cells (PBMCs) (130–132).

  

 

 

 

 

 

 

 

Fig 6. Schematic diagram and structures of remdesivir and metabolites 138

1.5.4.2 Antiviral Spectrum  

Remdesivir is a broad-spectrum antiviral drug and has shown activity against coronaviruses 

(MERS-CoV, SARS-CoV and SARS-CoV-2), filoviruses (Ebola virus and Marburg virus) and 

paramyxoviruses (Nipah virus and Hendra virus) (133). Remdesivir has shown effective treatment 

against ebola and nipha viruses in nonhuman primates.(134,135). 

 

GS-5734 (Remdesivir) GS-704277 (Alanine metabolite) 

GS-441524 (Monophosphate) 

GS-443092 (Acitve metabolite [Triphosphate]) 

GS-441524 
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1.5.4.3 Pharmacokinetics and Pharmacodynamics 

Oral administration of remdesivir is not suitable because of the extensive first-pass metabolism in 

the liver. In addition, the evaluation of intramuscular (IM) application in male rhesus monkeys was 

also suboptimal due to the variable and slow muscle release and the delayed appearance of the GS- 

443902 in PBMCs. The PK of the subcutaneous administration has yet to be assessed. Intravenous 

(IV) administration has delivered quickly and consistently GS-443902 into target cells and is 

therefore the preferred route of administration over IM. Remdesivir has a half-life (t1/2) of 

approximately 1 hour following IV administration and quickly metabolised into intermediate, GS-

704277, followed by the GS-441524 metabolite which has a t1/2 of approximately 24.5 hours. The 

GS-441524 metabolite transforms into GS-443902, with an extended plasma t1/2 of over 35 hours. 

This prolonged t1/2 of the active triphosphate metabolite, GS-443902, supports the idea of once-

daily administration and a loading dose of the remdesivir to achieve a steady state quickly (133). 

Remdesivir exhibits a moderate degree of protein binding in plasma with an unbound fraction of 

12.1% in humans. On the contrary, GS-704277 and GS-441524 metabolites exhibit very low 

protein binding from all species with a mean unbound fraction ranging from 85% to 125. 

Remdesivir and its metabolite demonstrated dose proportional increase in exposure (AUC, Cmax). 

In a single ascending dose study of 10 - 225 mg, Cmax of remdesivir, GS-441524 and GS-704277 

ranged from 57.5 - 4420 ng/mL, 3.20 – 257 ng/mL and 3.40 - 315.1 ng/mL, respectively. The AUC 

infinity also varied ranging from 230 – 5270 h.ng/mL, 55.2 – 7350 h.ng/mL and 11.1 - 807 h.ng/mL 

for remdesivir, GS-441524 and GS-704277, respectively. Remdesivir is widely distributed in most 

tissues including the liver and kidney. For the same ascending dose study mentioned above, the 

volume of distribution of remdesivir ranged from 45.1 to 73.4 L. The Cmax of a single 75 mg 30 

infusion in PBMCs was 3.3 μM. This concentration was ~333 fold above the in vitro EC50 of 0.0099 

μM against  SARS-CoV-2 in primary human airway epithelial cells after 48 hours of treatment 

(136). After a single 75 mg IV administration with 2 hours infusion and 30 minutes infusion in a 

healthy volunteer, the mean AUC of the triphosphate metabolite (GS-443902) in PBMC was 176 

h.μM and 394 h.μM, respectively. Thus a shorter infusion time of remdesivir provided a higher 

concentration of the drug in PBMC (137). Remdesivir and its metabolites are primarily eliminated 

via the kidney (74%) and to a smaller extent in faeces (18%). After IV administration, 49% of the 

dose found in urine was the monophosphate GS-441524 metabolite followed by remdesivir with 

10% (132). Remdesivir is dissolved in sulfobutylether-β-cyclodextrin to enhance its solubility 
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which is mainly excreted in urine (138,139). Remdesivir is not recommended for patients with 

severe kidney dysfunction i.e eGFR <30 mL/min (140,141) however, in a study conducted in ESRD 

patients infected with COVID-19, Sörgel et al reported that intermittent hemodialysis can prevent 

accumulation of GS-441524 (142). Choy et al have reported an EC50 of 23.15 µM against SARS-

CoV-2 fitting viral load in logarithm scale i.e. log10 Tissue Culture Infective Dose 50/mL in Vero 

E6 cell line 48h post-infection (143) while in a recent study in the same cell line Wang et al have 

reported an EC50 of 0.77 µM fitting viral load in linear scale i.e. the percentage of inhibition 48h 

post-infection (144).  

The exposure-response relationship and time course of PD response of remdesivir and its 

metabolites is unknown (127). 
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2 Aims and Objectives 

Overall, this research aimed to utilize pharmacometrics as a tool to improve the understanding of 

PK/PD of anti-infective drugs. The PopPk modelling and simulations approach was employed for 

dose optimization in critically ill patients and to find predictors of variability for dose 

individualization. The objectives of each project are described below. 

Clinical Pharmacokinetics and Pharmacodynamics of Cefiderocol 

The project (chapter 3) aimed to better understand the PK/PD of cefiderocol. The review discusses 

the PopPK models based on the data of recent clinical trials for dose optimization in patients with 

renal dysfunction. The review article aimed to provide a comprehensive summary of cefiderocol’s 

safety, and efficacy compared with currently available antibiotics against infections caused by 

Gram-negative bacteria. 

Cefepime Population Pharmacokinetics, Antibacterial Target Attainment, and Estimated 

Probability of Neurotoxicity in Critically Ill Patients 

Pathophysiological changes in critically ill patients on co-medication for multiple diseases and 

renal impairment cause high variability in the pharmacokinetics of the drug resulting in over and 

or under exposure. The primary objective of this project (chapter 4) was to develop the PopPK 

model of cefepime to explore variability both inter-individual as well as inter-occasion variability 

and predictors of cefepime clearance. Moreover, the project aimed to do Monte Carlo simulations 

based on the PopPK model to optimize dosing regimens for cefepime efficacy and lower the risk 

of cefepime-induced neurotoxicity in patients with renal dysfunction. 

Rifampicin Assessment of body mass-related covariates for rifampicin pharmacokinetics in healthy 

Caucasian volunteers  

The project (chapter 5) aimed to assess the influence of body mass-related covariates on 

rifampicin's PK parameters utilizing the PopPK approach. The secondary objective was to explore 

the exposure to rifampicin for males and females using the best covariate model for dose 

individualization in patients treated with rifampicin.  
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A population pharmacokinetic model of remdesivir and its major metabolites based on published 

mean values from healthy subjects  

Since limited information is available on pharmacokitics of remdesivir and metabolites. This 

project (chapter 6) aimed to develop a PopPK model of remdesivir and its metabolites i.e. GS-

704277 and GS-441524 to better understand its pharmacokinetic properties. The secondary 

objective was to conduct simulations based on the PopPK model to assess the recommended 

clinical doses of remdesivir for optimized dosing in patients with COVID-19 to avoid extreme 

exposure in patients with end-stage renal disease. 
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Contribution: I designed the outline, performed the literature review, and finally wrote the 

manuscript with contributions from coauthors Lobna El Tabei, Sören Büsker, Christian Krauss, 

Uwe Fuhr and Max Taubert. 

 

Introduction: Cefiderocol, previously known as S-649266, is a siderophore cephalosporin antibiotic 

developed by Shionogi & Co., Ltd, Japan (145). It was approved in the US (80) and Europe (146) 

in 2019 and 2020, respectively. Cefiderocol has a pyrrolidinium group at C-3 similar to cefepime 

and a carboxy propyl imino group at C-7 similar to ceftazidime (145). In addition, at the end of the 

C-3 side chain, the presence of the chlorocatechol group facilitates the transportation of the drug 

into bacterial cells (147). Cefiderocol has shown similar safety and efficacy to the best available 

therapy for the treatment of Gram-negative infections resistant to carbapenem (79). 

 

Methods: The search was carried out in Google Scholar, PubChem, and PubMed between August 

2020 and May 2021. The search included terms such as “cefiderocol”, “chemical structure”, 

“antimicrobial activity”, “pharmacokinetics”, “pharmacodynamics”, and “clinical trials”. The 

briefings of the FDA and EMA for cefiderocol were also included while writing this review article. 

 

Results and Discussion: Cefiderocol has shown superior in-vitro activity against multi-drug 

resistant bacteria including P. aeruginosa, A. baumanii and Enterobacteriaceae compared to 

fluoroquinolones, carbapenems and other cephalosporins (145,148). It has shown more stability 

against Klebsiella pneumoniae carbapenemases compared to cefepime and meropenem (75). 

Cefidercol uses the “Trojan horse” mechanism by chelating with iron transporters to enter bacterial 

cells and exert antibacterial activity (145).  

Cefiderocol achieved a Cmax of 153 mg/L and an AUC over the dosing interval was 366.5 mg h/L 

on day 10 following an IV administration of a 2000 mg q8h with 1h infusion in multiple ascending 

dose phase I study in healthy subjects. The time to reach Cmax was 1 h (149). Cefiderocol is 

primarily eliminated in urine following linear kinetics with around 90% of the dose recovered 

unchanged. The plasma protein binding of cefiderocol is 57.8% (150). The t1/2 of cefiderocol 

increased from 2.8 h in individuals with normal kidney function to 9.6 h in ESRD patients without 

dialysis, emphasizing that dosing should be based on renal function to achieve adequate therapeutic 

exposure (151,152). No clinically relevant drug-drug interactions of cefiderocol have been reported 

predominantly because of its no involvement with CYP enzymes and P-glycoprotein pathways 
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(153). A PopPK model with three compartments and linear elimination best describes the PK of 

cefiderocol with renal function as an important predictor of clearance (78,150,154). Cefiderecol 

shows time-dependent antibacterial activity and fT>MIC is the main predictor of the efficacy of 

cefiderocol (155,156). For patients with normal kidney function a dose of 2000 mg q8h with 3 h 

infusion for a PD target of 75% fT>MIC provided  >90% PTA for MIC up to 4 mg/L. An increased 

dose frequency (q6h) is recommended for patients with augmented kidney function. The 

recommended cefiderocol dose for patients with moderate and severe renal function is 1500 mg 

q8h and 1000 mg q8h, respectively. For patients with ESRD, the recommended dose is 750 mg 

q12h. Hemodialysis removes approximately 60% of cefiderocol in 3 to 4 h (154). Cefiderocol was 

not inferior to imipenem/cilastatin (APEKS/cUTI study) and showed superiority based on post-hoc 

analysis for treating patients with cUTIs caused by bacteria susceptible to carbapenem (157). In a 

phase III clinical trial  [APEKS-NP study] cefiderocol showed non-inferiority to meropenem in 

patients with nosocomial pneumonia infection (158). It had similar clinical and microbiological 

efficacy in treating bloodstream infections/sepsis, nosocomial pneumonia, and cUTI caused by 

Gram-negative bacteria resistant to carbapenems compared to the best available therapy 

(CREDIBLE-CR study) however, the mortality rate in the cefiderocol group was higher (34%) 

compared to best available therapy group (18%) (79). Due to a lack of data, the FDA and EMA 

provide no recommendation for cefiderocol in paediatric patients. However, a successful case has 

been reported in treating a 10-year-old patient with cystic fibrosis where cefiderocol was combined 

with meropenem/vaborbactam and bacteriophages for the treatment of drug-resistant 

Achromobacter xylosoxidans (159). Currently, human data on the use of cefiderocol in pregnancy 

and excretion into milk is not available however FDA and EMA labels recommend to use 

cefiderocol only if the benefits outweigh the potential risks (80,146).  

Overall, cefiderocol provides an acceptable safety profile and favourable PK/PD properties, 

making it a promising choice to treat infections otherwise resistant to other antibiotics.
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Contribution: I prepared and explored the dataset, developed a population pharmacokinetic model 

followed by covariate modelling and later performed Monte Carlo Simulations to assess the 

probability of target attainment and neurotoxicity and finally penned the manuscript. 

 

Introduction: Cefepime is a fourth-generation cephalosporin antibiotic with a broad antibacterial 

spectrum both against Gram-positive and or Gram-negative bacteria (160) making it a drug of 

choice for patients in intensive care units (ICUs) (161). The pathophysiology of critically ill 

patients in ICU causes high variability in the PK of the drug resulting in over or under-exposure to 

the drug (162). In patients with normal kidney function, more than 80% of the drug is eliminated 

unchanged in urine (90). Dose adjustment is recommended for patients with creatinine clearance 

(CLCR) below 60 mL/min (162). The efficacy of the cefepime is best described by the time-

dependent, PK/PD index (163). In literature PD targets, ranging from >50%  fT>MIC to 100% 

fT>4xMIC have been reported (164–168). Patients with renal dysfunction are prone to cefepime-

induced neurotoxicity (169). Various thresholds have been reported for cefepime-induced 

neurotoxicity based on plasma trough concentrations (170–172). The study aimed to identify a 

dosing regimen to minimize the neurotoxicity risk of cefepime while achieving a sufficient PTA. 

 

Methods: The clinical study (ClinicalTrials.gov; NCT01793012) was conducted at University 

Hospital, Ludwig-Maximilians-Universität München, Germany. A total of 14 ICU patients with 

four patients on continuous venovenous hemodialysis (CVVHD) received a cefepime median dose 

of 2000 mg as a 30-minute IV infusion following local guidelines. Blood samples were collected 

for four consecutive days. A PopPK model was developed using NLME modelling software 

NONMEM with the FOCEI estimation method. A separate clearance was estimated for patients 

with CVVHD. For covariate modelling, covariates such as sex, age, and body weight along with 

serum creatinine, measured creatinine clearance (mCLCR) and eCLCR were tested on clearance and 

the volume of distribution. The goodness of fit (GOF) plots, bootstrap and prediction corrected 

visual predictive check (pcVPC)  were used for model analysis. Monte Carlo simulations were 

performed using the mrgsovle package in R excluding CVVHD subjects. Cefepime doses up to 

6,000 mg with continuous infusion and with dosing intervals of q8h, q12h, and q24h for CLCR 

ranging from 0 to 150 mL/min were simulated. Two different PD targets of 65% T>MIC and 100% 

T>2xMIC with a PTA of 90% were selected. The MIC ranged from 2 to 16 mg/L. For the assessment
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 of neurotoxicity, the model developed by Boschung-Pasquier et al. based on plasma trough 

concentrations was used.  

 

Results: A two-compartment model with linear elimination best described the 344 plasma cefepime 

concentrations. IIV was significant on clearance (CL) and volume of distribution. IOV when 

estimated on clearance of non-dialysis patients (CLND) was significant and improved the model. 

During the covariate analysis, eCLCR was significant on the CLND. Based on plasma trough 

concentrations, prolonged dosing intervals i.e. q24h and q12h lowered the risk of neurotoxicity but 

also decreased efficacy i.e. higher daily doses were required to cover the same MIC target. The 

overall improvement in efficacy-versus-neurotoxicity risk was marginal. However, based on 

average plasma concentrations, an increase in the dosing intervals to q12h and q24h would 

deteriorate the balance of efficacy-versus-neurotoxicity risk. In comparison to q24h, q12h and q8h 

administration, simulations for continuous infusion (CI) predicted higher efficacy with a lower 

daily dose. It is important to consider kidney function while dosing cefepime and daily dosing with 

q8h should be preferred over prolonged dosing intervals to achieve a higher PD target and reduce 

neurotoxicity risk.  

 

Discussion: Our PopPK model proposed a dosing regimen to balance the cefepime-induced 

neurotoxicity and its efficacy based on renal function. CI provided the best results followed by a 

shorter dosing interval of q8h for intermittent infusion (30 min). A two-compartment model with 

linear elimination from the central compartment with eCLCR as a covariate on CLND best described 

the data. Despite its limitations, eCLCR is a widely accepted marker for assessing renal function 

(173). In the literature, plasma trough concentrations have been used mainly to assess cefepime-

induced neurotoxicity. Using the same logistic regression model (171) we performed simulations 

based on both plasma trough and average concentrations considering the exposure between the 

dosing intervals is not meaningless. We found out that irrespective of the concentrations used 

shorter dosing intervals of q8h provide better results in balancing the efficacy versus the risk of 

neurotoxicity relationship compared to prolonged dosing intervals. In our study, for eCLCR of 120 

mL/min and a PD target of 100% T>2xMIC with PTA of 90%, a dose of 1300 mg q8h covered MICs 

up to 2 mg/L and predicted a ≤20% neurotoxicity risk. For the same eCLCR group, Cheng et al 

suggested a dose of 1000 mg q8h to achieve a 40 to 44% probability of efficacy (taking 100% T>MIC 

with a MIC of 8mg/L as an efficacy target) and 1 to 6% of probability of 
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toxicity ( taking a trough concentration of ≥20 mg/L as the toxicity target). The model was able to 

predict the dosing regimen to balance the efficacy versus neurotoxicity relationship. Further 

evaluations in larger groups with experimental PD assessment are needed to further explore the 

optimal dosing of cefepime in critically ill patients.  
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Contribution: I prepared and explored the dataset, developed a population pharmacokinetic model 

followed by covariate modelling, and later performed simulations to assess the exposure of 

rifampicin in males and females and the effect of fat-free mass on the exposure of rifampicin, and 

I finally penned the manuscript.  

 

Introduction: Rifampicin has been one of the key anti-tuberculosis (TB) drugs since its introduction 

in the late 1960s. It suppresses RNA synthesis in Mycobacterium tuberculosis by inhibiting DNA-

dependent RNA polymerase (109). It has been adjusted to body weight (BW) dosing like some 

other anti-TB drugs by the World Health Organisation (174). However, research has reported that 

fat-free mass (FFM) is a better body size descriptor  than BW, particularly with higher doses where 

high inter-individual variability (IIV) in rifampicin exposure is expected (175). It has also been 

reported that rifampicin clearance in females is lower than in males (176) The study aimed to apply 

the PopPK approach to assess the PK variability of rifampicin in healthy Caucasian individuals, 

identify the best body size predictor for exposure to rifampicin, and assess sex differences between 

males and females in the absence of auto-induction after single-dose administration.  

Methods: BERIFA (EUDRACT-No: 2017–004418-24) was a phase I/IV open-label, cross-over, 

randomized bioequivalence study conducted at University Hospital Cologne, Germany. The study 

was conducted on 24 (11 males / 13 females) healthy Caucasian volunteers, each receiving a single 

oral 600 mg tablet of rifampicin either test or reference separated by a wash-out period of at least 

9 days. A total of 20 samples per subject per day were obtained. For NLME modelling, the Monolix 

software 2023R1 (Lixoft®, Antony, France) was used. For decisions between non-nested models, 

the Corrected Bayesian Information Criterion (BICc) was used. IIV and IOV were tested on all PK 

parameters empirically. Covariate analysis was carried including the identity of rifampicin 

preparations along with age, sex, BW, FFM, body height (BH), body mass index (BMI), and body 

surface area (BSA). FFM was calculated using a semi-mechanistic model reported by 

Janmahasatian et al by incorporating sex, BW and BH (177). Diagnostic plots such as GOF plots, 

VPC, bootstrap, and statistical significance such as a decrease in objective function value (OFV) 

of 3.84 (P<0.05) for forward inclusion and an increase in the OFV of 10.8 (P < 0.001) for backward 

elimination were the criteria for selecting final covariate model. MCS was performed for the base 

and final covariate model to explore the exposure of rifampicin using the mrgsovle package in R.
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Results: A total of 912 (median 8.19 mg/L) observed concentrations were best described by a zero-

order absorption (Tk0) model with lag time (Tlag), one distribution compartment model and a 

nonlinear (Michaelis-Menten [MM]) elimination. IIV was significant on maximum elimination rate 

(Vmax/F) and volume of distribution (V/F). IOV was significant on Vmax/F, V/F, and Tlag Tk0 

including a correlation between Tk0 and Tlag. An error model of combined additive and 

proportional error best explained the residual unexplained variability. FFM was the best covariate 

model followed by the BW+sex covariate model decreasing the OFV by 56.4 and 51.2 points, 

respectively. The decrease in IIV on Vmax/F in both covariate models was almost similar. MCS 

showed a reduced exposure to rifampicin in males compared to females with the same BW and BH 

and a decrease in overall exposure to higher FFM. 

Discussion: We found that FFM followed by a combination of BW and sex explained the variability 

in PK of rifampicin better than the current well-established BW alone for dosing rifampicin. 

Rifampicin models reported in the literature vary in absorption (174,176,178,179), distribution 

(180–182) and elimination (183,184). In our model, a Tk0 with Tlag, and one-compartment model 

and MM elimination best described the data. Oral administration with liquid preparation of 

rifampicin achieved higher bioavailability compared to capsules and tablets (185). However, the 

identity (test or reference) rifampicin preparations in our study did not influence the PK parameters 

including absorption. The exposure of rifampicin increases more than linearly after dose 

administration  (186) with saturable elimination being the reason (123) which is also confirmed by 

our results. Autoinduction was not observed in our model due to single-dose administration. FFM 

performed better than other covariates testing in our evaluation. It is based on a semi-mechanistic 

model (177) by incorporating sex, BW and BH and partially accounts for body composition 

however it does not distinguish between muscle and fat mass. Moreover, the experimental 

procedures used to find FFM are complex and/or costly and do not apply to populations including 

the elderly, children and some disease states (187). Using covariates such as sex, BW and BH 

which are available without further assumptions has the advantage of easy implementation. In 

conclusion, estimated FFM is the primary biological covariate to explain IIV in PK of rifampicin 

confirming previous findings in the African population (183) but needs to be further studied in 

Asian and Caucasian patients treated with rifampicin. 
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Contribution: I extracted and explored the data of remdesivir and its metabolites from the 

publication and developed an initial population pharmacokinetic model in NONMEM. The first 

author, Ahmad Abouellil, further developed the model in Monolix and wrote the initial draft of the 

manuscript. I finally reviewed the manuscript. All co-authors agree with the publication being used 

for the doctoral thesis.  

 

Introduction: Remdesivir was the first medicine approved conditionally for the treatment of severe 

coronavirus disease (SARS-CoV-19) in 2020 by FDA and EMA (188,189). Later its use was 

expanded to non-hospitalized adults and pediatric patients for the treatment of mild to moderate 

SARS-CoV-19 infection (190). Remdesivir is a broad-spectrum antiviral drug originally tested 

against the Ebola virus disease (191) and showed strong activity against SARS-CoV-19 in both in 

vitro and animal models (188). Remdesivir is a prodrug and goes under extensive metabolism, 

producing GS-704277, an intermediate metabolite, followed by nucleoside analog GS-441524, 

both of which are quantifiable from plasma (192). The antiviral activity of remdesivir is attributed 

to its nucleoside analogue which inhibits viral RNA polymerase (137). The information on PK of 

remdesivir and its metabolites is scarce. This study aimed to develop a PopPK model to describe 

the PK parameters of remdesivir and its metabolites GS-704277 and GS-441524 and to determine 

suitable dosing regimens for patients.  

 

Method: Arithmetic-concentration data was extracted using GetData Graph Digitizer software 

from published placebo‐controlled randomized phase I single and multiple dose ascending 

remdesivir clinical trials conducted by the manufacturer Gilead Sciences, Inc., USA. In study 1, a 

single-dose study, 9 dose cohorts of remdesivir were administered at doses ranging from 3 mg to 

225 mg over 120-min (cohort 1-8) and 30-min (cohort 9) IV infusion. In study 2, multiple dose 

study, subjects received 150 mg IV remdesivir over 60-min daily for 7 days in cohort 1 and 14 days 

in cohort 2. The published article lacked individual parameters for each dose cohort (193). A sharp 

increase in concentrations of remdesivir was observed following the end of the IV infusion. It was 

assumed that the IV line was washed with normal saline at the end of the infusion. To accommodate 

this sudden increase in the concentration, 4% of the administered dose was subtracted and was 

administered instantaneously at the end of infusion. A PopPK model was developed using Monolix 

(Lixoft, Antony, France). Since the data lacked inter-individual values, so inter dose cohorts 

variability was estimated. The final model was selected based on the physiological plausibility, 
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the goodness of fit plots and visual predictive check. Simulations were performed in Simulx 

(Lixoft, Antony, France) for 200 mg 30 min IV infusion on day 1 followed by 100 mg 30 min IV 

infusion for the next four days as recommended in Summary of Product Characteristics (194).  

 

Results: A two-compartment model with first-order elimination from central compartments for 

remdesivir and its metabolites best described the data. The metabolism was assumed to occur in 

the central and peripheral compartments of remdesivir and the central compartment of GS-704277. 

The inter-cohort variability was estimated on the central and peripheral volume of distribution of 

GS-441524, on clearance of remdesivir and GS-704277 from the central compartment, and on 

metabolic formation clearance of GS-772477 and GS-442524 metabolites. Simulations following 

the 200 mg recommended loading dose showed that the Cmax for remdesivir, GS-704277 and GS-

441525 were 13,700 µM, 807 µM and 726 µM, respectively. GS-704277 achieved tmax at the end 

of infusion (30 min) while GS-221524 achieved tmax 1 h after infusion.  

 

Discussion: A PopPK model of metabolite GS-221524 only is reported by Sukeishi et al. in 

Japanese patients with renal dysfunction with an estimated glomerular filtration rate affecting the 

clearance of  GS-221524 (195). We developed a PopPK model for remdesivir and its metabolites 

and estimated inter-dose variability using the NLME modelling approach. The model estimated a 

similar PK profile (Cmax, AUC and elimination half-life) of remdesivir, GS704277 and GS-441524 

to previously published PK non-compartmental analysis of remdesivir (137,196). Our model was 

able to incorporate sequential metabolism from remdesivir to GS-704277 and then to GS441542 

similar to the reported metabolic fate of remdesivir (193,197). The reported EC50 value of 180 nM 

in primary human airway epithelial cells infected with SARS-CoV-19 for GS-441524 (198) was 

achieved in 20 min following administration of 200 mg loading dose in our simulations suggesting 

to avoid high doses in patients with renal dysfunction. A possible reason could be that the inter-

dose cohort variability estimated in mean concentrations estimated in our model might be 

magnitude lower than variability at the individual level in patients. Further investigations on 

individual levels for drug concentrations are needed to better understand the PK of remdesivir and 

its metabolites for which this model serves as a good starting point.
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7 Summary 

The main objective of this research work was to apply pharmacometrics as a tool to improve the 

dosing of anti-infective drugs in healthy volunteers and diseased populations. Population 

pharmacokinetic models were developed to describe unexplained variability of pharmacokinetic 

parameters followed by simulations for dose optimization. The results of each project are 

summarized below. 

Clinical Pharmacokinetics and Pharmacodynamics of Cefiderocol 

A comprehensive literature review on the pharmacokinetics and pharmacodynamics of cefiderocol 

was performed. Cefiderocol is a novel siderophore cephalosporin antibiotic approved in 2019 and 

2020, respectively by the FDA and EMA for treating complicated urinary tract infections, 

pneumonia and blood-stream infections caused by Gram-negative bacteria (80,146).  

Cefiderocol is obtained by conjugation of the β-lactam group with a siderophore. It is similar in 

structure to cefepime by having a pyrrolidinium group at C-3 and to ceftazidime by having a 

carboxy propyl imino group at C-7. Cefiderocol employs a “Trojan horse mechanism” to enter 

bacterial cell. The catechol moiety attached at the C-3 position chelates with iron which actively 

transports cefiderocol into bacterial cell where it inhibits bacterial cell wall synthesis by binding to 

PBPs. Cefiderocol has shown strong in vitro antibacterial activity against Gram-negative bacteria 

including the multi-drug resistant strains of A.baumanii and P. Aeruginosa (73).  

Cefiderocol follows linear pharmacokinetics with 58% binding to plasma protein and primarily 

eliminated by the kidneys with around 90% of the drug recovered unchanged in the urine (199). 

The t1/2 in patients with normal kidney function is around 2 to 3 h which increases to 9.6 h in 

patients with ESRD without hemodialysis (200). Cefiderocol do not interact with CYP enzymes 

and shows no clinically relevant drug-drug interactions (201). A three-compartment PopPK model 

best described the PK of cefiderocol with kidney function as a predictor of cefiderocol clearance 

(202). It shows time-dependent antibacterial activity. The recommended cefiderocol dose for 

patients with normal, moderate and severe renal function is 2000 mg, 1500 mg and 1000 mg q8h  

with 3 h infusion, respectively. While for ESRD patients the recommended dose is 750 mg q12h 

(203).  
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Cefiderocol was not inferior to imipenem/cilastatin in phase II clinical trials (APEKS-cUTI) and 

showed superiority based on post-hoc analysis for treating patients with urinary tract infections 

caused by bacteria susceptible to carbapenem (157). In the phase III clinical trial (APEPKS-NP), 

cefiderocol was non-inferior to meropenem in treating patients with nosocomial pneumonia (158). 

In another phase-III clinical trial, CREDIBLE-CR, cefiderocol showed similar clinical efficacy to 

the best available therapy for treating Gram-negative infections resistant to carbapenem (79). 

However, data on other populations including pregnant and breastfeeding women, and geriatric and 

pediatric patients is scarce. The evaluations suggested that cefiderocol dosing needs to be adjusted 

according to renal function to achieve adequate therapeutic exposure (150). Approximately 60% 

of the drug was removed in end-stage renal disease undergoing hemodialysis (204). The linear 

(predictable) pharmacokinetics, low potential for drug-drug interactions, acceptable safety profile 

and favorable pharmacokinetics and pharmacodynamics properties make cefiderocol a viable 

alternative to treat infections caused by multi-drug resistant Gram-negative bacteria.  

Cefepime Population Pharmacokinetics, Antibacterial Target Attainment, and Estimated 

Probability of Neurotoxicity in Critically Ill Patients 

Cefepime is a fourth-generation cephalosporin antibiotic approved by EMA and FDA in 1993 and 

1996, respectively for the treatment of pneumonia, urinary tract infections, skin infections, intra-

abdominal infections, and febrile neutropenia caused by both Gram-positive and Gram-negative 

bacteria (160,205,206). 

Cefepime exhibits linear pharmacokinetics and has a low protein binding affinity of less than 20%. 

It is widely distributed in the body and is primarily eliminated via kidneys with more than 80% of 

the drug eliminated unchanged. The t1/2 is approximately 2.5 h (90). The efficacy of cefepime is 

best described by fT>MIC (163). Pathophysiological changes may cause pharmacokinetic variability 

resulting in under and or over-exposure of the drug in critically ill patients. It has been reported 

that about 15% of patients in critical care units experience one or another symptom of cefepime-

induced neurotoxicity (207). Although cefepime-induced neurotoxicity can be reversed once the 

drug is discontinued and or after hemodialysis however its recognition is difficult due to 

comorbidities and or due to adverse effects of other concomitant administered drugs.  

The population pharmacokinetic model of cefepime quantified the pharmacokinetic variability and 

explored the predictor (estimated creatinine clearance) of clearance in critically ill patients. An 

outcome during model development of cefepime was that inter-individual variability estimated on 

clearance was 89% in the base model supporting the concept of individualized dosing in critically 
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ill patients. Taking each administration as a separate occasion, when tested on clearance of non-

dialysis patients, was found to be highly significant indicating variability during treatment in 

intensive care unit patients with critical illness. Developing a population pharmacokinetics model 

with estimated creatinine clearance as a covariate explained the variability of clearance over time. 

Cefepime has been linked with neurotoxicity (207). This emphasizes the need to determine the 

optimal dosing of cefepime to balance efficacy and cefepime-induced neurotoxicity. Monte Carlo 

Simulations were performed by incorporating the logistic regression model of neurotoxicity to 

predict the neurotoxicity of cefepime based on both trough and average plasma concentrations. 

Monte Carlos Simulations suggested that a q8h dosing is a suitable choice offering a low risk of 

neurotoxicity and higher efficacy compared to q12h and q24h. A dose of 1333 mg q8h with an 

estimated creatinine clearance of 120 mL/min would achieve a probability of target attainment of 

90% for a pharmacodynamic target of 100% fT>2xMIC with a probability of neurotoxicity less than 

20% and cover minimum inhibitory concentrations up to 2 mg/L. Continous infusion was found to 

be superior to other dosing regimens including q8h. It provided higher efficacy and lower risk of 

neurotoxicity with the same daily dose. In conclusion, it is important to take kidney function into 

account and a higher frequency (q8h) should be preferred while dosing cefepime. The study had a 

small sample size, heterogeneity in the patient population i.e. some patients were on dialysis, and 

lack of pharmacodynamic data to directly link cefepime concentrations and probability of 

neurotoxicity. Further evaluations are needed in large groups including pharmacodynamic data to 

explore the optimal dosing and the relationship between exposure and the probability of 

neurotoxicity of cefepime. 

Rifampicin Assessment of body mass-related covariates for rifampicin pharmacokinetics in healthy 

Caucasian volunteers  

Since its introduction in 1968 for the treatment of tuberculosis, rifampicin has been administered 

based on body weight (208,209). However, fat-free mass has been reported to be a better size 

descriptor (210).  

A population pharmacokinetic model was developed based on data obtained from a bioequivalence 

study in healthy Caucasian volunteers. The two periods were assumed as two different occasions. 

Inter-individual variability was significant on maximum elimination rate and volume of distribution 

whereas inter-occasional variability was significant for zero-order absorption, lag time, maximum 

elimination rate and volume of distribution. Covariates such as body weight, fat-free mass, body 
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height, body mass index, body surface area, sex and identity of the preparation (test or reference) 

were tested on pharmacokinetic parameters to identify the best body size descriptor to explain 

variability in pharmacokinetic parameters of rifampicin. The test or reference formulations did not 

influence pharmacokinetic parameters including absorption. Fat-free mass was the best size 

descriptor followed by sex and body weight covariates. The decreased inter-individual variability 

in both models was almost similar. Body surface area, body weight only, body mass index, body 

height and sex were also significant covariates when tested but to a lesser extent than fat-free mass 

and body weight and sex.  

Simulations based on the fat-free mass covariate model for both males and females with respective 

typical body weight and height showed that exposure to rifampicin decreased with an increase in 

fat-free mass and overall exposure in females was higher than in typical males for when using 

standard dosing. This indicates that sex could also be relevant for optimizing the dosing of 

rifampicin, either directly with body weight or indirectly via fat-free mass. The study was designed 

to assess the bioequivalence of two rifampicin preparations with a single oral 600 mg dose 

administration thus auto-induction of rifampicin was not considered during modelling. It was 

concluded that body mass composition should be considered for individualized dosing of 

rifampicin. Estimated fat-free mass is the best size descriptor for dosing rifampicin as reported 

previously in tuberculosis patients in African populations (183) but needs to be further evaluated 

in patients with other populations for the treatment of tuberculosis.  

A population pharmacokinetic model of remdesivir and its major metabolites based on published 

mean values from healthy subjects  

Remdesivir was one of the authorized antiviral medications during the COVID-19 pandemic 

approved in October 2020 with limited known pharmacokinetic information (192). The mean 

concentration-time profile of remdesivir and its metabolites i.e. GS-704277 and GS-441524 was 

obtained from published phase I clinical trials. Due to a lack of individual data, the inter-dose 

cohort variability was evaluated.  

A PopPK model with two compartments for remdesivir and its metabolites with sequential 

metabolism best explained the data. The model assumed the metabolism of remdesivir to occur in 

both central and peripheral compartments to the intermediate metabolite GS-704277 and 

subsequent metabolism of GS-704277 to GS-441524 in the central compartment of GS.704277. 

The clearance of the parent drug (remdesivir) and both the metabolites occurred from the central 
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compartment. The simulations based on clinically recommended doses i.e. 200 mg loading dose 

followed by 100 mg dose revealed that the concentrations of the metabolite GS-441524 in plasma 

exceeded the reported EC50 values for primary human airway epithelial cells infected with SARS-

CoV-19 indicating that the recommended doses of remdesivir effectively inhibit the SARS-CoV-

19. Further studies should investigate the variability in concentrations at the individual patient level 

to better understand the pharmacokinetics of remdesivir and its metabolites. The model can be used 

to inform future studies on dosing remdesivir and to establish the relationship between the 

pharmacokinetics of remdesivir and its clinical efficacy in critically ill patients to avoid extreme 

exposure, especially in patients with end-stage renal disease.  

In summary, this work demonstrates the potential of pharmacometrics in improving our 

understanding of the pharmacokinetics of cefiderocol cefepime, rifampicin and remdesivir. The 

population pharmacokinetics models developed explained the variability in pharmacokinetic 

parameters and aided in identifying sources of these variabilities. Simulations based on population 

pharmacokinetic models supported the dose individualization of these anti-infective drugs. 
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Abstract
Cefiderocol is a new broad-spectrum cephalosporin antibiotic with promising activity against various Gram-negative bacteria 
including carbapenem-resistant strains. A chlorocatechol group in the C-3 side chain provides cefiderocol with a siderophore 
activity, improving its stability against β-lactamases and facilitating the transportation of cefiderocol across outer bacterial 
membranes. Cefiderocol shows linear pharmacokinetics over a broad range of clinically relevant doses, with unchanged renal 
excretion constituting the main route of elimination. Geometric means (coefficient of variation) of the volume of distribution 
and clearance in individuals with normal kidney function were 15.8 (15%) L and 4.70 (27%) L/h, respectively. In patients 
with end-stage renal disease, clearance was 1.10 (24%) L/h. Time above the minimum inhibitory concentration is the main 
predictor of efficacy. There is no evidence for clinically relevant interactions of cefiderocol with other drugs mediated by 
metabolizing enzymes or drug transporters. Simulations based on population pharmacokinetic modeling suggest that dosing 
regimens should be adjusted based on kidney function to optimize therapeutic exposure to cefiderocol. Clinical efficacy tri-
als indicated that cefiderocol is non-inferior to imipenem/cilastatin in the treatment of complicated urinary tract infections 
and acute uncomplicated pyelonephritis, and to meropenem in the treatment of nosocomial pneumonia. In the one study 
currently available, cefiderocol performed similarly to the best available therapy in the treatment of severe carbapenem-
resistant Gram-negative infections regarding clinical and microbiological efficacy. In summary, cefiderocol shows favorable 
pharmacokinetic/pharmacodynamic properties and an acceptable safety profile, suggesting that cefiderocol might be a viable 
option to treat infections with bacteria resistant to other antibiotics.

 * Max Taubert
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Key Points 

Cefiderocol is a siderophore cephalosporin provid-
ing promising activity against Gram-negative bacteria, 
resistant to other antibiotics.

The drug shows linear pharmacokinetics and a kidney 
function-dependent elimination, supporting respective 
dose adjustments.

Clinical efficacy trials indicate that cefiderocol might 
be valuable to treat infections with bacteria resistant to 
other antibiotics.

1 Introduction

Cefiderocol, formerly known as S-649266, is a novel 
catechol-substituted siderophore cephalosporin antibiotic 
developed by Shionogi & Co., Ltd, Japan. Siderophores 
are iron-chelating agents produced by bacterial species 
that facilitate the uptake of iron into the bacterial cell, 
which is needed for survival and growth. Similar to bacte-
rial siderophores, cefiderocol binds to iron transport chan-
nels and thereby enters the periplasmic space of bacteria. 
This is called a “trojan horse” mechanism. Inside the cell, 
cefiderocol dissociates from the iron transport channel and 
exerts its antibacterial activity [1]. The cefiderocol mol-
ecule comprises functional groups that improve the stabil-
ity against β-lactamases, facilitate the transport across the 
outer membrane of Gram-negative bacteria, and provide 
cefiderocol with its siderophore activity [2]. The strong 
activity of cefiderocol is a result of its stability against ser-
ine and metallo-type carbapenemases, and extended-spec-
trum β-lactamases [3]. Consequently, cefiderocol shows a 
solid in vitro activity against carbapenem-resistant (CR) 
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Gram-negative bacteria, including carbapenem-resistant 
Enterobacterales and non-fermenters [4].

Cefiderocol has been approved in the USA in 2019 
for the treatment of complicated urinary tract infections 
(cUTIs), including kidney infections caused by susceptible 
Gram-negative microorganisms with limited or no alterna-
tive treatment options, and for the treatment of hospital-
acquired and ventilator-associated bacterial pneumonia 
[5]. In Europe, approval was granted in 2020 for the treat-
ment of infections caused by aerobic Gram-negative bacte-
ria in adults with limited treatment options [6]. Despite the 
approval of several new antibiotics to treat carbapenem-
resistant Gram-negative infections, randomized clinical 
trials including the target pathogens of cefiderocol have 
been limited to carbapenem-resistant Enterobacteriaceae 
and carbapenem-resistant Pseudomonas aeruginosa. Ran-
domized trials for the treatment of carbapenem-resistant 
infections including Acinetobacter baumannii have been 
limited to mostly colistin-based generic antibiotics. 
Recently, Bassetti et al. [4] compared cefiderocol to the 
best available therapy (BAT) in a heterogeneous patient 
population with infections caused by carbapenem-resistant 
Gram-negative bacteria in a randomized phase III study 
(CREDIBLE-CR). In this trial, cefiderocol was found to 
have similar clinical and microbiological efficacy com-
pared to the BAT. The authors concluded that cefiderocol 
might be an option for the treatment of carbapenem-resist-
ant infections in patients with limited treatment options. 
Furthermore, the broad-spectrum activity of cefiderocol 
coupled with the preserved efficacy irrespective of car-
bapenem resistance makes cefiderocol a good candidate 
for investigations in serious infections involving multiple 
infection sites. Thus, the target populations for cefiderocol 
treatment will be particularly patients who are immuno-
compromised, have relevant co-morbidities, and are criti-
cally ill. Recently, an extensive review of the drug has 
been provided by Abdul-Mutakabbir et al. [7].

The present review provides a comprehensive summary 
of the clinical pharmacokinetics (PK) and pharmacodynam-
ics of cefiderocol. Studies evaluated include in vivo animal 
studies as well as recent phase II and III trials. The discus-
sion refers primarily to studies carried out between 2017 and 
2021. The literature for this review was obtained through a 
comprehensive search of PubMed, PubChem, and Google 
Scholar, including the terms “cefiderocol,” “cefiderocol 
pharmacokinetics”, “cefiderocol pharmacodynamics”, and 
“cefiderocol clinical trials” from 2010 until May 2021. 
PubMed was queried using the terms “cefiderocol chemical 
structure” and “cefiderocol antimicrobial activity” without 
restricting the date of publication to a certain range. The 
US Food and Drug Administration and European Medi-
cines Agency briefing documents for cefiderocol were also 
included in this review.

2  Chemical and Antimicrobial Overview

Cefiderocol is a novel antimicrobial compound developed 
by Shionogi & Co, Ltd., Japan [2]. The basis of this mol-
ecule is a cephalosporine nucleus coupled with an amino 
thiazolyl acetic acid derivative as a C-7 side chain. Quater-
nization with a tertiary amine as a C-3 side chain resulted 
in a precursor molecule, and the removal of all protective 
groups resulted in a novel cephalosporine derivative [2]. C-3 
and C-7 side chain substituents were specifically chosen to 
achieve a potent antibacterial activity against multi-drug-
resistant (MDR) Gram-negative bacteria. Important chemi-
cal characteristics of the cefiderocol molecule are shown 
in Fig. 1, and a comprehensive description of the chemi-
cal properties of cefiderocol has been provided by Aoki 
et al. [2]. Cefiderocol belongs to the group of siderophore 
cephalosporines. The name “siderophore” derives from the 
Greek term for “iron carrier”, describing the capability of 
siderophore molecules to carry iron into cells via sidero-
phore transport systems [8]. Certain microorganisms, such 
as bacteria and fungi, release siderophore molecules into 
their environment to ensure a sufficient iron supply to the 
cell [9]. Siderophores combined with chemical moieties with 
antibacterial activity are called sideromycins. Although the 
vast majority of sideromycins is synthetic, a small num-
ber of natural sideromycins has been discovered including 
albomycin and salmycin [10]. Sideromycins make use of the 
siderophore transport systems to enrich inside bacterial cells, 
resulting in a pronounced antibacterial activity even at low 
extracellular concentrations [11].

In comparison to antibiotics such as meropenem or cef-
tazidime-avibactam, cefiderocol has been shown to provide 
a superior in vitro activity against a selection of Gram-nega-
tive bacteria compared with cephalosporines, fluoroquinolo-
nes, monobactams, and carbapenems. This includes MDR 
strains of A. baumanii, Enterobacteriaceae, and P. aer-
uginosa [1, 12]. For example, cefiderocol showed a higher 
in vitro potency against these three strains compared with 
meropenem [13], and an increased stability to Klebsiella 
pneumoniae carbapenemases (KPC) compared with merope-
nem and cefepime [14]. The Clinical and Laboratory Stand-
ards Institute recently reported cefiderocol breakpoints of 4 
(susceptible), 8 (intermediate), and 16 mg/L (resistant) for 
P. ae uginosa, A. baumannii, Stenophomonas maltophilia,
and Enterobacteriaceae including K. pneumoniae and
Escherichia coli. In the SIDERO-WT-2015 trial conducted
by Karlowsky et al., 8954 clinical isolates of Gram-negative
bacteria from various clinical laboratories in North America
and Europe were collected and assessed according to the
Clinical and Laboratory Standards Institute guidelines [15].
For Enterobacteriaceae, Klebsiella spp., and E. coli, the
 MIC90 was 0.5 mg/L for samples collected in North America
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Fig. 1  Illustration of important functional groups in the cefidero-
col molecule [1]. The cephalosporin nucleus is complemented by 
five functional groups in the C-3 and C-7 side chains, resulting in an 

and 1 mg/L for samples collected in Europe. The  MIC90 for 
Acinetobacter spp. was 2 mg/L in both regions, while the 
 MIC90 for S. maltophilia was 0.5 mg/L and 0.25 mg/L for 
North America and Europe, respectively. In the case of P. 
aeruginosa, the  MIC90 was 0.5 mg/L in both regions. For 
Bacteroides spp., Clostridium difficile, and Prevotella spp., 
the  MIC90 of cefiderocol was > 32 mg/L [3]. Overall, cur-
rently available data show that cefiderocol provides a strong 
activity against a selection of clinically relevant MDR Gram-
negative bacteria in vitro.

3  PK

3.1  PK in Healthy Volunteers

Cefiderocol has demonstrated linear PK in a randomized, 
double-blind, single ascending dose (SAD) and multiple 
(MAD) ascending dose phase I study in healthy Japanese 
and Caucasian volunteers [17]. A total of 54 volunteers 
received cefiderocol (30 in the SAD, 24 in the MAD part), 
while 16 volunteers received placebo (ten in the SAD, 
six in the MAD part). The SAD part covered doses of 
100–2000 mg, while the MAD part comprised two groups 
receiving 1000 mg and a third group receiving 2000 mg 
every 8 h (q8h) for 10 days. The infusion duration was 
60 min. Based on observed plasma concentration profiles, 
steady state was achieved within 24 h. Both data from 

improved outer membrane permeability, antibacterial activity, beta-
lactamase stability, and the capability to bind free iron. Based on [1]

the SAD and the MAD part indicated dose-proportional 
increases in maximum plasma concentrations (Cmax) and 
areas under the concentration–time curve (AUC) with 
increasing dose, with no statistically significant dose 
dependency of half-life and clearance. Maximum plasma 
concentration (geometric mean) of cefiderocol ranged 
from 7.76 mg/L at 100 mg to 156 mg/L at 2000 mg in 
the SAD part, and from 72.2 at 1000 mg to 153 mg/L at 
2000 mg on day 10 of the MAD part, respectively. The 
AUC from time zero to the last quantifiable concentra-
tion (AUC 0–last) was 389 mg∙h/L in SAD and 337 mg∙h/L 
in MAD for a 2000-mg dose, respectively, as shown in 
Table 1. Maximum plasma concentration, AUC 0–last, and 
the AUC from time zero to infinity (AUC 0–inf) indicated 
a limited inter-individual variability for plasma exposure 
in all dose groups. By administering single intravenous 
doses of 1000 mg of radio-labeled cefiderocol to healthy 
volunteers, Miyazaki et al. explored the fate of cefiderocol 
in the human body using radiolabeled cefiderocol. This 
included partitioning into red blood cells, urinary excre-
tion, and the formation of metabolites [18]. Cefiderocol 
was found to only marginally partition into red blood cells, 
with a blood-to-plasma ratio range from 0.53 to 0.56. 
Unchanged excretion in urine constituted the main route 
of elimination, with 90.6% of the administered dose being 
recovered in urine on average. Metabolism contributed less 
than 10% to overall elimination. Metabolites were mainly 
excreted via urine, while fecal excretion was negligible. In 
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an additional study in 15 healthy volunteers, Katsube et al. 
[19] valuated the penetration of cefiderocol into epithe-
lial lining fluid and alveolar macrophages, concluding that
cefiderocol penetrated lung tissues with exposure ratios
(based on AUC) with a range from 0.0927 to 0.116 for
epithelial lining fluid and a range from 0.00496 to 0.104
for alveolar macrophages. Data on the penetration of cefi-
derocol into cerebrospinal fluid are currently missing [20].
Finally, limited data on protein binding of cefiderocol are
available. The protein binding ratio in mice was found to
be 38% [21], while in vitro plasma protein binding (pri-
marily to albumin) of cefiderocol in humans was 57.8%
[22]. In summary, pharmacokinetic studies in healthy vol-
unteers indicate linear PK over a range of doses and time,
with unchanged urinary excretion constituting the main
route of elimination. Renal function is the main predictor
of the PK of cefiderocol and should be considered for dos-
ing considerations.

3.2  PK in Subjects with Impaired Kidney Function

Katsube et al. [23] evaluated the PK and the safety of cefi-
derocol in subjects with various levels of kidney dysfunc-
tion. Thirty-eight subjects were recruited and 37 completed 
the study. Eight control subjects with normal renal function 
were identified based on an evaluation of Cockcroft-Gault 
creatinine clearance  (CGCLCR), which was defined to be 
≥ 90 mL/min in subjects with normal renal function. The 
Modification of Diet in Renal Disease (MDRD) formula was 
used to estimate the glomerular filtration rate (eGFR), which 
served as a criterion to distinguish between mild (eGFR 60 
to < 90 mL/min/1.73  m2), moderate (eGFR 30 to < 60 mL/
min/1.73  m2), and severe (eGFR < 30 mL/min/1.73  m2) kid-
ney impairment, and end-stage renal disease (ESRD) with 
and without hemodialysis. The PK of cefiderocol follow-
ing a single intravenous infusion of 1000 mg was compared 
between subjects with normal and impaired renal function 
based on a non-compartmental analysis. As expected based 
on the predominating renal excretion of cefiderocol, the 
AUC 0–last differed clearly between different renal function 

Table 1  Summary pharmacokinetic parameters of cefiderocol in plasma following an intravenous infusion [17, 18, 22]

The geometric mean (coefficient of variation) for all parameters except tmax for which the median (range) is shown
AUC 0–inf area under the plasma concentration–time curve from zero to infinity, AUC 0–last area under the plasma concentration–time curve from 
zero to the time of the last quantifiable concentration, CL total clearance, CLcr creatinine clearance, CLR renal clearance of the drug, Cmax maxi-
mum plasma concentration, eGFR estimated glomerular filtration rate, ESRD (w/o HD) an end-stage renal disease without hemodialysis, fe frac-
tion of dose excreted unchanged into urine, fu fraction of total drug that is unbound in plasma, IV intravenous, n number of subjects, PK phar-
macokinetics, t1/2,z terminal elimination half-life, Tmax time to  Cmax, Vz apparent volume of distribution during the terminal elimination phase, Vss 
volume of distribution at the steady-state phase
a PK of  [14C] cefiderocol in healthy subjects
b Normal CLcr, 90 mL/min
c Severe impairment, eGFR < 30 mL/[min∙1.73  m2]. Based on [17, 18, 22]

Pharmacoki-
netic param-
eters

Phase I PK, safety, and tolerability study [14C] CF-
studya

Phase I study in renally impaired subjects

Single IV infusion Multiple IV infusion day 1 Normalb Severec ESRD (w/o 
HD)

1000 mg 2000 mg 1000 mg 2000 mg 1000 mg 1000 mg 1000 mg 1000 mg

(n = 6) (n = 6) (n = 8) (n = 8) (n = 6) (n = 8) (n = 6) (n = 8)

Cmax (mg/L) 74.4 (4.6) 156 (7.90) 68.1 (11.5) 141 (22.7) 72.9 (12.4) 81.0 (27.4) 80.1 (19.8) 93.0 (27.8)
tmax (h) 1.00 (1.00–

1.00)
1.00 (1.00–

1.00)
1.00 (1.00–

1.00)
1.00 (1.00–

1.20)
0.97 (0.50–

1.00)
1.00 (1.0–1.0) 1.00 (1.00–

1.10)
1.00 (1.00–

1.00)
AUC 0–last 

(mg∙h/L)
167 (6.90) 389 (9.00) 171 (10.6) 337(15.6) 171 (8.40) 212 (26.7) 540 (23.6) 872 (23.9)

AUC 0–inf 
(mg∙h/L)

168 (7.00) 390 (9.00) 172 (10.6) 338 (15.5) 172 (8.40) 213 (26.5) 543 (23.6) 880 (24.2)

t1/2,z (h) 2.26 (5.80) 2.74 (10.2) 2.19 (4.30) 2.40 (13.2) 2.30 (9.50) 2.80 (16.5) 6.90 (30.6) 9.60 (33.4)
CL (L/h) 5.95 (7.00) 5.13 (9.00) 5.93 (11.0) 5.91 (15.5) 4.78 (7.6) 4.70 (26.5) 1.80 (23.6) 1.10 (24.2)
Vz (L) – – – – 15.8 (15.1) – – –
Vss (L) – – – – 16.4 (23.4) 14.2 (22.5)
CLR (L/h) – – – – – –
fe (%) – – – – – 68.6 ( 17.3) – –
fu (8 h) – – – –

– 13.5 (30.2)
– 3.2 (28.0)

– 0.44 (9.8) 0.44 (10.1) 0.370 (27.0)
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groups. In subjects with normal vs severely impaired renal 
function and subjects with ESRD without hemodialysis, an 
AUC 0–last (geometric mean) of 212, 540, and 873 mg∙h/L 
was attained, respectively (Table 1). Patients with mildly 
impaired kidney function showed only a slightly higher 
exposure (AUC 0–last of 218 mg∙h/L). Furthermore, the half-
life of cefiderocol increased clearly with deteriorating kid-
ney function, with a geometric mean range from 2.8 h in 
normal kidney function to 9.6 h in ESRD without dialysis. 
In patients with ESRD undergoing hemodialysis, approxi-
mately 60% of cefiderocol were removed during dialysis 
[23]. Differences in PK between subjects with normal and 
impaired kidney function were mainly attributed to differ-
ences in clearance. In contrast, Cmax and volumes of distribu-
tion were similar among different kidney function groups. 
Furthermore, Katsube et al. reported that hemodialysis did 
not relevantly affect protein binding. In a small study in five 
critically ill patients, König et al. observed that cefiderocol 
doses could be adjusted based on the presence of acute kid-
ney injury and continuous renal replacement therapy, con-
cluding that therapeutic drug monitoring might be viable 
[24]. In summary, dosing regimens should be adjusted based 
on kidney function to provide an appropriate exposure to 
cefiderocol [6].

3.3  Pharmacokinetic Drug–Drug Interactions

Based on data from in vitro experiments and phase I trials, 
no clinically relevant potential for drug–drug interactions 
is expected for cefiderocol [6]. Initial in vitro experiments 
indicated a potential inhibition of organic anion transport-
ers 1 and 3, organic cation transporters 1 and 2, multidrug 
and toxin extrusion protein 2K, and organic anion transport-
ing polypeptide 1B3, but a clinical trial in healthy volunteers 
concomitantly receiving cefiderocol with probe substrates 
indicated that cefiderocol had either no or no clinically rele-
vant impact on the PK of the probe substrates [36]. The AUC 
0–inf and Cmax ratios ranged from 0.92 to 1.28 (Table 1 of the 
Electronic Supplementary Material [ESM]) [25]. Overall, 
the risk of cefiderocol being either a perpetrator or victim 
of drug–drug interactions appears to be low.

3.4  Population Pharmacokinetic Models

Katsube et al. described the population PK of cefiderocol 
based on phase I data in healthy volunteers [17] and patients 
with impaired kidney function [23], including patients 
receiving intermittent hemodialysis [26]. This modeling 
work focused on the evaluation of covariates affecting the 
PK of cefiderocol, and a subsequent evaluation of dosing 
regimens using simulations. A linear three-compartment 
model was found to describe the PK of cefiderocol suffi-
ciently well (Table 2). The authors identified MDRD as an 

important predictor of cefiderocol clearance, while volumes 
of distribution were found to be related to body weight. 
Arguing that  CGCLCR might be a better predictor in patients 
with an augmented clearance, the authors alternatively used 
the  CGCLCR equation to identify patients with a creatinine 
clearance of at least 120 mL/min. Consequently, the authors 
presented a selection of final models comprising MDRD or 
 CGCLCR combined with body weight. In contrast to kidney 
function, body weight was found to have a limited and possi-
bly clinically irrelevant impact on the PK of cefiderocol. For 
example, the central volume of distribution was estimated 
to be 83% in patients with a body weight of 50 kg compared 
to 70 kg, and 115% for a body weight of 90 kg compared 
to 70 kg. The clearance via hemodialysis was estimated to 
be 7.37 L/h, with a limited inter-individual variability of 
12.7%, which exceeded the typical clearance of 5.59 L/h in 
healthy volunteers. Overall, the inter-individual variability 
of pharmacokinetic parameters was limited both in healthy 
volunteers and patients with impaired kidney function. For 
example, the inter-individual variability of clearance range 
was from only 12% in healthy volunteers to 17% in subjects 
with impaired kidney function based on a model includ-
ing MDRD. Based on simulations, Katsube et al. presented 
dosing regimens that were found to be suitable to reach a 
probability of target attainment (PTA) of > 90% given an fT 
> MIC arget of 75% and an MIC of up to 4 mg/L in a simu-
lated patient population. Starting from a prolonged 3-h infu-
sion of 2000 mg of cefiderocol administered q8h in patients
with an MDRD GFR > 90 mL/min/1.73  m2, a shorter dosing
interval was assumed in patients with augmented clearance
and a decreased dose and/or an increased dosing interval
was assumed in patients with impaired kidney function. In
patients with augmented clearance, i.e., with a  CGCLCR >
120 mL/min, the dosing interval was reduced to 6 hours.
In patients with a moderately or severely impaired kidney
function, lower doses of 1500 and 1000 mg q8h, respec-
tively, were chosen. In patients with ESRD with and without
intermittent hemodialysis, a dose of 750 mg every 12 h was
used. In the case of intermittent hemodialysis, the authors
furthermore simulated the administration of a supplemental
dose of 750 mg as a prolonged infusion after completion
of the hemodialysis. Finally, the authors concluded that the
evaluated dosing regimen is expected to provide a therapeu-
tic drug exposure across different levels of renal function.

More recently, Kawaguchi et  al. published an exten-
sive population pharmacokinetic evaluation of cefiderocol 
based on 3427 plasma concentrations from 516 patients and 
healthy volunteers [27]. The evaluated data stemmed from 
the phase III trial CREDIBLE-CR, which included patients 
with pneumonia, blood-stream infection (BSI)/sepsis and 
cUTI [4], the phase III trial APEKS-NP, which included 
patients with pneumonia [28], as well as the phase II trial 
APEKS-cUTI, which included patients with cUTI and 
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acute uncomplicated pyelonephritis (AUP) [29], and from 
the abovementioned phase I trials in healthy volunteers [17] 
and subjects with impaired kidney function [23]. A total 
of 1861 plasma concentrations were available from healthy 
volunteers and 1566 from patients. Based on a linear three-
compartment model (Table 2), Kawaguchi et al. found that 
the clearance of cefiderocol was strongly related to  CGCLCR. 
Differences in the PK of cefiderocol between different sites 
of infection (BSI/sepsis, pneumonia, or cUTI/AUP) and 
compared to subjects without infection were deemed clini-
cally irrelevant despite statistical significance. This com-
prised a 27% higher clearance in patients with cUTI/AUP 
compared with subjects without infection and a 39% higher 
central volume of distribution in infected patients compared 
with subjects without infection. Additionally, a negative cor-
relation between albumin levels and the central volume of 
distribution was observed. Using the established model, 
Kawaguchi et al. concluded that the fT > MIC based on 

MICs of pathogens isolated from 60 patients of the CRED-
IBLE-CR study and 97 patients of the APEKS-NP study 
was 100% in 97% of the patients. Based on simulations with 
the kidney function-specific dosing regimens described by 
Katsube et al. [26], the authors concluded that a PTA of > 
95% was attained for an MIC up to 4 mg/L irrespective of 
the site of infection and renal function when assuming an fT 
> MIC target of 75%. Given an fT > MIC target of 100%,
the PTA was > 90% for MICs up to 4 mg/L in all but one
patient group. The only exception was the group of patients
with normal renal function and BSI/sepsis, who achieved
a PTA of 86%. The respective results are shown in Table 2
of the ESM. Consequently, the authors concluded that the
evaluated dosing regimens provide adequate plasma expo-
sure to cefiderocol in patients with pneumonia, BSI/sepsis,
and cUTI. Kidney function was confirmed as the main pre-
dictor of cefiderocol PK, while differences between subjects

Table 2  Population 
pharmacokinetic parameters 
[22, 26, 27]

This table show point estimates and %RSE of parameters reported for different population pharmacokinetic 
models
AUP acute uncomplicated pyelonephritis, BSI blood-stream infection, CL clearance from central compart-
ment, CrCL creatinine clearance, cUTI complicated urinary tract infection, CV coefficient of variation, IIV 
inter-individual variability, n number of included samples, Q2 first inter-compartmental clearance, Q3 sec-
ond inter-compartmental clearance, RSE relative standard error, V1 central volume of distribution, V2 sec-
ond peripheral volume of distribution, V3 third peripheral volume of distribution
Based on *[27], **[22], ***[26]
a Creatinine clearance calculated by the Cockcroft-Gault equation

Parameter Final model* with
CrCLa (n = 3427)

Final model** with 
 CrCLa

(n = 2571)

Final model*** 
with  CrCLa

(n = 1624)

Estimate %RSE Estimate %RSE Estimate %RSE

CL (L/h) 4.04 1.80 4.23 1.50 4.83 2.90
V1 (L) 7.78 5.20 7.93 3.10 7.58 2.70
Q2 (L/h) 6.19 5.70 5.75 5.30 5.45 4.50
V2 (L) 5.77 3.20 5.41 3.30 5.54 2.50

0.127 14.1 0.109 17.2 0.0969 17.0
0.798 6.40 0.734 7.30 0.681 8.30
0.682 4.00 0.653 3.90 – –

0.580 12.2 0.798 12.2
0.981 4.10 – – – –
1.08 10.4 – – –
0.872 6.40 – – –

1.27 3.10 – –

–
–

– –

0.617 10.9 – – –

Q3 (L/h)
V3 (L)
Effect of CrCL on CL
(CrCL cut-off value of 150 mL/min)
Effect of body weight on V1
Effect of pneumonia on CL
Effect of BSI/sepsis on CL
Effect of infection with cUTI in 

CREDIBLE-CR study on CL
Effect of infection with cUTI/AUP in 

APEKS-cUTI study on CL
Effect of albumin level on V1
Effect of infection on V1 1.39 6.70

37.5 10.4 31.8 15.8 18.7
56.9 19.8 45.8 28.2 19.7

IIV for CL (CV%)
IIV for V1 (CV%)
IIV for V2 (CV%) 33.6 35.0 38.2 35.5 42.6
Proportional residual error (CV%) 20.5 5.10 15.1 12.8

–

11.9
19.3
14.2
12.0 14.1
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without infection and different patient groups were deemed 
clinically irrelevant.

4  Pharmacodynamics

Cefiderocol shows a time-dependent killing activity, with fT 
> MIC being he main predictor of efficacy [21, 30]. Naka-
mura et al. studied the pharmacodynamics of cefiderocol
using neutropenic murine thigh and lung infection models,
in which infections were caused by multiple Gram-nega-
tive bacteria [21]. A dose fractionation study showed that
fT > MIC was superior to predict efficacy compared to the
maximum free drug concentration or the AUC divided by
the MIC in describing the in vivo efficacy of cefiderocol.
Moreover, the authors determined the fT > MIC required
for efficacy against multiple carbapenem-susceptible and
carbapenem-resistant bacterial strains with cefiderocol MICs
between 0.125 and 16 mg/L (Table 3). Matsumoto et al.
investigated the efficacy of cefiderocol against carbapenem-
resistant isolates of K. pneumoniae (n = 2), P. aeruginosa (n
= 2), and A. baumannii (n = 2) in an immunocompetent-rat
respiratory tract infection model (MIC range from 0.125 to 8
mg/L) [30]. Humanized exposures of 2000 mg of cefiderocol
q8h administered over 3 h led to enhanced efficacy compared
with infusions over 1 h, expressed by  log10-reductions in the
number of colony-forming units (CFU) per lung of 3.0–4.4
for the prolonged infusion time and 0.7–3.7 for the shorter
infusion time. The authors extrapolated that 3-h infusions
would achieve 100% fT > MIC for MICs up to 4 mg/L,
whereas 1-h infusions would achieve 75% fT > MIC. In
a neutropenic murine thigh model, Monogue et al. studied
the efficacy of cefiderocol against 95 Gram-negative isolates
of Enterobacteriaceae (n = 39), P. aeruginosa (n = 21),
and A. baumannii (n = 35) with MICs between 0.12 and >
256 mg/L to identify a potential MIC breakpoint [31]. They
used humanized dosing regimens of 2000 mg of cefiderocol

given q8h as 3-h infusions. In isolates with MICs ≤ 4 mg/L 
(n = 67), bacterial stasis or a ten-fold reduction in CFU was 
achieved for 77%, 85%, and 88% of Enterobacteriaceae, P. 
aeruginosa, and A. baumannii, respectively. For 28 tested 
strains with MICs ≥ 8 mg/L, similar efficacy was observed 
in only two isolates. Based on humanized pharmacokinetic 
data, the authors predicted an fT > MIC of 96.2% in isolates 
with MICs ≤ 4 mg/L. Using a subset of 15 isolates, the 
authors compared the efficacies of cefiderocol, cefepime, 
and meropenem in the same model, concluding that cefi-
derocol provided efficacy against all cefepime-resistant or 
meropenem-resistant isolates with a mean bacterial reduc-
tion of 1.5  log10 CFU after 24 h. Humanized exposures of 
cefiderocol showed sustained killing activity without the 
development of adaptive resistance over 72 h against a group 
of different Gram-negative bacteria (n = 11) with an MIC 
range from 0.5 to 8 mg/L in a neutropenic murine thigh 
model performed by Stainton et al. [32]. In a murine urinary 
tract infection model, cefiderocol led to a > 3-log10 reduc-
tion in CFU against carbapenem-resistant K. pneumoniae-
expressing KPC-2 and P. aeruginosa-expressing IMP-1 [33]. 
Cefiderocol was furthermore tested against eight P. aerugi-
nosa isolates that showed a tendency to develop resistance to 
other non-catechol siderophore antibiotics in preclinical tri-
als in another neutropenic murine thigh model [34]. Human-
ized exposures of cefiderocol produced a > 1 −  log10 reduc-
tion in CFU in all eight isolates (≥ 2-log reduction in seven 
of the eight tested isolates), irrespective of their resistance 
to other non-catechol siderophore antibiotics, cefepime, or 
levofloxacin. In vitro experiments indicate that the antibac-
terial activity of cefiderocol is enhanced under iron-limited 
conditions [35]. Kidd et al. [36] investigated whether iron-
overloaded conditions in the host affect the efficacy of cefi-
derocol using a murine thigh infection model. The authors 
observed no significant difference in efficacy against Gram-
negative bacteria comparing iron-overloaded and normal 
hosts. In a recently published analysis based on the clinical 

Table 3  Cefiderocol fT > MIC 
required for efficacy against 
multiple bacterial strains in 
neutropenic murine thigh and 
lung infection models (MICs: 
0.125–16 mg/L) [6, 21]

fT > MIC fraction of time during the dosing interval where the free plasma drug concentration exceeds the 
minimum inhibitory concentration, NA not available, SD standard deviation
a Enterobacteriaceae included strains of Escherichia coli and Klebsiella pneumoniae. Based on [6, 21]

Model Organism
(number of tested strains)

fT > MIC (mean ± SD)

Static 1 −  log10 reduction

Thigh infection 62.5 ± 27.4 73.3 ± 23.3
63.0 ± 15.5 72.2 ± 21.4
NA 85.2 ± 12.1
NA 61.3 ± 25.0

Lung infection 54.7 ± 24.1 64.4 ± 22.5
57.4 ± 10.2 70.3 ± 9.0
82.0 ± 4.6 88.1 ± 3.4

Enterobacteriaceaea (10)
Pseudomonas aeruginosa (3)
Carbapenem-resistant strains (7)
Carbapenem-susceptible strains (6)
Enterobacteriaceaea (9)
Pseudomonas aeruginosa (3)
Acinetobacter baumannii (3)
Stenotrophomonas maltophilia (4) 45.6 ± 18.9 53.9 ± 18.1



75 

 1502 M. Bilal et al.

trials CREDIBLE-CR and APEKS-NP, Kawaguchi et al. 
[27] t ied to relate human pharmacokinetic data to clinical
efficacy measures such as clinical outcome, microbiological
outcome, and vital status. The authors were unable to iden-
tify a clear pharmacokinetic/pharmacodynamic relationship
for any of the efficacy measures because the fT > MIC was
100% in 97% of patients (MICs: ≤ 0.03 to 64 mg/L). This
finding indicates that the dosing regimen of 2000 mg q8h,
adjusted based on renal function, is likely to provide suf-
ficient exposure for patients with pneumonia, BSI/sepsis, or
cUTI. Overall, an fT > MIC of at least 90% appears to be a
suitable pharmacokinetic/pharmacodynamic target in clini-
cal practice as it provided a ≥ 1 −  log10 reduction in CFU
in vitro and in animal models. An fT > MIC of 50%, which
is a typical target for other β-lactam antibiotics [37], might
be insufficient in this case (Table 3).

5  Clinical Efficacy Trials

The clinical efficacy of cefiderocol has been studied in one 
phase II trial for the treatment of cUTI and AUP (APEKS-
cUTI) and two phase III trials (CREDIBLE-CR and 
APEKS-NP). APEKS-cUTI, a multinational, multicenter, 
double-blind, non-inferiority trial, evaluated the efficacy 
of cefiderocol compared to imipenem/cilastatin in patients 
diagnosed with cUTI or AUP caused by carbapenem-suscep-
tible Gram-negative bacteria [29]. Patients ≥ 18 years of age 
were randomized 2:1 to receive cefiderocol (2000 mg q8h) 
or imipenem/cilastatin (1000/1000 mg q8h). The treatment 
duration was 7–14 days and doses were adjusted based on 
renal function and body weight. The primary endpoint was 
defined as the composite of clinical response and micro-
biological eradication at the test of cure assessment, 7 days 
after the end of treatment. The primary efficacy analysis was 
performed in the microbiological intention-to-treat (mITT) 
population, which consisted of treated patients who had a 
Gram-negative uropathogen at baseline with >  105 CFU/
mL in urine. The primary efficacy endpoint was achieved by 
73% (183/252) in the cefiderocol group and 55% (65/119) 
in the imipenem/cilastatin group (adjusted treatment differ-
ence 18.6%, 95% confidence interval 8.2–28.9). Cefiderocol 
showed non-inferiority to imipenem/cilastatin for the pri-
mary endpoint at a − 15% non-inferiority margin.

CREDIBLE-CR investigated the efficacy of cefiderocol 
vs BAT for the treatment of severe carbapenem-resistant 
Gram-negative infections [4]. This multinational, multi-
center, open-label trial was exploratory in nature and did 
not comprise predefined hypothesis testing. Furthermore, it 
was not limited to a single infection site if infections were 
caused by carbapenem-resistant bacteria. Forty-five percent 
of patients had hospital-acquired pneumonia (HAP), venti-
lator-acquired pneumonia (VAP), or healthcare-associated 

pneumonia (HCAP), 31% had BSI and/or sepsis (secondary 
to any source of infection), and 24% had cUTI. Patients were 
randomized 2:1 to receive cefiderocol (2000 mg adminis-
tered q8h) or BAT. Best available therapy was determined 
by the investigator and could include a maximum of three 
antibiotic agents in combination, whereas in the cefidero-
col group only one additional Gram-negative antibiotic was 
allowed (for cUTI, only monotherapy was permitted). In 
the carbapenem-resistant mITT population, 29% of patients 
treated with BAT received monotherapy, whereas 83% of 
patients in the cefiderocol group received monotherapy. 
Most of the treatment regimens in the BAT group included 
colistin (66%), while only one patient in the cefiderocol 
group received colistin. Treatment duration was 7–14 days 
(could be extended up to 21 days) in HAP/VAP/HCAP or 
BSI/sepsis and ≥ 5 days for cUTIs. The carbapenem-resist-
ant mITT population consisted of treated patients with a 
confirmed carbapenem-resistant Gram-negative pathogen. 
Acinetobacter baumannii was the most common pathogen 
isolated in both treatment groups, followed by K. pneumo-
niae and P. aeruginosa. The primary efficacy endpoints 
for patients in the carbapenem-resistant mITT population 
were clinical cure at the test of cure assessment for patients 
with HAP/VAP/HCAP and BSI/sepsis and microbiologi-
cal eradication for patients with cUTI (Table 4). All-cause 
mortality was a secondary endpoint (Table 5). In absolute 
numbers, there was a higher all-cause mortality in the cefi-
derocol group compared with the BAT group at all study 
timepoints. In the safety population, 6.4% (95% confidence 
interval − 8.6 to 19) more deaths were observed at day 28, 
15% (− 0.2 to 29) more deaths were observed at the end of 
the study, and 13% (− 2.5 to 27) more deaths were observed 
at day 49 in the cefiderocol group compared with the BAT 
group. At the end of the study, 34% (34/101) of the patients 
in the cefiderocol group and 18% (9/49) in the BAT group 
died in the safety population. In particular, infections with 
Acinetobacter spp. were related to higher all-cause mortality 
at end of the study in the cefiderocol group (50%) compared 
with the BAT group (18%). Whether these observations 
reflect a true difference between the two groups needs fur-
ther investigation. A comparison of post-hoc estimates of 
cefiderocol Cmax and AUC 0–8h values at steady state showed 
no significant relationship between cefiderocol exposure and 
survival in the CREDIBLE-CR trial [38]. 

APEKS-NP, a multinational, multicenter, double-blind, 
non-inferiority trial, compared cefiderocol and meropenem 
in the treatment of nosocomial pneumonia caused by Gram-
negative bacteria [28]. Patients with nosocomial pneumonia 
were randomized 1:1 to receive 2000 mg of cefiderocol or 
2000 mg of meropenem q8h, for a treatment duration of 
7–14 days. To cover MRSA as well as Gram-positive bacte-
ria in the cefiderocol arm, patients in both treatment groups 
received 600 mg of linezolid every 12 h for at least 5 days. 
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All-cause mortality at day 14 was defined as the primary 
efficacy endpoint for the mITT population, which consisted 
of treated patients diagnosed with nosocomial pneumonia 
not only caused by Gram-positive pathogens. At day 14, 

all-cause mortality was 12.4% for cefiderocol and 11.6% 
for meropenem, with a treatment difference of 0.8% (95% 
confidence interval − 6.6 to 8.2). Cefiderocol showed non-
inferiority to meropenem for the primary efficacy endpoint 

Table 4  Clinical efficacy results from cefiderocol phase II and III clinical trials in the mITT populations [4, 28, 29]

Trial Description n Clinical outcome at  TOCa Difference (95% 
CI)

Microbiological eradication 
at TOC

Difference (95% 
CI)

Cefiderocol Comparator Cefiderocol Comparator

APEKS-cUTI Cefiderocol vs 
imipenem/
cilastatin for 
the treatment 
of cUTI or 
AUP

452 90% (226/252) 87% (104/119) 2.39% (− 4.66 
to 9.44)

73% (184/252) 56% (67/119) 17.25% (6.92–
27.58)

CREDIBLE-CR Cefiderocol vs 
best available 
therapy for 
the treatment 
of  NPb, BSI/
sepsis, and 
cUTI

152 Overall
31% (25/80) 24% (9/38)

23% (9/40) 21% (4/19)

30% (7/23) 29% (4/14)

 53% (42/80) 50% (19/38)
NPb

 50% (20/40) 53% (10/19)
BSI/sepsis
 43% (10/23) 43% (6/14)

cUTI
 71% (12/17) 60% (3/5) 53% (9/17) 20% (1/5)

APEKS-NP Cefiderocol vs 
meropenem 
for the treat-
ment of NP

300 65% (94/145) 67% (98/147) − 1.8% (− 12.7
to 9.0)

41% (59/145) 42% (61/147) − 0.8% (− 12.1 to 
10.5)

BSI blood-stream infection, CI confidence interval, cUTI complicated urinary tract infection, HAP hospital-acquired pneumonia, HCAP health-
care-associated pneumonia, mITT microbiological intention-to-treat, n number of randomized patients, NP nosocomial pneumonia, TOC test of 
cure, VAP ventilator-acquired pneumonia
a Defined as clinical response in APEKS-cUTI and clinical cure in CREDIBLE-CR/APEKS-NP
b Included HAP/VAP/HCAP. APEKS-cUTI and APEKS-NP were randomized, double-blind, non-inferiority trials. CREDIBLE-CR was a rand-
omized, open-label, descriptive trial. Based on [4, 28, 29]

Table 5  All-cause mortality in cefiderocol phase III clinical trials [4, 28]

Numbers in brackets represent deceased/total patients in the respective group. Based on [4, 28]
BSI blood-stream infection, cUTI complicated urinary tract infection, HAP hospital-acquired pneumonia, HCAP healthcare-associated pneumo-
nia, mITT microbiological intention-to-treat, VAP ventilator-acquired pneumonia
a Reference safety population, comparator best available therapy
b Reference mITT population, comparator meropenem

Trial Day 14 Day 28 End of study

Cefiderocol Comparator Cefiderocol Comparator Cefiderocol Comparator

CREDIBLE-CRa Overall
12% (6/49) 25% (25/101) 18% (9/49) 34% (34/101) 18% (9/49) 19% (19/101)

HAP/VAP/HCAP
14% (3/22) 31% (14/45) 18% (4/22) 42% (19/45) 18% (4/22) 24% (11/45)

BSI/sepsis
6% (1/17) 23% (7/30) 18% (3/17) 37% (11/30) 18% (3/17) 17% (5/30)

cUTI
20% (2/10) 15% (4/26) 20% (2/10) 15% (4/26) 20% (2/10)

APEKS-NPb
 12% (3/26)

12% (18/145) 12% (17/146) 21% (30/143) 21% (30/146) 27% (38/142) 23% (34/146)
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at a − 12.5% non-inferiority margin. Clinical cure and 
microbiological eradication rates in the mITT population 
were secondary endpoints (Table 4). Patients included in the 
APEKS-NP study were comparable to those in the CREDI-
BLE-CR study diagnosed with HAP/VAP/HCAP, regarding 
sex distribution, age, creatinine clearance, APACHE score, 
and the need for ventilation (59.7% in APEKS-NP and 
74.6% in CREDIBLE-CR). Notably, A. baumannii caused 
55.2% of infections in the CREDIBLE-CR HAP/VAP/HCAP 
subgroup, while only 15.8% of patients in the APEKS-NP 
study were infected by A. baumannii. The proportion of 
patients with treatment failure before randomization was 
64.2% in the CREDIBLE-CR subgroup and 32.6% in the 
APEKS-NP study [39].

Overall, cefiderocol showed non-inferiority to imipenem/
cilastatin in the treatment of cUTI/AUP (APEKS-cUTI) 
and meropenem in the treatment of nosocomial pneumonia 
(APEKS-NP). Cefiderocol performed similarly to BAT in 
the treatment of severe carbapenem-resistant Gram-negative 
infections regarding clinical and microbiological efficacy 
(CREDIBLE-CR), but there was a numerically higher all-
cause mortality in the cefiderocol group.

6  Safety and Tolerability

Safety data are available for subjects with renal impairment, 
patients with cUTI/AUP (APEKS-cUTI), patients with BSI/
sepsis or pneumonia (CREDIBLE-CR), and patients with 
nosocomial pneumonia (APEKS-NP) [4, 17, 23, 28, 29]. In the 
CREDIBLE-CR study, the cure rate of cefiderocol and BAT 
were similar, but an increased mortality rate was reported in 
the cefiderocol group. Fourteen (of n = 49 [29%]) subjects in 
the BAT group and 36 (of n = 101 [36%]) subjects in the cefi-
derocol group died after the end of the study. Five deaths were 
considered due to the BAT and two deaths were attributed 
to cefiderocol by the investigators [4]. The APEKS-NP study 
found that in terms of mortality, cefiderocol was non-inferior 
to meropenem. In the APEKS-NP study, 34 (n = 150 [23%]) 
deaths were observed in the meropenem group while 39 (n = 
148 [26%]) deaths were observed in the cefiderocol group [28]. 
One death (n = 300 [< 1%]) occurred due to cardiac arrest in 
the cefiderocol group of the APEKS-cUTI study, but it was 
considered unrelated to cefiderocol by the investigator because 
of the past complicated medical history of the subject [29]. 
In the CREDIBLE-CR study, 13 (n = 101 [13%]) subjects 
discontinued in the cefiderocol group, with three discontinu-
ations being considered to result from adverse events (AEs) 
to cefiderocol. While in the BAT group, five (n = 49 [10%]) 
subjects discontinued, in which two were considered due to 
drug-related AEs [4]. In the APEKS-NP study, 14 (n = 148 
[9%]) subjects in the cefiderocol group and 16 (n = 150 [10%]) 
subjects in the meropenem group discontinued the study [29]. 

One healthy volunteer withdrew from a phase I trial because of 
a raised body temperature [17], and one subject from the group 
with moderate renal impairment (eGFR 30 to < 60 mL/min) 
withdrew prematurely from the phase I study in renal impaired 
subjects because of an AE of urticaria [23]. Nearly half of 
the subjects in both the groups of the CREDIBLE-CR study 
had severe AEs [4]. In the APEKS-NP study, the most com-
mon AEs were urinary tract infection and hypokalemia with 
diarrhea, also reported in the CREDIBLE-CR study [4], and 
constipation. In the cefiderocol and meropenem groups, 3% 
of patients developed a C. difficile infection [28]. The safety 
profile observed in patients with and without renal impairment 
in phase II clinical trials (APELS-cUTI) is consistent in terms 
of AEs, with the majority of AEs being mild to moderate. No 
deaths or serious AEs were reported and the drug was well 
tolerated [23]. Adverse events that occurred in both groups 
(cefiderocol and imipenem-cilastatin) were gastrointestinal 
disorders, including abdominal pain, nausea, vomiting, con-
stipation, and diarrhea. The most common serious AE was C. 
difficile colitis in one patient in the cefiderocol group vs two 
patients in the imipenem-cilastatin group [29]. Please refer to 
Table 6 for an overview of AEs reported in phase I–III trials. 
Data on the relationship between cefiderocol plasma concen-
trations and the risk of adverse effects are currently not avail-
able for typical patient groups.

7  Special Populations

Available data on the PK, pharmacodynamics, efficacy, 
and safety of cefiderocol in special patient populations 
are scarce. This particularly concerns pediatric patients, 
pregnant and breastfeeding women, geriatric patients, and 
patients with hepatic impairments.

The safety, tolerability, and PK of single and multiple 
doses of cefiderocol in pediatric patients with confirmed 
or suspected Gram-negative bacterial infections are cur-
rently under evaluation in a non-randomized clinical trial 
(NCT04335539). Results from this trial are not available 
yet. Katsube et al. [40] recently proposed dosing regimens 
for pediatric patients with an age range of < 3 months to 18 
years by combining a population pharmacokinetic model in 
adults with allometric scaling and a maturation factor that 
describes kidney maturation. Based on simulations, dosing 
regimens that provided AUCs comparable to adults were 
identified. Katsube et al. [40] suggested to consider chrono-
logical age, gestational age, and body weight to choose a 
proper dose and infusion duration. Of note, this evaluation 
is not based on data obtained from pediatric patients, and it 
is currently only published as an abstract. Single case reports 
in pediatric patients are available, such as the successful 
combined use of cefiderocol, meropenem/vaborbactam, and 
bacteriophages to treat a 10-year-old female patient with 
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cystic fibrosis infected with pandrug-resistant Achromobac-
ter xylosoxidans [41]. Because of the lack of relevant data, 
the Food and Drug Administration and European Medicines 
Agency labels of cefiderocol provide no recommendation on 
its use in pediatric patients.

Cefiderocol might be a viable treatment option in patients 
with cystic fibrosis, who often suffer from infections with 
MDR bacteria. However, only limited data are currently 
available for this special patient group. A study in patients 
with cystic fibrosis suffering from infections with MDR A. 
xyloxoxidans before or after lung transplantation reported 
a good tolerability and clinical efficacy of cefiderocol [16]. 
Consequently, cefiderocol was considered a useful option in 

treating A. xyloxoxidans bacteremia in combination with other 
antibiotics by the authors. However, the authors also reported 
a high baseline resistance to cefiderocol and a high risk of 
relapse, defined as the isolation of A. xyloxoxidans 6 months 
after completion of the antibiotic therapy. For example, in vitro 
resistance to cefiderocol at baseline was observed in three out 
of eight cases and microbiologic relapse occurred in 11 out of 
12 cases. Consequently, further investigations on the use of 
cefiderocol in patients with cystic fibrosis are needed.

Data on the use of cefiderocol during pregnancy in humans 
are currently not available. Studies in rats and mice provided 
no signs of embryo-fetal toxicity or fetal malformations at a 
mean plasma exposure of 90% (rats) and 130% (mice) of the 

Table 6  Adverse events reported for cefiderocol [4, 17, 23, 28, 29]

HS healthy subjects, n number of randomized subjects, RIS renally impaired subjects
a Skin and subcutaneous disorders = rash, dermatitis, urticaria, pain on the infusion site, infusion-site erythema
b Gastrointestinal disorders = constipation, diarrhea, vomiting, nausea
c Metabolism and nutrition disorder = gout, hypoglycemia, hypokalemia
d Infections and infestations = Clostridium difficile infection, vaginal infection
e Nervous system disorders = headache, dizziness, insomnia, paresthesia, nausea
f Renal and urinary disorders = polyuria, renal cyst, renal tract infectons
g Laboratory investigations = elevated aminotransferase, increase in blood creatine phosphokinase, increase in white blood cell count, blood lac-
tate dehydrogenase level, blood urea level increased
h Other = injury, poisoning, and procedural complications, arteriovenous fistula-site complication, postoperative wound complication, septic 
shock, vascular disorders, pyrexia, musculoskeletal and connective tissue disorder. Based on [4, 17, 23, 28, 29]

Type of adverse event Phase I
(HS)

Phase I (RIS) Phase II
APEKS-cUTI

Phase III
APEKS-NP

Phase III
CREDIBLE-CR

Cefiderocol
(n = 32)

Placebo
(n = 10)

(n = 38) Cefiderocol
(n = 300)

Imipe-
nem-cilas-
tatin
(n = 148)

Cefiderocol
(n = 148)

Meropenem
(n = 150)

Cefiderocol
(n = 101)

Best 
available 
therapy
(n = 49)

– – – – – 39 35 34 09
01 05 03 14 16 13 05

Deaths
Withdrawal
Skin and subcutaneous 

 disordersa
14 12 08 – – – –

06

– 01
– 05

– 03 38 22 20 19 32 13

02 – 07 01 – – – –

Gastrointestinal 
 disordersb

Upper respiratory tract 
infections/cough

Metabolism and nutri-
tion  disorderc

– – 05 04 16 23 – –

Infections and 
 infestationsd

– –

01

02

01 02 07 04 04 29 11

02 – 11 17 – – – –Nervous system 
 disorderse

Cardiac failure/hyper-
tension

– – 15 11 – – – –

Renal and urinary 
 disordersf

– – 04 05 23 16 – –

Laboratory 
 investigationsg

23 06 – – – – 07

Otherh – –

02

–

01

–

07 – – – –

30

27 13
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average exposure attained in patients receiving cefiderocol 
doses of 2000 mg q8h [5]. Studies with radio-labeled cefi-
derocol administered to pregnant rats indicated that cefiderocol 
crosses the placenta, but the amount of cefiderocol found in 
rat fetuses was limited (< 0.5% of the administered dose) [5]. 
Similarly, human data on the excretion of cefiderocol into milk 
are currently not available. After the administration of radio-
labeled cefiderocol to rats, peak cefiderocol concentrations in 
rat milk were approximately 6% of peak plasma concentrations 
in lactating rats [5]. Therefore, the Food and Drug Administra-
tion and European Medicines Agency labels suggest to care-
fully weigh the risks and benefits associated with breastfeed-
ing, the exposure to cefiderocol, and the impact of the bacterial 
infection on the breastfeeding woman and the child [5, 6].

No dedicated evaluation of the PK, pharmacodynamics, 
efficacy, and safety of cefiderocol in geriatric patients is cur-
rently available. In the APEKS-cUTI trial, 158/67 out of 300 
patients who received cefiderocol were aged 65/75 years or 
older. In this trial, no difference in efficacy and safety was 
observed across age ranges [42]. Furthermore, the potential 
effect of hepatic impairment on the treatment with cefidero-
col has not been systematically evaluated in clinical trials 
yet. However, it appears unlikely that hepatic impairment 
relevantly affects cefiderocol treatments as the liver plays a 
negligible role in the PK of cefiderocol [5, 43].

8  Conclusions

The predominantly renal excretion, the limited inter-indi-
vidual pharmacokinetic variability, the low potential for 
drug–drug interactions, and the limited differences between 
a selection of evaluated patient groups and healthy volun-
teers are desirable pharmacokinetic properties that suggest 
that cefiderocol exposure might be well predictable in a 
clinical setting. However, data in several relevant patient 
groups, such as critically ill patients, are currently lack-
ing. The short half-life demands a frequent administration 
of q8h, with even shorter dosing intervals in the case of 
augmented clearance. Available evaluations suggest that 
doses and dosing intervals should be adjusted in patients 
with impaired kidney function. A significant removal of 
cefiderocol from the body is expected during hemodialysis, 
which might be alleviated by administering an additional 
dose after completion of the hemodialysis. Clinical efficacy 
trials indicate that cefiderocol is non-inferior to imipenem/
cilastatin in the treatment of cUTI/AUP and to meropenem 
in the treatment of nosocomial pneumonia, while cefiderocol 
performed similarly to the BAT in the treatment of severe 
carbapenem-resistant Gram-negative infections regarding 
clinical and microbiological efficacy. A numerically higher 
all-cause mortality was observed in the cefiderocol group, 
which is not yet fully understood. Overall, cefiderocol shows 

favorable pharmacokinetic/pharmacodynamic properties 
and an acceptable safety profile, suggesting that cefiderocol 
might be a viable option to treat infections with bacteria 
resistant to other antibiotics in the future. Additional data 
from patient groups of interest are expected to further clarify 
the role of cefiderocol in specific clinical scenarios.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 021- 01063-5.

Declarations 

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was based on internal funding of the Department I 
of Pharmacology, University of Cologne, Cologne, Germany.

Conflicts of Interest/Competing Interests Muhammad Bilal, Lobna El 
Tabei, Sören Büsker, Christian Krauss, and Uwe Fuhr declare no con-
flict of interest. Max Taubert is an employee of Novartis AG.

Ethics Approval Not applicable.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Availability of Data and Material Not applicable.

Code Availability Not applicable.

Authors' Contributions All authors screened articles and abstracts for 
inclusion, discussed results and conclusions, and wrote the  manuscript. 
MT and UF supervised the review process.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article's Creative 
Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article's Creative Commons 
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by- nc/4. 0/.

References

1. Sato T, Yamawaki K. Cefiderocol: discovery, chemistry, and
in vivo profiles of a novel siderophore cephalosporin. Clin Infect
Dis. 2019;69:S538–43.

2. Aoki T, Yoshizawa H, Yamawaki K, Yokoo K, Sato J, Hisakawa
S, et al. Cefiderocol (S-649266), a new siderophore cephalosporin 
exhibiting potent activities against Pseudomonas aeruginosa
and other gram-negative pathogens including multi-drug resist-
ant bacteria: structure activity relationship. Eur J Med Chem.
2018;155:847–68.



80 

1507Clinical Pharmacokinetics and Pharmacodynamics of Cefiderocol

3. El-Lababidi RM, Rizk JG. Cefiderocol: a siderophore cephalo-
sporin. Ann Pharmacother. 2020;54:1215–31.

4. Bassetti M, Echols R, Matsunaga Y, Ariyasu M, Doi Y, Ferrer R, 
et al. Efficacy and safety of cefiderocol or best available therapy
for the treatment of serious infections caused by carbapenem-
resistant Gram-negative bacteria (CREDIBLE-CR): a randomised, 
open-label, multicentre, pathogen-focused, descriptive, phase 3
trial. Lancet Infect Dis. 2021;21:226–40.

5. Shionogi & Co. Ltd. Structured product label of Fetroja. 2020.
https:// www. acces sdata. fda. gov/ drugs atfda_ docs/ label/ 2020/ 
20944 5s002 lbl. pdf. Accessed 31 Jul 2021

6. European Medicines Agency. EMEA/H/C/004829: summary
of product characteristics of Fetcroja. 2020. https:// www. ema.
europa. eu/ en/ medic ines/ human/ EPAR/ fetcr oja. Accessed 31 Jul
2021

7. Abdul-Mutakabbir JC, Alosaimy S, Morrisette T, Kebriaei R,
Rybak MJ. Cefiderocol: a novel siderophore cephalosporin against
multidrug-resistant Gram-negative pathogens. Pharmacotherapy. 
2020;40:1228–47.

8. Neilands JB. Siderophores: structure and function of microbial
iron transport compounds. J Biol Chem. 1995;270:26723–6.

9. Hider RC, Kong X. Chemistry and biology of siderophores. Nat
Prod Rep. 2010;27:637–57.

 10. Braun V, Pramanik A, Gwinner T, Köberle M, Bohn E. Sidero-
mycins: tools and antibiotics. Biometals. 2009;22:3–13.

 11. Wencewicz TA, Miller MJ. Sideromycins as pathogen-targeted
antibiotics. Top Med Chem. 2017;26:151–83. https:// doi. org/ 10. 
1007/ 7355_ 2017_ 19

 12. Dobias J, Dénervaud-Tendon V, Poirel L, Nordmann P. Activity
of the novel siderophore cephalosporin cefiderocol against mul-
tidrug-resistant Gram-negative pathogens. Eur J Clin Microbiol
Infect Dis. 2017;36:2319–27.

 13. Hackel M, Tsuji M, Echols R, Sahm D. In vitro antibacterial
activity of cefiderocol (S-649266) against Gram-negative clini-
cal strains collected in North America and Europe (SIDERO-
WT-2014 study). Poster Present IDWeek. 2016; pp. 26–30. www.
ihma. com/ app/ uploa ds/ 1828. pdf

 14. Kohira N, West J, Ito A, Ito-Horiyama T, Nakamura R, Sato T,
et al. In vitro antimicrobial activity of a siderophore cephalo-
sporin, S-649266, against enterobacteriaceae clinical isolates,
including carbapenem-resistant strains. Antimicrob Agents Chem-
other. 2016;60:729–34.

 15. Karlowsky JA, Hackel MA, Tsuji M, Yamano Y, Echols R, Sahm 
DF. In vitro activity of cefiderocol, a siderophore cephalosporin,
against Gram-negative bacilli isolated by clinical laboratories in
North America and Europe in 2015–2016: SIDERO-WT-2015.
Int J Antimicrob Agents. 2019;53:456–66.

 16. Warner NC, Bartelt LA, Lachiewicz AM, Tompkins KM, Miller
MB, Alby K, et al. Cefiderocol for the treatment of adult and
pediatric patients with cystic fibrosis and Achromobacter xylosox-
idans infections. Clin Infect Dis. 2020;ciaa1847. https:// doi. org/ 
10. 1093/ cid/ ciaa1 847

 17. Saisho Y, Katsube T, White S, Fukase H, Shimada J. Pharmacoki-
netics, safety, and tolerability of cefiderocol, a novel siderophore
cephalosporin for Gram-negative bacteria, in healthy subjects.
Antimicrob Agents Chemother. 2018;62:e02163-e2217.

 18. Miyazaki S, Katsube T, Shen H, Tomek C, Narukawa Y.
Metabolism, excretion, and pharmacokinetics of [14C]-cefider-
ocol (S-649266), a siderophore cephalosporin, in healthy sub-
jects following intravenous administration. J Clin Pharmacol.
2019;59:958–67.

 19. Katsube T, Saisho Y, Shimada J, Furuie H. Intrapulmonary phar-
macokinetics of cefiderocol, a novel siderophore cephalosporin, in 
healthy adult subjects. J Antimicrob Chemother. 2019;74:1971–4.

 20. Lee YR, Yeo S. Cefiderocol, a new siderophore cephalosporin
for the treatment of complicated urinary tract infections caused

by multidrug-resistant pathogens: preclinical and clinical phar-
macokinetics, pharmacodynamics, efficacy and safety. Clin Drug 
Investig. 2020;40:901–13.

 21. Nakamura R, Ito-Horiyama T, Takemura M, Toba S, Matsumoto
S, Ikehara T, et al. In vivo pharmacodynamic study of cefidero-
col, a novel parenteral siderophore cephalosporin, in murine
thigh and lung infection models. Antimicrob Agents Chemother.
2019;63:1–9.

 22. Kawaguchi N, Katsube T, Echols R, Wajima T. Population
pharmacokinetic analysis of cefiderocol, a parenteral sidero-
phore cephalosporin, in healthy subjects, subjects with various
degrees of renal function, and patients with complicated urinary 
tract infection or acute uncomplicated pyelonephritis. Antimi-
crob Agents Chemother. 2018;62:e01391-e1417.

 23. Katsube T, Echols R, Ferreira JCA, Krenz HK, Berg JK, Gallo-
way C. Cefiderocol, a siderophore cephalosporin for Gram-neg-
ative bacterial infections: pharmacokinetics and safety in sub-
jects with renal impairment. J Clin Pharmacol. 2017;57:584–91.

 24. König C, Both A, Rohde H, Kluge S, Frey OR, Röhr AC, et al.
Cefiderocol in critically ill patients with multi-drug resistant
pathogens: real-life data on pharmacokinetics and microbiologi-
cal surveillance. Antibiotics. 2021;10:649.

 25. Katsube T, Miyazaki S, Narukawa Y, Hernandez-Illas M,
Wajima T. Drug–drug interaction of cefiderocol, a siderophore
cephalosporin, via human drug transporters. Eur J Clin Phar-
macol. 2018;74:931–8.

 26. Katsube T, Wajima T, Ishibashi T, Ferreira JCA, Echols R.
Pharmacokinetic/pharmacodynamic modeling and simulation
of cefiderocol, a parenteral siderophore cephalosporin, for dose
adjustment based on renal function. Antimicrob Agents Chem-
other. 2017;61:e01381-e1416.

 27. Kawaguchi N, Katsube T, Echols R, Wajima T. Population
pharmacokinetic and pharmacokinetic/pharmacodynamic analy-
ses of cefiderocol, a parenteral siderophore cephalosporin, in
patients with pneumonia, bloodstream infection/sepsis, or com-
plicated urinary tract infection. Antimicrob Agents Chemother.
2021;65:e01437-e1520.

 28. Wunderink RG, Matsunaga Y, Ariyasu M, Clevenbergh P,
Echols R, Kaye KS, et  al. Cefiderocol versus high-dose,
extended-infusion meropenem for the treatment of Gram-
negative nosocomial pneumonia (APEKS-NP): a randomised,
double-blind, phase 3, non-inferiority trial. Lancet Infect Dis.
2021;21:213–25.

 29. Portsmouth S, van Veenhuyzen D, Echols R, Machida M, Ferreira 
JCA, Ariyasu M, et al. Cefiderocol versus imipenem-cilastatin
for the treatment of complicated urinary tract infections caused
by Gram-negative uropathogens: a phase 2, randomised, double-
blind, non-inferiority trial. Lancet Infect Dis. 2018;18:1319–28.

 30. Matsumoto S, Singley CM, Hoover J, Nakamura R, Echols R,
Rittenhouse S, et al. Efficacy of cefiderocol against carbapenem-
resistant gram-negative bacilli in immunocompetent-rat respira-
tory tract infection models recreating human plasma pharmacoki-
netics. Antimicrob Agents Chemother. 2017;61:e00700-e717.

 31. Monogue ML, Tsuji M, Yamano Y, Echols R, Nicolaua DP.
Efficacy of humanized exposures of cefiderocol (S-649266)
against a diverse population of Gram-negative bacteria in a
murine thigh infection model. Antimicrob Agents Chemother.
2017;61:e01022-e1117.

 32. Stainton SM, Monogue ML, Tsuji M, Yamano Y, Echols R,
Nicolau DP. Efficacy of humanized cefiderocol exposures over
72 hours against a diverse group of Gram-negative isolates in
the neutropenic murine thigh infection model. Antimicrob Agents 
Chemother. 2019;63:e01040-e1118.

 33. Matsumoto S, Kanazawa S, Nakamura R, Tsuji M, Sato T, Yamano
Y. n vivo efficacy of cefiderocol against carbapenem-resistant



81 

 1508 M. Bilal et al.

Gram-negative bacilli in murine urinary tract infection models. 
Open Forum Infect Dis. 2017;4:S472.

 34. Ghazi IM, Monogue ML, Tsuji M, Nicolau DP. Humanized expo-
sures of cefiderocol, a siderophore cephalosporin, display sus-
tained in vivo activity against siderophore-resistant Pseudomonas
aeruginosa. Pharmacology. 2018;101:278–84.

 35. Ito A, Nishikawa T, Matsumoto S, Yoshizawa H, Sato T, Naka-
mura R, et al. Siderophore cephalosporin cefiderocol utilizes
ferric iron transporter systems for antibacterial activity against
Pseudomonas aeruginosa. Antimicrob Agents Chemother.
2016;60:7396–401.

 36. Kidd JM, Abdelraouf K, Nicolau DP. Development of neutropenic 
murine models of iron overload and depletion to study the efficacy 
of siderophore-antibiotic conjugates. Antimicrob Agents Chem-
other. 2020;64:e01961-e2019.

 37. Roberts JA, Paul SK, Akova M, Bassetti M, De Waele JJ, Dimo-
poulos G, et al. DALI: defining antibiotic levels in intensive care
unit patients: are current ß-lactam antibiotic doses sufficient for
critically ill patients? Clin Infect Dis. 2014;58:1072–83.

 38. Federal Drug Administration. FDA briefing document for the
AMDAC. 2019. https:// www. fda. gov/ media/ 131703/ downl oad.
Accessed 31 Jul 2021

 39. Shionogi Inc. Cefiderocol advisory committee briefing document. 
2019. https:// www. fda. gov/ media/ 131705/ downl oad. Accessed 31 
Jul 2021

 40. Katsube T, Echols R, Wajima T. 739. Prediction of cefiderocol
pharmacokinetics and probability of target attainment in pediatric 
subjects for proposing dose regimens. Open Forum Infect Dis.
2019;6:S330–1.

 41. Gainey AB, Burch AK, Brownstein MJ, Brown DE, Fackler J,
Horne B, et al. Combining bacteriophages with cefiderocol and
meropenem/vaborbactam to treat a pan-drug resistant Achromo-
bacter species infection in a pediatric cystic fibrosis patient. Pedi-
atr Pulmonol. 2020;55:2990–4.

 42. Center for Drug Evaluation and Research (Food and Drug Admin-
istration). Approval package for Fetroja. 2020. https:// www. acces 
sdata. fda. gov/ drugs atfda_ docs/ nda/ 2020/ 20944 5Orig 1s002. pdf.
Accessed 31 Jul 2021

 43. Parsels KA, Mastro KA, Steele JM, Thomas SJ, Kufel WD. Cefi-
derocol: a novel siderophore cephalosporin for multidrug-resistant 
Gram-negative bacterial infections. J Antimicrob Chemother.
2021;76:1379–91.



82 

Cefepime Population Pharmacokinetics, Antibacterial Target
Attainment, and Estimated Probability of Neurotoxicity in
Critically Ill Patients

Muhammad Bilal,a,b Michael Zoller,c Uwe Fuhr,a Ulrich Jaehde,b Sami Ullah,a Uwe Liebchen,c Sören Büsker,a Johannes Zander,d

Baharak Babouee Flury,e Max Tauberta

aUniversity of Cologne, Faculty of Medicine and University Hospital Cologne, Center for Pharmacology, Department I of Pharmacology, Cologne, Germany
bDepartment of Clinical Pharmacy, Institute of Pharmacy, University of Bonn, Bonn, Germany
cDepartment of Anaesthesiology, Hospital of the Ludwig Maximilians University of Munich, Munich, Germany
dLaboratory of Dr. Brunner, Constance, Germany
eDivision of Infectious Diseases and Hospital Epidemiology, Kantonsspital St. Gallen, St. Gallen, Switzerland

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

KEYWORDS cefepime, population pharmacokinetics, probability of target attainment,
neurotoxicity

Cefepime is a fourth-generation cephalosporin antibiotic covering both Gram-positive
and Gram-negative bacteria (1). It was first approved in Europe in 1993 and in 1996 by Copyright © 2023 American Society for
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the U.S. Food and Drug Administration (FDA) for the treatment of moderate to severe pneu-
monia, complicated and uncomplicated urinary tract infections, uncomplicated skin and skin
structure infections, intra-abdominal infections, and, later, febrile neutropenia (2, 3). Through
its property as a zwitterion, cefepime has an enhanced ability to penetrate the outer cell
membrane porins of Gram-negative bacteria more rapidly than third-generation cephalo-
sporins (4). In addition, it is relatively stable to chromosomally encoded AmpC beta-
lactamase, representing the treatment of choice in AmpC producers that do not harbor
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extended-spectrum beta-lactamase enzymes (5). Cefepime has activity comparable to
that of ceftazidime against Pseudomonas aeruginosa (4). This broad-spectrum activity of cefe-
pime and its relative beta-lactamase stability make this drug suitable as an empirical treatment
for patients in intensive care units (ICUs) (6). The recommended standard dose of cefepime
according to EUCAST (European Committee on Antimicrobial Susceptibility Testing) is 1 g
every 8 h (q8h) or 2 g q12h (7). The manufacturer’s recommended dose of cefepime for
adults with mild to moderate infections and normal kidney function is 0.5 g to 1 g q12h
and for those with moderate to severe infections is 1 g to 2 g q12h (8). This dosing regimen
has been effective against the vast majority of streptococci, members of the Enterobacterales,
and Staphylococcus aureus (9). For patients with febrile neutropenia, the recommended dose
is 2 g q8h, all with a 30-min infusion (8). Cefepime doses of 2 g q8h in patients with normal
renal function are required to achieve adequate exposure and increase antibacterial effect
against susceptible P. aeruginosa infections (10). To account for the mainly renal elimination
of cefepime, in patients with an estimated creatinine clearance below 60 mL/min, dose
adjustment is required. The manufacturer’s dosing recommendations for the maintenance
dose for adults weighing more than 40 kg with renal impairment for severe infection are as
follows: 2 g q24h, 1 g every day, and 0.5 g every day for creatinine clearance estimated by
the Cockcroft-Gault equation (eCLCR) of 30 to 60 mL/min, 11 to 29 mL/min, and#10 mL/min,
respectively (8).

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

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

A comprehensive review and meta-analysis published in 2006 revealed that the use of
cefepime in febrile neutropenic patients was associated with higher mortality (17). The same
study team expanded their meta-analysis in 2007 to include all cefepime-treated patients,
and they still discovered higher mortality rates than in individuals receiving other broad-
spectrum b-lactam antibiotics (18). It has been reported that 15% of all ICU patients will
experience one symptom of cefepime neurotoxicity or another (19), but recognition of
these symptoms is difficult, as they reflect common conditions in critically ill patients.
Symptoms of neurotoxicity include confusion, encephalopathy, abnormal electroence-
phalography (EEG), nonconvulsive status epilepticus, and severe toxicity leading to coma
(20). In general, the neurotoxic symptoms, including encephalopathy, are reversible after
discontinuation of cefepime and/or after hemodialysis. The mechanism of the neurotoxic
effect is not yet known, but it has been related to the inhibition ofg -aminobutyric acid A
(GABA-A) receptors (21). Researchers have been attempting to link the neurotoxicity to plasma
cefepime exposure, but the available data are limited by the availability of trough-only
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TABLE 1 Cefepime-induced neurotoxicity based on plasma trough concentrations reported
in various studies

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

concentrations, retrospective study designs, total or calculated unbound concentrations, dif-
ficulties in defining the events, and lack of control for covariates affecting these events,
which are frequent in intensive care units (16).

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

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

RESULTS

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

TABLE 2 Summary of demographic and clinical characteristics of the patients

Characteristica Median (range) or no. of patients
60.8 (16.7–217)
56 (0–219)
70 (45–120)
62 (22–94)
6/8
1.68 (1.5–1.83)
25 (20–37)
2.5 (1.8–3.6)
0.8 (0.3–4.4)
53 (12–196)
4/10
1/13
4/10

eCLCR (mL/min)
mCLCR (mL/min)
Body wt (kg)
Age (yrs)
Sex (male/female)
Body ht (m)
BMI (kg/m2)
Serum albumin concn (mg/dL)
Serum creatinine concn (mg/dL)
Serum urea concn (mg/dL)
Lung transplantation (yes/no)
Liver transplantation (yes/no)
Dialysis (yes/no)
Sepsis (yes/no) 13/1

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy

aeCLCR, Cockcroft-Gault creatinine clearance; mCLCR, measured creatinine clearance based on 24-h urinary excretion of
creatinine and corresponding plasma concentration of creatinine in patients without hemodialysis; BMI, bodymass index.
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aRSE, relative standard error; CI, confidence interval; CLD, elimination clearance in dialysis patients; CLND, elimination
in nondialysis patients; V1, central volume of distribution; Q, intercompartmental clearance; V2, peripheral volume
of distribution; eCLCR, creatinine clearance estimated by the Cockcroft-Gault equation; IIV, interindividual
variability; IOV, interoccasional variability; CV, coefficient of variation; shr, shrinkage; SD, standard deviation.

Population pharmacokinetic model. A two-compartment model with linear elimi-
nation best described cefepime concentrations. The base model was parametrized in terms
of elimination clearance for nondialysis patients (CLND), clearance of CVVHD patients (CLD),
central volume of distribution (V1), the peripheral volume of distribution (V2), and inter-
compartmental clearance (Q). IIV was found to be significant on clearance and volume of
distribution. Interoccasional variability (IOV) estimated on clearance of both dialysis and
nondialysis patients was significant and decreased objective value function (OVF) by 45
points. IOV was tested on the volume of distribution and decreased OVF (by 16.9 points)
but was not properly identifiable. Parameter estimates of the final model and 95% confi-
dence interval for the parameter estimates are given in Table 3.

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

TABLE 3 Parameter estimates of cefepime obtained from the final modela

Parameter

NONMEM Bootstrap analysis

Estimate RSE (%) Shr (%) Median RSE (%) 95% CI
CLD (L/h) 2.74 13 2.71 9.26 2.29–3.19
CLND (L/h) 2.94 10 2.96 12.3 2.36–3.78
V1 (L) 8.88 38 9.06 17.9 5.70–12.2
Q (L/h) 27.4 54 24.7 22.4 16.8–41.7
V2 (L) 18.7 22 18.0 12.4 14.2–23.5
eCLCR effect on CLND 0.896 17 0.829 13.5 0.637–1.04
IIV CLD (CV %) 22.7 15 51 20.6 37.0 12.5–27.9
IIV CLND (CV %) 31.3 20 21 28.8 51.4 9.80–40.8
IIV V1 (CV %) 47.3 25 14 44.2 42.3 26.7–65.0
IIV V2 (CV %) 19.3 26 34 19.8 51.8 5.8–29.7
IOV CLND (CV %) 22.4 23 8 22.3 47.6 14.1–35.5
Proportional residual error (SD) 0.278 11 0.276 14.4 0.217–0.324

FIG 1 Goodness-of-fits plots for the final covariate cefepime population pharmacokinetic model. (A) Plot of observed concentrations versus individual predictions.
(B) Plot of observed concentrations versus population predictions. (C) Plot of conditional weighted residuals (CWRES) versus population predictions. (D) Plot of
CWRES versus time after the first dose. The dashed line represents the best linear fit. Black dots represent observed concentrations. The solid line represents
the line of identity or unity. The total number of ICU patients is 14, including four patients with continuous venovenous hemodialysis. The patients received a
median daily dose of 2,000 mg cefepime by 30-min intravenous infusions.

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy
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FIG 2 Prediction-corrected visual predictive check (n = 1,000). Solid dots represent observed concentrations. The
black solid line represents the median, and the lower and upper dashed lines are the 5th and 95th percentiles of
observed concentrations. Shaded areas are the respective model-predicted 95% confidence intervals. Dark-shaded
areas represent the median prediction interval, and light-shaded areas show the 2.5th and 97.5th percentiles of the
simulated data.

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy

parameters were estimated with sufficient precision (Table 3). Figure 2 shows prediction-
corrected visual predictive checks (pcVPC), confirming that the developed model was able
to capture the central trend and variability in the data except for the last few observations.

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

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

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

When the risk of neurotoxicity was estimated based on average plasma concentrations,
this risk would depend only on daily dose and not on dosing intervals; accordingly, a
prolonged dosing interval would deteriorate the efficacy-versus-neurotoxicity risk rela-
tionship in this evaluation (Fig. 4A and B).
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FIG 3 Combined effect of cefepime dose, dosing interval, and estimated creatinine clearance on both PTA and on the probability of neurotoxicity for an efficacy
target of (A) 65% T.MIC and (B) 100% T.2�MIC based on plasma trough cefepime concentrations. The color gradient in the background indicates the estimated risk
of neurotoxicity. The black lines represent 90% PTA for assumed MICs ranging from 0.5 to 16 mg/L.

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy
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FIG 4 Combined effect of cefepime dose, dosing interval, and estimated creatinine clearance on both PTA and on the probability of neurotoxicity for an efficacy
target of (A) 65% T.MIC and (B) 100% T.2�MIC based on plasma average cefepime concentrations. The color gradient in the background indicates the estimated
risk of neurotoxicity. The black lines represent 90% PTA for assumed MICs ranging from 0.5 to 16 mg/L.

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy
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TABLE 4 Suitable predicted cefepime doses administered q8h with an acceptable risk for
neurotoxicity (i.e., 20% or lower, based on average concentration) for selected creatinine
clearance valuesa

CLCR (mL/min) Dose (mg) required for 90% PTA
30 440
60 1,100
90 2,300
120 4,000
150 6,500

Antimicrobial Agents and Chemotherapy

aThe MIC target is up to 2 mg/L, and the PK/PD target used is 100% T.2�MIC.

For the pharmacodynamics targets of 100% T.2�MIC and PTA target of 90%, doses of
200 mg q8h and 1,000 mg q8h for a patient with a creatinine clearance of 60 mL/min and
150 mL/min, respectively, was predicted to be related to a probability of neurotoxicity of
less than 10% (based on average cefepime concentrations) and providing coverage for MICs
up to 1 mg/L. For the same PD target, a daily dose of 1,000 mg and 1,500 mg for CI predicted
low neurotoxicity risk for eCLCR values of 60 mL/min and 90 mL/min, respectively, and pro-
vided coverage for MICs up to 4 mg/L (Fig. 4B). Doses to achieve 100% T.2�MIC and to cover
MICs above 4 mg/L would in all cases be related to a high risk of neurotoxicity. Dosing inter-
vals of q12h and q24h would require higher doses to achieve the pharmacodynamics target
and thus would again deteriorate the balance of efficacy versus neurotoxicity risk as assessed
based on average cefepime concentrations (Fig. 4B). In summary, it is essential to take renal
function into account to select the appropriate daily cefepime dose, and a q8h dosing should
be preferred over reduced dosing frequencies, as it provides higher pharmacodynamics target
attainment, while a possible benefit regarding neurotoxicity risk because of lower trough
values is negligible (Fig. 3A and 4A). Table 4 shows typically suitable doses with an acceptable
risk of neurotoxicity for a MIC of 2 mg/L depending on the desired PTA.

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

DISCUSSION

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

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

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

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

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

A recently published study involving patients with hospital-acquired/ventilator-associated
pneumonia with.50% T.MIC as a treatment target and trough concentration of,20 mg/L as
a safety target recommended a dosing regimen of 2,000 mg via infusion every 12 h adminis-
tered over 4 h in patients with normal renal function (CLCR, 90 to 120 mL/min) for a MIC target
of 4 mg/L (38) (Table 5). However, no information on the risk of neurotoxicity was provided. In
our study, with a PD target of 65% T.MIC, doses of 500 mg q8h and 1,000 mg q8h with 30 min
infusion for eCLCR values of 60 mL/min and 90 mL/min, respectively, appear to be optimal for
MICs up to 4 mg/L and 1 mg/L, respectively, with ,10% neurotoxicity (Fig. 4A and B). The
dosing of 1,000 mg q8h is identical to the EUCAST recommendation for cefepime standard
dosing (7), while in a study with patients infected with Pseudomonas aeruginosa, a higher dos-
age of 2,000 mg q8h was required to provide attainment of similar targets (10), but neurotox-
icity was not addressed. Taking a trough concentration of$20 mg/L as the toxicity target and
100% T.MIC (with a MIC of 8 mg/L) as the efficacy target, Cheng et al. reported that for patients
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TABLE 5 Published cefepime dosing recommendations based on trough concentrations and renal functiona

eCLCR
(mL/min)

Dose
regimen

Patient
population

Trough
concn (mg/L)

Time of
infusion

MIC
(mg/L)

PKPD target
(% T>MIC)

Probability of efficacy
and neurotoxicity (%)a Reference

90–130 ,20 4 h 4 .50 NA 38

30 $20 30 min 8 100 E, 84–92; N, 8–44 27
65 $20 30 min 8 100 E, 46–53; N, 1–8 27
120

2,000 mg q12h Hospital-acquired-pneumonia
patients

1,000 mg q12h ICU patients
1,000 mg q12h ICU patients
1,000 mg q8h ICU patients $20 30 min 8 100 E, 40– 44; N, 1–6 27

Cefepime Population Pharmacokinetics in ICU Patients Antimicrobial Agents and Chemotherapy

aE, efficacy; N, neurotoxicity; NA, not available.

with a CLCR of 30 mL/min and 65 mL/min, 1,000 mg q12h will achieve 84 to 92% and 46 to
53% probability of efficacy and 8 to 44% and 1 to 8% probability of toxicity, respectively
(Table 5). For patients with a CLCR of 120 mL/min, the authors suggest that 1,000 mg q8h will
achieve a 40 to 44% probability of efficacy and 1 to 6% probability of toxicity (27). With a PD
target of 100% T.2�MIC and neurotoxicity target of ,10%, for eCLCR of 60 mL/min and of 120
mL/min, our study found doses of 366 mg q8h and 1,333 mg q8h, respectively, for a PTA of
90% for MICs up to 2 mg/L (Table 4). In this evaluation, we determined optimized dosing regi-
mens irrespective of the vial sizes currently available on the market. Therefore, combinations
and divisions of vials of 500 or 1,000 mgmight be required to provide doses close to the opti-
mal doses we identified. Several clinical trials have reported high efficacy for continuous infu-
sion (39, 40). Simulations for continuous infusion predicted high efficacy with lower daily doses
than those used with q8h, q12h, and q24h administration (Fig. 3 and 4). The predicted neuro-
toxicity risk was ,10%. Continuous infusion also has a pharmacoeconomic advantage over
intermittent dosing by achieving the same effect with a lower daily dose of medication (41).

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

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

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

Conclusion. In conclusion, the model makes it possible to balance the predicted ef-
ficacy and neurotoxicity risk of cefepime in critically ill patients, with emphasis on renal
function as the main covariate for exposure. Overall, a daily administration frequency
of q8h was found to have advantages over q12h and q24h. For the pharmacodynamics
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target of 100% T.2�MIC and PTA target of 90%, a dose of 1,333 mg q8h was related to a me-
dium to low neurotoxicity risk and coverage of bacteria with MICs up to 2 mg/L in patients
with an eCLCR of 120 mL/min. For MIC targets above 2 mg/L, higher doses are required, lead-
ing to a high risk of neurotoxicity. Continuous infusion improves the balance between efficacy
and neurotoxicity risk and provides higher efficacy with lower daily doses than q8h, q12h, and
q24h administration.

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

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

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

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

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

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

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

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

L
h

CL

� �
5CLTV � covariate

median

� �u

(1)

L
h

CL

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

Antimicrobial Agents and Chemotherapy

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

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

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

Data availability. The data that support the findings of this study are available from the correspond-
ing author upon request.
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NONMEM® control stream of cefepime population pharmacokinetic model 

$PROBLEM Pop PK model of cefepime 

$INPUT ID TIME DAY OCC EVID DV AMT RATE CG BF_CRCL FLAG 

AGE SEX HEIGHT WEIGHT DIALYSIS CR 

$DATA  cef.csv IGNORE=@ IGNORE=(FLAG.GT.0) 

$SUBROUTINE ADVAN6 TOL=6 

; Model Compartment s----------------------------------------------------------------------------------------- 

$MODEL COMP(CENT) 

COMP(PEREIP) 

; Model Compartment ------------------------------------------------------------------------------------------ 

$PK 

CRCL = (CG/60.8)**THETA(8) 

IF(AMT.GT.0)THEN 

TDOSE = TIME 

ENDIF 

TALD = TIME - TDOSE 

; Intra-occasional variability ----------------------------------------------------------------------------------- 

IF(OCC.EQ.1)THEN 

IOV_CL = ETA(5) 

ENDIF 

IF(OCC.EQ.2)THEN 

IOV_CL = ETA(6) 

ENDIF 

IF(OCC.EQ.3)THEN 

IOV_CL = ETA(7) 

ENDIF 

IF(OCC.EQ.4)THEN 

IOV_CL = ETA(8) 

ENDIF 

IF(OCC.EQ.5)THEN 

IOV_CL = ETA(9) 

ENDIF 

IF(OCC.EQ.6)THEN 
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IOV_CL = ETA(10) 

ENDIF 

IF(OCC.EQ.7)THEN 

IOV_CL = ETA(11) 

ENDIF 

IF(OCC.EQ.8)THEN 

IOV_CL = ETA(12) 

ENDIF 

IF (DIALYSIS.EQ.1) THEN 

CL = THETA(1)*EXP(ETA(1)+IOV_CL) 

ENDIF 

IF(DIALYSIS.EQ.0) THEN 

CL = THETA(2)*EXP(ETA(2)+IOV_CL)*CRCL 

ENDIF 

; Model Compartment ------------------------------------------------------------------------------------------ 

V1 = THETA(3) *EXP(ETA(3)) 

Q = THETA(4) 

V2 = THETA(5)  *EXP(ETA(4)) 

S1 = V1 

; Ordinary differential equations------------------------------------------------------------------------------- 

$DES 

CONC1=A(1)/V1 

CONC2=A(2)/V2 

 DADT(1) = CONC2*Q-CONC1*(Q+CL) 

 DADT(2) = (CONC1-CONC2)*Q 

; Residual unexplained variability parameters -------------------------------------------------------------- 

$ERROR 

IPRED = A(1)/V1 

    W = SQRT(THETA(6)**2*IPRED**2+ THETA(7)**2) 

    Y = IPRED + W*EPS(1) 

 IRES = DV-IPRED 

IWRES = IRES/W 

; Initial estimates ------------------------------------------------------------------------------------------------ 

$THETA   
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(0,2.72431) ; CLDIA 

(0,2.93462) ; CL_NONDIA 

(0,8.87084) ; V1 

(0,27.3031) ; Q 

(0,18.639) ; V2 

0.277448 ; Prop 

0 FIX; ADD 

(0,0.894216) ; CG 

$OMEGA  0.0500276  ;    IIV_DIA 

 0.0938004  ; IIV_NONDIA 

 0.201737  ;     IIV_V1 

 0.0366146  ;     IIV_V2 

$OMEGA  BLOCK(1) 

 0.0487528  ;     IOV_CL 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$OMEGA  BLOCK(1) SAME 

$SIGMA  1  FIX;      Prop 

; Estimation and table output----------------------------------------------------------------------------------- 

$ESTIMATION METHOD=1 INTER MAXEVAL=9999 NOABORT SIG=3 

PRINT=1 POSTHOC 

; Xpose 

$COVARIANCE 

$TABLE  ID TIME TALD DV EVID IPRED IWRES CWRES CG CRCL 

ONEHEADER  NOPRINT FILE=sdtab1 

$TABLE CL V1 V2 Q ONEHEADER NOPRINT FIRSTONLY FILE=patab1 
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Abstract
Purpose Currently, body weight-based dosing of rifampicin is recommended. But lately, fat-free mass (FFM) was reported 
to be superior to body weight (BW). The present evaluation aimed to assess the influence of body mass-related covariates 
on rifampicin’s pharmacokinetics (PK) parameters in more detail using non-linear mixed effects modeling (NLMEM).
Methods Twenty-four healthy Caucasian volunteers were enrolled in a bioequivalence study, each receiving a test and a 
reference tablet of 600 mg of rifampicin separated by a wash-out period of at least 9 days. Monolix version 2023R1 was 
used for NLMEM. Monte Carlo simulations (MCS) were performed to visualize the relationship of body size descriptors 
to the exposure to rifampicin.
Results A one-compartment model with nonlinear (Michaelis–Menten) elimination and zero-order absorption kinetics with 
a lag time best described the data. The covariate model including fat-free mass (FFM) on volume of distribution (V/F) and 
on maximum elimination rate (Vmax/F) lowered the objective function value (OFV) by 56.4. The second-best covariate 
model of sex on V/F and Vmax/F and BW on V/F reduced the OFV by 51.2. The decrease in unexplained inter-individual 
variability on Vmax/F in both covariate models was similar. For a given dose, MCS showed lower exposure to rifampicin 
with higher FFM and accordingly in males compared to females with the same BW and body height.
Conclusion Our results indicate that beyond BW, body composition as reflected by FFM could also be relevant for optimized 
dosing of rifampicin. This assumption needs to be studied further in patients treated with rifampicin.

Keywords Rifampicin · Population pharmacokinetics · Fat-free mass · Body weight · Covariate modeling
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Introduction

Tuberculosis (TB) is still the leading cause of death in infec-
tious diseases [1]. According to the World Health Organiza-
tion (WHO), around 1.6 million people died of an estimated 
10.6 million cases from TB in 2021, reflecting an increase 
of 4.5% from 2020 [2]. In addition, the COVID-19 pan-
demic has further compromised TB control programs [3].

Rifampicin remains a key anti-TB drug since its intro-
duction in 1968. Rifampicin inhibits DNA-dependent RNA 
polymerase in Mycobacterium tuberculosis and suppresses 
RNA synthesis by binding to the β-subunit of the enzyme, 
leading to cell death. Moreover, it treats leprosy and is 
effective against Gram-positive cocci, including methicil-
lin-resistant staphylococci [4–6].

Rifampicin is readily absorbed from an empty stomach 
and attains maximum plasma concentrations of approxi-
mately 10 mg/L within 2 h following a single dose of 
600 mg [7]. Oral absorption of rifampicin is slower when 
administered with food [8]. The drug is highly lipophilic, 
and approximately 86 to 89% is bound to plasma proteins 
[9, 10]. Rifampicin is quickly distributed throughout the 
bodily fluids, with around 5% of plasma concentrations 
reaching cerebrospinal fluid [1]. Plasma elimination 
half-life is approximately 3 to 4 h but decreases to 1 to 
2 h after multiple administrations due to massive auto-
induction [11]. Both rifampicin and its major metabolite, 
desacetylrifampicin, are primarily excreted in bile and 
removed in feces. Up to 30% of the administered dose is 
renally excreted, and only about 7% of a dose is excreted 
unchanged in urine [12, 13]. A greater than proportional 
increase in exposure in plasma is seen when the dose of 
rifampicin is increased (non-linear pharmacokinetics) [14]. 
A reduction in the exposure of concomitantly consumed 
medicines is frequently seen as a result of rifampicin’s 
extensive induction of various phase I and II metabolic 
enzymes and drug transporter proteins [1]. Significant 
induction occurs within several doses after initiating 
rifampicin therapy, reaches full extent in about 1 week, and 
disappears within about 2 weeks after discontinuation [15].

The antibacterial effect of rifampicin in patients was 
formerly thought to be related to Cmax/minimum inhibitory 
concentration (MIC), but recent preclinical investigations 
have shown that the area under time concentration–time 
curve (AUC)/MIC is better correlated with the reduction 
of bacterial counts [16].

It is standard practice to adjust rifampicin doses to total 
body weight (BW) with 10 mg/kg as the target dose [17]. 
Lately, fat-free body mass (FFM) was reported to be a 
better predictor than BW in explaining inter-individual 
variability of rifampicin exposure, in particular with 
higher doses where greater variability is expected [18, 19]. 

Among other possible reasons, increased hepatic metabo-
lism related to higher body size in males was discussed to 
explain the higher rifampicin clearance [20]. While poten-
tial sex differences are more relevant for patients with 
chronic dosing, assessing such differences in healthy vol-
unteers with a single dose and in the absence of metabolic 
auto-induction might help understand the background 
of such an effect. In the present evaluation, population 
(Pop) PK modeling of rifampicin was applied to data from 
healthy Caucasian subjects to further assess the variability 
of PK parameters of rifampicin and to identify the optimal 
body mass-related predictors of PK parameters.

Methods

Subjects and method

The data were obtained from a phase I/IV randomized, 
cross-over, open-label bioequivalence study (EUDRACT-
No: 2017–004418-24). The study was approved by the Eth-
ics Committee of the Medical Faculty of the University of 
Cologne (18–006) and carried out in complete agreement 
with the pertinent version of the Declaration of Helsinki 
and all other relevant regulations. All volunteers provided 
written informed consent before participation in the study.

Study design

The study was carried out with twenty-five healthy Cau-
casian volunteers, with one drop-out before the first drug 
administration. All other volunteers completed the study, and 
pharmacokinetic and safety data were available in 24 indi-
viduals (11 men/13 women). Volunteers had to be between 
18 and 85 years old and have a body mass index (BMI) 
between 18.5 and 30 kg/m2. The subjects were deemed fit 
for the study after extensive standard pre-study screening 
(medical history, physical examination, vital signs, labora-
tory tests, electrocardiography, etc.). Main exclusion criteria 
included hypersensitivity to rifampicin or any of the excipi-
ents of the preparations, any relevant clinical abnormality, 
smoking, chronic or acute medication, extensive ethanol 
consumption (> 28 g per day for males, > 14 g per day for 
female subjects), special dietary requirements, and history 
of substance addiction. Subjects had to abstain from alcohol, 
methylxanthine-containing beverages, orange juice, apple 
juice, and grapefruit products, and from extreme physical 
activities starting 72 h before drug administration. Pregnant 
and lactating women were also excluded. Participants were 
randomly allocated to one of the two sequences of the study, 
each receiving a single dose of either the test or the reference 
tablet of 600 mg rifampicin first and the alternate treatment 
after a wash-out period of at least 9 days. Test preparation 
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was a novel rifampicin 600 mg tablet manufactured by Infec-
toPharm Arzneimittel und Consilium GmbH, Heppenheim, 
Germany, while reference preparation was a single oral dose 
of 600 mg tablet (EREMFAT®) manufactured by RIEMSER 
Pharma GmbH, Frankfurt am Main, Germany.

Blood sampling

Blood samples were taken using an indwelling intravenous 
cannula inserted into a forearm vein. For each PK sample, up 
to 5 ml of blood was collected in sodium heparinized tubes 
at predose and 0.16, 0.33, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 
2.25, 2.5, 3, 3.5, 4, 6, 9, 12, 16, and 24 h after drug admin-
istration. Within 30 min after withdrawal, blood samples 
were centrifuged at 4 °C at 1992 g for 10 min. After that, the 
plasma samples were stored at ≤ −70 °C until measurement.

Bioanalysis

The quantification of rifampicin was carried out by using a 
validated liquid chromatography-tandem mass spectrometry 
(LC–MS/MS) method [21–23]. This process was performed 
by Analytical Clinical Concepts GmbH, Leidersbach, Ger-
many, and adhered to both EMA and FDA guidelines on bio-
analysis. A Shimadzu liquid chromatography system (LC-
20AD Pump, Duisburg, Germany) was used for separation. 
The Analyst® Software version 1.6.2 (AB Sciex, Concord,  
Canada) was used for data acquisition, peak integration, and 
quantification of analytes. Rifampicin was obtained from 
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany,  
and rifampicin (rifampicin-d8) internal standard (IS) was 
obtained from Alsachim, Strasbourg, France. 200 µL of 
plasma was mixed with 500 µL of methanol, 20 µL of 
ascorbic acid (0.5 mg/L), and 20 µL of the internal stand-
ard (rifampicin-d8: 100 µg/mL). After shaking the mixture 
at a speed of 3000  min−1, it was centrifuged at 10,500 g 
for 10 min (4 °C). 50 µL of the supernatant mixed with 
400 µL mobile phase was transferred to a reaction vial 
and stored for 10 min at ≤ 20 °C. The sample was centri-
fuged for 10 min (4 °C) at 10,500 g, and the supernatant 
was transferred to an autosampler vial (HTC PAL, CTC  
Analytics AG, Zwingen, Switzerland). In the LC–MS/MS 
system, 10 µL was injected. Analytes were separated using a 
Kinetex®  C18 chromatographic column (50 × 4.6 mm inter-
nal diameter, Phenomenex, Aschaffenburg, Germany) with  

a pre-column (4 × 3 mm internal diameter, Phenomenex, 
Aschaffenburg, Germany) and detected using an AB Sciex 
2000 (Concord, Canada) mass spectrometer equipped with 
electrospray ionization source (TurbolonSpray®). The chro-
matographic separation was achieved by isocratic elution at 
a flow rate of 0.65 mL/min. The mobile phase consisted of 
600 mL ammonium formate (2 mM), 1400 mL methanol, 
and 2 mL formic acid. The ion spray voltage was 4000 V, 
and the temperature was set to 400 °C. Ions [M +  H]+ were 
detected in multiple reaction monitoring modes using 
the transitions of m/z 823.4 → 791.4 for rifampicin and 
831.4 → 799.3 for IS, respectively. The column temperature 
was 25 °C. The linear calibration curve for rifampicin ranged 
between 100 and 50,000 ng/mL (r > 0.9976). The lower limit 
of quantification (LLOQ) was 100 ng/mL. Stability inves-
tigations during method validation showed that rifampicin 
was stable in plasma at room temperature for at least 6 h 
and during three thaw/freeze cycles (between ≤ −70 °C and 
room temperature). For the entire calibration range, accuracy 
given as a relative deviation of the mean from the nominal 
value was between −1.0 and 10.7%. The precision expressed 
in CV was ≤ 8.1% for intra-day and inter-day measurements.

Population PK analysis

Monolix software version 2023R1 (Lixoft®, Antony, 
France) was used for non-linear mixed effect modeling 
[24]. The data were fitted using one and two-compartment 
models with linear and non-linear (Michaelis–Menten) 
elimination (see Fig. 1). Various absorption models were 
evaluated, including zero and first order, with and without 
lag time, and/or with transit compartments. In all models 
tested, elimination was assumed to take place from the 
central plasma compartment. The data below the limit of 
quantification (BQL) was defined as interval-censored at 
the limit of quantification, 0.1 mg/L [25]. The stochastic 
approximation expectation–maximization algorithm in 
Monolix includes simulations of the left-censored data in a 
right-truncated Gaussian distribution [26]. This is similar to 
the M4 method implemented in NONMEM to handle BQL 
data points [27]. Corrected Bayesian Information Criterion 
(BICc) was used to select non-nested models, and models 
with the lowest values of BICc were considered superior 
[28]. Inter-individual variability (IIV) was tested empirically 
on all PK parameters and was assumed to be log-normally 

Tlag, Tk0 Plasma compartment ∗ / +
Rifampicin 600 mg 

Fig. 1  Proposed structural model. Tlag, lag time; Tk0; zero-order process;Vmax, maximum elimination rate; Km, Michaelis–Menten constant; Cp, 
plasma concentration
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BW and BMI for both males and females, as shown in Eqs. 2 
and 3, respectively [30]. Notably, the ranges of FFM for 
females and males in our study population do not overlap 
(Table 1). Physiological plausibility and statistical signifi-
cance, i.e., a reduction in objective value function (OFV) 
with a decrease of 3.84 (P < 0.05) for forward inclusion and 
an increase in the OFV of 10.8 (P < 0.01) for backward elim-
ination [31], usual diagnostic plots (GOF plots), and visual 
predicted check (VPC), were the basis of selection of the 
final covariate model. VPC was plotted by simulating 1000 
virtual subjects to compare observed data with model-based 
simulated data to assess the adequate predictive ability of the 
models. A nonparametric bootstrap analysis (1000 samples) 
was performed in R using the bootmlx function from Rsmlx 
(R speaks Monolix, version 2023.1.1) package.

Monte Carlo simulations

Monte Carlo simulations (MCS) were performed for the base 
model and FFM covariate model only to explore the effect of 
FFM on exposure to rifampicin. Using the mrgsolve package 
version 1.0.6 in R, 10,000 virtual subjects were simulated for a 
single oral dose of 600 mg rifampicin [32].

Results

Population pharmacokinetic model

A total of 912 concentrations (median 8.19 (range 0.1 to 
31.2) mg/L) obtained from 24 subjects were used for model 
building, of which 99 observations (10.8%) were BQL. The 
subject’s median age and body weight were 39.5 years and 
68 kg, respectively (Table 1). The PK data of rifampicin in 
our study was best described by a one-compartment model 
and zero-order absorption with lag time and nonlinear 
(Michaelis–Menten) elimination (Fig. 1). A comparison of 
different base models is given in Table 2. Random effects 
were applied to describe IIV on the volume of distribution 
(V/F), maximum elimination rate (Vmax/F), and IOV on 
lag time (Tlag), zero-order absorption rate (Tk0), V/F, and 
Vmax/F including a correlation between IOV of Tlag and 

(1)PKi = PKpop ∗

(

COVi

COVi(weighted mean)

)�

(2)FFM(male) =
9.27 ∗ 10

3 ∗ BW

6.68 ∗ 10
3 + 216 ∗ BMI

(3)FFM(female) =
9.27 ∗ 10

3 ∗ BW

8.78 ∗ 10
3 + 244 ∗ BMI

BMI body mass index, FFM fat-free mass, kg kilogram, m meter, m2 
meter square, BSA body surface area

distributed. The two periods were assumed to be two sep-
arate occasions, and inter-occasion variability (IOV) was 
tested empirically on all PK parameters. The correlation 
between random effects was also investigated, and a strong 
correlation, i.e., lowering the BICc value by more than 2 
points in the non-nested models, was added to the model. 
To describe the residual variability, constant, proportional, 
and combined error models were assessed.

Covariate analysis

In a prior non-compartmental analysis of this study, it was 
confirmed that both rifampicin preparations were bioequiva-
lent (data not shown), which allowed us to pool the data 
for the present analysis. Using the base population phar-
macokinetic model, the potential effect of the identity of 
the rifampicin preparation on rifampicin PK parameters was 
evaluated as a covariate, along with age, sex, BW, BH (body 
height), body surface area (BSA), BMI, and FFM. Continu-
ous covariates were modeled using power models normal-
ized by weighted means, i.e., the average of the individual 
covariate values weighted by the number of observations per 
individual. Continuous covariates were modeled as shown in 
Eq. 1, where PKi is a PK parameter in the ith subject, PKpop 
is the population parameter estimation, β is the estimated 
coefficient of the covariate effect, COVi is the value of the 
covariate for subject i, and sex as a categorical covariate was 
modeled using a linear model where females were taken as 
reference. Subject characteristics used for covariate model 
development are given in Table 1. BSA was derived using 
the Mosteller formula [29], and FFM was calculated from 

Table 1  Subject characteristics used for covariate model development

Demographics Median (range)

11/13

63.8 (48.5–73.1)
1.65 (1.55–1.76)
39.2 (33.7–44.8)
23.09 (18.7–26.7)
37.0 (21.0–58.0)
1.66 (1.47–1.85)

82.9 (57.8–91.0)
1.81 (1.63–1.89)
63 (47.09–68.9)
24.7 (20.1–29.7)
43.0 (22.0–64.0)

Sex (male/female)
Female
Body weight (kg)
Body height (m)
FFM (kg)
BMI (kg/m2)
Age (years)
BSA  (m2)
Male
Body weight (kg)
Body height (m)
FFM (kg)
BMI (kg/m2)
Age (years)
BSA  (m2) 2.05 (1.62–2.18)
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Table 2  Comparisons of different base models with zero- and first-order absorption with or without delay and transit compartments, one or two 
or three distribution compartments, and linear and non-linear elimination

BICc  Corrected Bayesian Information criteria,  OFV  objective function value,  cmt  compartment,  MM  Michaelis–Menten, ∆BICc  change in  
BICc value, ∆OFV change in OFV

Nr: Delay Absorption Distribution Elimination BICc ∆BICc OFV ∆OFV

1 Lag time Zero-order One cmt MM 3046 Final base model 2972 Final base model
2 Lag time First-order One cmt MM 3159 113 3083 111
3 Lag time Zero-order One cmt Linear 3180 134 3113 141
4 Lag time First-order One cmt Linear 3270 224 3208 236
5 Transit cmt First-order One cmt MM 3688 642 3622 650
6 Transit cmt First-order One cmt Linear 3761 715 3702 730
7 No delay Zero-order One cmt MM 4636 1590 4591 1619
8 No delay Zero-order One cmt Linear 4696 1650 4655 1683
9 No delay First-order One cmt Linear 4757 1711 4713 1741
10 No delay First-order One cmt MM 4765 1719 4714 1742

Table 3  Parameter estimates of base and covariate models and bootstrap medians with respective 95% confidence intervals of the sex + body 
weight and FFM covariate models

OFV Objective function value, BW body weight, RSE  relative standard error, CV coefficient of variation, Tk0 zero-order absorption, Tlag  lag 
time,  V/F  volume of distribution,  Vmax/F  maximum elimination rate,  Km  Michaelis–Menten constant,  bio  bioavailability,  FFM  fat-free 
mass, SexV/F effect of sex on the volume of distribution, BWV/F effect of body weight on volume of distribution, FFMV/F effect of fat-free mass 
on volume of distribution, IIV  inter-individual variability, IOV  inter-occasion variability, Corr correlation, CI confidence interval, β estimated 
coefficient of the covariate effect

Base model Sex + BW covariate model FFM covariate model

OFV 2972.77 2921.53 2916.33

Parameter Estimates (RSE %) Estimates (RSE %) Bootstrap median (95% CI) Estimates (RSE %) Bootstrap median (95% CI)

0.340 (5.52) 0.340 (5.49) 0.340 (5.53)
0.460 (9.17) 0.470 (9.02) 0.470 (8.99)
36.2 (5.28) 33.2 (3.11) 36.2 (2.21)
191 (7.28) 157 (6.70) 190 (4.39)
20.4 (5.45) 20.2 (4.70)

0.338 (0.300–0.382)
0.466 (0.382–0.561)
33.1 (31.0–36.4)
154 (134–175)
19.7 (16.6–22.5) 20.1 (2.44)

0.337 (0.301–0.382)
0.463 (0.386–0.561)
36.1 (34.5–38.2)
188 (167–209)
19.8 (17.3–22.9)

-

- -

0.190 (0.079–0.280)
1.00
0.417 (0.252–0.417)
- 1.00 (fixed) 1.00
- 0.750 (fixed) 0.750

24.4 (17.4) - - -
39.0 (15.7) 18.5 (16.9)
39.1 (10.5) 39.0 (10.6)
66.9 (11.3) 65.5 (11.2)
13.5 (15.9) 14.9 (10.9)
9.38 (16.4) 9.39 (16.4)

19.6 (13.9–23.9)
44.8 (27.3–63.3)
79.4 (56.8–105)
15.3 (9.63–22.8)
9.63 (7.14–12.2)

0.390 (33.7)

20.2 (13.9–25.6)
44.5 (28.0–63.7)
80.7 (58.7–106.2)
15.9 (9.52–23.6)
9.52 (6.93–12.4)
0.439 (0.051–0.659) 0.410 (31.6) 0.425 (0.079–0.670)

Fixed effects
Tlag (h)
Tk0 (h)
V/F (L)
Vmax/F (mg/h)
Km (mg/L)
Covariate effect
β sex on V/Fsex+BW

β BW on V/Fsex+BW

β sex on Vmax/Fsex+BW

β FFM on V/FFFM

FFM on Vmax/FFFM

Random effects and correlation
IIV V/F (CV %)
IIV Vmax/F (CV %)
IOV Tlag (CV %)
IOV Tk0 (CV %)
IOV V (CV %)
IOV Vmax (CV %)
Corr. IOV Tlag & IOV Tk0
Error model parameters
Additive residual error (mg/L) 0.0610.061 ( 0.060 (7.69)
Proportional residual error (%) 11.011.0 (3

0.190 (24.6)
1.00 (Fixed)
0.420 (20.3)

-

-
19.7 (16.7)
38.8 (10.5)
65.7 (11.1)
15.4 (10.9)
9.32 (16.4)
0.420 (31.0)

0.060 (7.85)
11.0 (3.33)

0.060 (0.049–0.070)
10.8 (9.70–12.0) 11.0 (3.31)

0.060 (0.048–0.069)
10.8 (9.80–11.9)
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∆OFV  change in objective function value,  BH  body height,  BW 
body weight,  FFM  fat-free mass,  V/F  volume of distribution, 
Vmax/F maximum elimination rate

Tk0. Point estimates of the base model are given in Table 3. 
A combined additive and proportional error model best 
explained the residual unexplained variability. The model 
code and individual fits of all subjects of the base model are 
shown in Supplementary material.

Covariate modeling

Covariates tested on PK parameters were significant on V/F 
and Vmax/F (Table 4). The best covariate model included 
FFM only, followed by the sex + BW model. The covariate 
model with FFM on both V/F and Vmax/F decreased the 
objective function value (OFV) by 56.4 points compared 

with the base model. Adding sex as a separate covariate in 
addition to FFM did not improve the model further. An alter-
native covariate model including sex on both V/F as well as 
Vmax/F and BW on V/F lowered the OFV by 51.2 points. 
The residual IIV on Vmax/F in the base model was 39.0 (CV 
(coefficient of variation) %), which was lowered to 18.5 and 
19.7 for FFM and sex + BW covariate models, respectively. 
Estimating power parameters empirically did not result in a 
statistically significant improvement in the covariate mod-
els. Replacing BW by BSA in this model lowered the OFV 
by 3.24 points from the sex + BW model however failed to 
meet the backward deletion criteria. Body height only was 
also significant on V/F and Vmax/F but to a lower extent 
than the covariate models mentioned above, i.e., lowering 
OFV by 42.9 points. When tested on Tlag and V/F, BMI was 
significant and lowered OFV by 4.02 and 5.11, respectively. 
However, it did not meet the backward elimination criteria. 
Including the covariates explained most of the variability of 
V/F, making IIV on V/F non-significant. The point estimates 
of the sex + BW and the FFM covariate models are shown 
in Table 3. The identity of the preparation (test or reference) 
had no significant effect on any of the parameters.

Model evaluation

The individual and population prediction plots for 
sex + BW and FFM covariate models are shown in Figs. 2 
and 3, respectively. Observations were uniformly distrib-
uted along the identity line for individual and population 

Table 4  Summary of covariate models with change in objective func-
tion value

Nr: Covariate model ∆OFV

1 - 37.
2 - 38.
3

BW on V/F & Vmax/F
Sex on V/F & Vmax/F
BH on V/F & Vmax/F - 42.

4 - 47.0
5 - 48.
6 - 51.
7

Sex on Vmax/F and BSA on V/F
BSA on V/F & Vmax/F
Sex on V/F & Vmax/F and BW on V/F
FFM on V/F & Vmax/F - 56.

Fig. 2  Individual predictions vs observations of a sex + BW and b FFM covariate models. Solid blue dots represent observed concentration, and 
solid red dots represent data below the limit of quantification (BQL). The black line is the line of unity, and the dotted line represents the spline
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predictions of both covariate models except for early high 
concentrations, i.e., above or ~ 25 mg/L in population 
prediction plots. No systematic over- or under-prediction 
was evident from plots of residuals (see Figs. 4 and 5). 
Figure 6 shows the prediction corrected (pc) VPC for 
both sex + BW and FFM covariate models. The figures 
show that both the models captured the central trend and 
variability in the data. A semi-logarithmic pc-VPC is 
provided in supplementary Fig. 2. All parameter point 
estimates were within the 95% CI and close to the boot-
strap median (Table 3).

Monte Carlo simulations

Figure 7 illustrates the relationship of FFM to expo-
sure to rifampicin. AUC and FFM ranging from 30 to 
60 kg in female individuals and from 50 to 80 kg in 
male individuals were simulated for the FFM covariate 
model and the base model without covariates for an oral 
dose of 600 mg. MCS showed lower overall exposure to 
rifampicin with higher FFM. For each FFM value used 
for simulations, biometric characteristics for a male and 
a female individual with respective typical body height 
in our population are shown to illustrate the meaning 
of FFM. Furthermore, the error bars show a signifi-
cant reduction in variability comparing the model with 
FFM to the base model, indicating that the covariates 
explained a relevant extent of random variability.

Discussion

We developed a population PK model of rifampicin based 
on a rich blood sampling schedule in healthy subjects. We 
found that either FFM or a combination (second-best) of 
body weight and sex explained some of the pharmacokinetic 
variability better than body weight alone did.

Published PK models of rifampicin vary in terms of 
absorption, presence of non-linearity, and auto-induction 
components, all typical characteristics of rifampicin. Most 
studies reported a one-compartment model with various 
approaches to describe absorption, including first-order 
absorption, sequential zero, and first-order absorption with 
lag time [20, 33–36], or incorporating transit compartments 
[37–42]. Most studies reported first-order elimination [20, 
36, 37, 42–45], while a few investigations reported saturable 
elimination for rifampicin [19, 39, 41]. A two-compartment 
model [46, 47] and a three-compartment model have also 
been reported in the literature for rifampicin [48]. In the 
present study, one distribution compartment with zero-order 
absorption and lag time linked with Michaelis–Menten elim-
ination best fits the data.

The identity of the rifampicin preparation in this study 
did not influence the pharmacokinetic parameters, includ-
ing those describing drug absorption. A study conducted 
by Männistö nicely demonstrated that the bioavailability of 
oral preparations of rifampicin may differ considerably, with 
liquid preparations achieving much higher bioavailability 

Fig. 3  Population predictions vs observations of a sex + BW and b FFM covariate models. Solid blue dots represent observed concentration, and 
solid red dots represent BQL data. The black line is the line of unity, and the dotted line represents the spline
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Fig. 4  Scatter plots of the residuals of sex + weight covariate model. 
The dotted line is the mean of the residuals. Solid red dots repre-
sent simulated observations below the limit of quantification data. 
a PWRES versus time, b IWRES versus time, c NPDE versus time, 

[49]. It is difficult to predict the bioavailability of imme-
diate release solid oral rifampicin preparation by in vitro 
dissolution studies, which is mainly attributable to the poor 
solubility at neutral pH, making rifampicin a BCS (Biop-
harmaceutics Classification System) class 2 drug [50]. In 
addition, a more than linear increase of exposure with the 
dose may contribute to the poor predictability of the bio-
availability of rifampicin preparations.

Since the early 1970s, it has been known that rifampicin 
exposure increases more than linearly with dose [51], with 
saturable hepatic extraction/saturable biliary excretion 
being the reported reasons [7, 19, 51]. Several studies have 
also reported saturable (Michaelis–Menten) elimination 
of rifampicin [16, 35], which is confirmed by our results. 
We could not include auto-induction in our model, which 
is to be expected as only a single dose of rifampicin was 
administered. In other reports, rifampicin is also reported 
to follow first-order elimination. However, in the respective 
population’s PK models, rifampicin is administered along 

d PWRES versus population prediction, e IWRES versus individual 
prediction, and f NPDE versus population prediction. PWRES, pop-
ulation-weighted residuals; IWRES, individual weighted residuals; 
NPDE, normalized prediction distribution errors

with other anti-TB drugs and/or other medication for comor-
bidities, and sampling densities may not have been suitable 
to derive more complex PK models [35, 37, 52].

A typical form of dose individualization is drug dosing 
based on total body weight. The use of weight-band dosing of 
rifampicin is well established. BW has been reported to be a 
significant covariate on clearance and volume of distribution of 
rifampicin. A decrease of 8% in unexplained IIV using BW as 
a covariate on volume of distribution had been reported [53], 
while Schipani et al. reported a reduction of 15.5% in a joint 
covariate model of weight and age on clearance [45]. However, 
Susanto et al. reported that weight-band dosing of rifampicin 
could not reduce between-subject variability in AUC 0–24 for 
high doses in adult TB patients. The authors concluded that 
weight-band dosing of rifampicin does not provide any benefit 
over flat dosing [54]. Despite body weight-adjusted dosing, 
previous studies indicated that in comparison to females, males 
are more likely to have lower plasma rifampicin concentra-
tions [55]. When tested as a covariate, male gender increased 
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Fig. 5  Scatter plots of the residuals of the FFM covariate model. The 
dotted line is the mean of the residuals. Solid red dots represent simu-
lated observations below the limit of quantification data. a PWRES 
versus time, b IWRES versus time, c NPDE versus time, d PWRES 

the value of clearance and volume of distribution by 40% and 
29%, respectively, in Mexican patients with TB [20]. Medellín-
Garibay et al. reported a high volume of distribution and clear-
ance in male individuals compared to females [36]. In one of 
our models, sex together with body weight were significant 
covariates and jointly decreased residual IIV on Vmax/F  by 
19.3 (CV%) (Table 3), while the FFM-based model (in terms 
of OFV) suggests that the relationship to sex may be the result 
of different body composition between men and women (see 
below) Still, despite being related to Vmax/F, none of the sig-
nificant covariates in our models are causally linked to this 
parameter and therefore must be regarded as empirical sur-
rogate parameters. Overall, the majority of available data sup-
ports that body weight as a descriptor of body size improves 
the prediction of rifampicin exposure. However, it may not be 
the most suitable or only useful respective descriptor, as body 
composition also depending on sex is not taken into account 
when dosing rifampicin based on body weight.

versus population prediction, e IWRES versus individual predic-
tion, and f NPDE versus population prediction. PWRES, population-
weighted residuals; IWRES, individual weighted residuals; NPDE, 
normalized prediction distribution errors

Indeed, FFM as another body size descriptor in the phar-
macokinetic literature performed better than BW + sex or 
BSA + sex in our evaluation. FFM was derived in 1945 by 
Rathbun and Pace [56]. Jeremiah et al. reported that FFM is 
a better size predictor of both clearance and volume of dis-
tribution of rifampicin when compared to BW in TB patients 
coinfected with HIV [39]. A semi-mechanistic model of FFM 
developed by Janmahasatian et al. [30] by incorporating sex, 
body weight, and BH was used for FFM covariate modeling 
(Eqs. 2 and 3). FFM was the most significant covariate of all 
the covariates tested (Table 4) and decreased residual IIV on 
Vmax/F  by 20.5(CV%) (Table 3). The simulation results in 
our study, based on the FFM model, illustrate (Fig. 7) the 
degree to which exposure depends on FFM. According to the 
differences in FFM, the exposure of rifampicin was higher 
in females than males and decreased in both sexes with an 
increase in FFM. Measuring FFM requires experimental 
procedures that are complex and/or costly, precluding their 
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Fig. 6  Prediction corrected visual predictive check (n = 1000) of 
A sex + BW and B FFM covariate model. Solid blue dots represent 
observed concentrations. Solid red dots represent BQL data. Solid 
blue lines represent observed concentrations’ median and 10th and 

90th percentiles. Shaded areas are the model-predicted 90% confi-
dence intervals of 10th, 50th, and 90th percentiles (lower blue area, 
red area, upper blue area, respectively). Black dotted lines represent 
medians of the respective confidence intervals of simulated data

Fig. 7  Effect of weight on simulated exposure of rifampicin for 
a 600  mg oral dose with FFM as a covariate and without covariate 
effect. Bars represent 5th and 95th percentiles, and dotted black lines 
represent 5th and 95th percentiles without taking a body size-related 
covariate into account. AUC, area under the concentration–time 

curve. Body weight (BW) is given with each FFM value for a male 
individual with a typical body height (BH) in the study population of 
185 cm and a female individual with a typical body height of 165 cm 
to illustrate the meaning of FFM
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application in standard clinical practice. The methods used 
to experimentally assess FFM vary depending on principles 
such as whole-body counting, bioimpedance, densitometry, 
dual-energy X-ray absorptiometry, medical imaging, and 
hydrometry. They differ in their methods and fundamental 
biological presumptions that are often not applicable to some 
populations, such as children, the elderly, and those with spe-
cific disease states [57]. As a result, models that forecast 
FFM from quantifiable factors, including body weight and 
height, are employed in both population pharmacokinetic 
modeling and clinical practice. It is unclear which of the vari-
ous procedures to forecast FFM are the most reliable [57]. 
This uncertainty is a caveat for the use of FFM for individual-
ized dosing, and using covariates that are available without 
further assumptions such as body weight together with sex 
has the advantage of easy implementation.

The U.S. Food and Drug Administration recommends 
BSA scaling for using animal model species data to estab-
lish safe starting doses for the first in human clinical studies 
[58]. Most established BSA formulae are based on variables 
including body weight and height [59]. In 1987, Mosteller 
[29] int oduced a simplified method of the BSA equation
initially proposed by Gehan and George [60] without taking
sex differences into account. Sex differences in the pharma-
cokinetics of drugs have been reported in the literature. FDA
identified statistically significant sex differences in about
28% of data sets from bioequivalence trials and suggested
that drug exposure difference could exceed 50% [61]. Simi-
larly to FFM, BSA is also a derived parameter based on an
individual’s BW and body height. When considered with
sex, BSA did not offer a significant advantage over BW and
sex only (Table 4). BMI is currently the typical worldwide
measure for classifying obesity. In this study and the study
conducted by Gao et al., BMI was not a significant covari-
ate on PK parameters of rifampicin [52]. BMI increases
with total body weight but cannot distinguish adipose tissue
from muscle mass, and its usefulness as a dosage scalar is
restricted because patients with a large muscle mass would
get the same dose as patients with a large fat mass. Addi-
tionally, BMI is not sex-specific, is not derived using data
from women, and has not been tested for its ability to predict
morbidity in women [56].

This study has a few limitations. It was primarily designed 
for assessing the bioequivalence of two rifampicin preparations 
and not for covariate analysis. Furthermore, it was designed as 
a single-dose study and not a multiple-dose study; thus, auto-
induction of rifampicin metabolism could not be considered. 
On the other hand, identification of a sex effect with single 
doses avoids a potential bias caused by possible sex differ-
ences in autoinduction and thus may help assess individual 
components in rifampicin pharmacokinetics explaining sex 
differences. This study only included healthy volunteers from 
a Caucasian population. Further analysis would be required in 

TB patients and other populations, and it should include the 
achievement of pharmacokinetic/pharmacodynamics targets to 
assess the clinical relevance differences in rifampicin exposure 
based on body composition.

Based on PK principles, it stands to reason that FFM is the 
primary biological covariate directly affecting PK in our eval-
uation, while sex exerts its effect as a covariate indirectly via 
affecting FFM. The current approach to derive FFM has the dis-
advantage that it is estimated from sex, body weight, and height 
only (Eqs. 2 and 3) and thus takes individual body composition 
to some degree into account while it does not consider fat vs. 
muscle mass within the male and female groups. Estimated FFM 
was the best covariate to explain inter-individual variability in PK 
of rifampicin in healthy volunteers indicating that body composi-
tion could also be considered for optimized dosing of rifampicin. 
The assumption that FFM is preferable to BW confirms previous 
findings in the African population [39] but needs to be studied 
further in Caucasian and Asian patients treated with rifampicin.
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Supplementary Fig 1. Individual fits of all the subjects of the base model. #1 and #2 designate test and reference preparations, respectively, and solid dark dots represent 

observed concentration. Blue lines represent the prediction.
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Supplementary Fig 2. Prediciton corrected visual predictive check (n = 1000)  of [A] sex + BW and [B] FFM covariate model. Solid blue dots represent 

observed concentrations. Solid red dots represent BQL data. Solid blue lines represent median, 10th, and 90th percentiles of observed concentrations. Shaded 

areas are the model-predicted 90% confidence intervals of 10th, 50th, and 90th percentiles (lower blue area, red area, upper blue area, respectively). Black 

dotted lines represent medians of the respective confidence intervals of simulated data
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Supplementary Fig 3. Prediciton corrected visual predictive check (n = 1000)  of [A] sex + BW and [B] FFM covariate model. Solid blue dots represent observed 

concentrations. Solid red dots represent BQL data. Solid blue lines represent median, 10th, and 90th percentiles of observed concentrations. Shaded areas are the model-

predicted 90% confidence intervals of 10th, 50th, and 90th percentiles (lower blue area, red area, upper blue area, respectively). Black dotted lines represent medians of 

the respective confidence intervals of simulated da
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Monolix control stream of rifampicin population pharmacokinetic model 

[INDIVIDUAL] 

input = {Km_pop, V_pop, Vm_pop, Tlag_pop, Tk0_pop, omega_V, omega_Vm, gamma_Tlag, 

gamma_Tk0, gamma_V, gamma_Vm, corr2_Tlag_Tk0} 

DEFINITION: 

Km = {distribution=logNormal, typical=Km_pop, no-variability} 

V = {distribution=logNormal, typical=V_pop, varlevel={id, id*occ}, sd={omega_V, gamma_V}} 

Vm = {distribution=logNormal, typical=Vm_pop, varlevel={id, id*occ}, sd={omega_Vm, 

gamma_Vm}} 

Tlag = {distribution=logNormal, typical=Tlag_pop, varlevel=id*occ, sd=gamma_Tlag} 

Tk0 = {distribution=logNormal, typical=Tk0_pop, varlevel=id*occ, sd=gamma_Tk0} 

correlation = {level=id*occ, r(Tlag, Tk0)=corr2_Tlag_Tk0} 

 

[LONGITUDINAL] 

input = {a, b} 

;;;; Included file 'oral0_1cpt_TlagTk0VVmKm.txt' 

DESCRIPTION: 

The administration is extravascular with a zero-order process (duration Tk0) with a lag time (Tlag). 

The PK model has one compartment (volume V) and a Michaelis-Menten elimination (Vm, Km). 

 

input = {Tlag, Tk0, V, Vm, Km} 

 

EQUATION: 

odeType = stiff 

 

PK: 

; PK model definition 

Cc = pkmodel(Tlag, Tk0, V, Vm, Km) 

 

OUTPUT: 

output = {Cc} 

 

;;;; 

 

DEFINITION: 

DV = {distribution=normal, prediction=Cc, errorModel=combined1(a, b)} 
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Abstract
Remdesivir is a direct-acting anti-viral agent. It was originally evaluated against filoviruses. However, during the 
COVID-19 pandemic, it was investigated due to its anti-viral activities against (SARS-CoV-2) virus. Therefore remde-
sivir received conditional approval for treatment of patients with severe coronavirus disease. Yet, its pharmacokinetic 
properties are inadequately understood. This report describes the population pharmacokinetics of remdesivir and its 
two plasma-detectable metabolites (GS-704277 and GS-441524) in healthy volunteers. The data was extracted from 
published phase I single escalating and multiple i.v remdesivir dose studies conducted by the manufacturer. The model 
was developed by standard methods using non-linear mixed effect modeling. Also, a series of simulations were carried 
out to test suggested clinical doses. The model describes the distribution of remdesivir and each of its metabolites by 
respective two compartments with sequential metabolism between moieties, and elimination from central compart-
ments. As individual data were not available, only inter-cohort variability could be assessed. The estimated point 
estimates for central (and peripheral) volumes of distribution for remdesivir, GS-704277, and GS-441524 were 4.89 
L (46.5 L), 96.4 L (8.64 L), and 26.2 L (66.2 L), respectively. The estimated elimination clearances of remdesivir, 
GS704277, and GS-441524 reached 18.1 L/h, 36.9 L/h, and 4.74 L/h, respectively. The developed model described 
the data well. Simulations of clinically approved doses showed that GS-441524 concentrations in plasma exceeded 
the reported  EC50 values during the complete duration of treatment. Nonetheless, further studies are needed to explore 
the pharmacokinetics of remdesivir and its relationship to clinical efficacy, and the present model may serve as a 
useful starting point for additional evaluations.

Keywords Anti-virals · Population pharmacokinetics · COVID-19 · Remdesivir · Pharmacometrics · GS-441524 · GS-
704277

Introduction

Current management of patients with severe COVID-
19 mainly focuses on immune response modulation and 
symptomatic therapy. In critically ill patients, man-
agement would also include supplemental oxygen and 

mechanical ventilation, along with the suppression of 
inadequate immune response. Healthcare providers also 
attempt to control secondary infections and thrombosis 
by either prophylaxis or treatment (Sieswerda et al. 2021; 
Godino et al. 2021). So far, only two anti-viral small-
molecule medications have been authorized for the treat-
ment of COVID-19 in 2020/2021, which includes the 
use of remdesivir under certain conditions (CDC 2021; 
EMA 2021; Diaz et al. 2021), and molnupiravir which 
has just been authorized in Great Britain for the use in 
patients with mild to moderate COVID-19 with risk fac-
tors for developing severe illness (UK-MHRA 2021). 
And recently, the FDA has expanded the use of rem-
desivir to certain non-hospitalized adults and pediatric 
patients for the treatment of mild-to-moderate COVID-19 
disease (FDA 2022).
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Remdesivir was originally evaluated as a broad-
spectrum filovirus inhibitor that can protect against the 
development of Ebola virus disease (de Wit et al. 2020). 
During the COVID-19 pandemic, remdesivir showed 
anti-SARS-CoV-2 activities in vitro and in animal mod-
els. These activities were attributed to its triphosphate 
nucleoside analog, which acts as an inhibitor of the 
viral RNA-dependent RNA polymerase. However, evi-
dence that supports its efficacy is still under investiga-
tion (Wang et al. 2020; de Wit et al. 2020; Alsayed et al. 
2021). Remdesivir is also being investigated as a part of 
drug cocktails that might be used to treat hospitalized 
COVID-19 patients (Kalil et al. 2021; Vitiello and Fer-
rara 2021).

Remdesivir needs to go through an extensive metabolic 
process to be active, and from those metabolism products, 
only GS‐704277 and GS‐441524 can be quantified in plasma 
(Figure S1) (Humeniuk et al. 2021a).

To date, publicly available information on the pharma-
cokinetics of remdesivir and its metabolites is limited. A 
non-compartmental description of data in healthy volun-
teers has been published and serves as the basis for the 
present evaluation (Humeniuk et al. 2020). Several bot-
tom-up approaches using physiologically based pharma-
cokinetic models have recently been reported (Deb and 
Reeves 2021; Fan et al. 2021; Humeniuk et al. 2021b; 
Gallo 2021), of which the most recent one was generated 
by scientists of the U.S. Food and Drug Administration 
(FDA) (Fan et al. 2021). Such models are very useful 
but in part are based on assumptions that remain to be 
verified, and occasionally use “optimization” of some of 
their predefined parameters, with no other reason than 
that simulations should match the observed data. As an 
empirical compartmental approach, the manufactur-
ers of remdesivir developed a population pharmacoki-
netic model of which only parts are publicly available 
(LHartman et al. 2020). Unfortunately, the information 
provided there is not sufficient to retrace and assess the 
performance of the model in detail. Finally, a popula-
tion pharmacokinetic model has been reported for the 
GS-441524 metabolite only in Japanese patients with 
renal impairment (Sukeishi et  al. 2021). Overall, the 
available information reflects only a first step to sup-
port more precise dosing strategies for remdesivir. Such 
information is needed to integrate intrinsic and extrinsic 
factors for a better understanding of the pharmacokinet-
ics and dynamics of remdesivir. The main objective of 
the present report was therefore to develop an independ-
ent compartmental population pharmacokinetic model 
that can fit the observed data obtained from literature 
and empirically describe the pharmacokinetic parameters 
of remdesivir, GS‐704277, and GS‐441524. This model 
may be further used in determining suitable dosing 
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strategies in patients, with a perspective to be expanded 
for patients with chronic conditions.

Methods

Arithmetic-concentration data were obtained from pub-
lished randomized, blinded, placebo‐controlled, phase 
I program that evaluated the safety and pharmacokinet-
ics of single and multiple ascending intravenous doses 
of remdesivir (Humeniuk et al. 2020). Data points were 
extracted using GetData Graph Digitizer software (get-
data-graph-digitizer.com) and R.

In this trial, remdesivir was administrated as a single 2-h 
intravenous infusion at doses of 3 mg, 10 mg, 30 mg, 75 mg, 
150 mg, and 225 mg. Or as a once-daily 1-h intravenous infusion 
for 7 and 14 days. This program was carried out in healthy male 
and non-pregnant, non-lactating female volunteers with an age 
range of 18 to 55 years and a body mass index of 18 to 30 kg/
m2. No detailed information regarding individual parameters 
for each cohort was given, and the study was conducted by the 
manufacturing company, Gilead Sciences, Inc., USA (Hume-
niuk et al. 2020).

Population pharmacokinetic (PK) parameters were esti-
mated by standard methods using non-linear mixed effect 
modeling software (Monolix  2019R2 - Antony, France) .

The model was developed by testing different distribution 
patterns and different compartment numbers for remdesivir, 
GS‐774277, and GS‐441524, in addition to different elimina-
tion and metabolic models that describe the conversion of rem-
desivir to GS‐704277, and GS‐704277 to GS‐441524. For this 
purpose, metabolism was assumed to occur solely in the central 
compartment or in the central and peripheral compartments 
simultaneously.

Estimated PK parameters included total body clearance (CL), 
the volume of distribution for central and peripheral compart-
ments (Vdc and Vdp), inter-compartmental clearance (Q), and 
formation clearance of metabolites (CLm). Terminal elimination 
half-life using regression (t½ cc) was also calculated using Graph-
Pad Prism 8 (GraphPad Softwares, 2019, CA, USA). Microsoft 
Excel (Microsoft, 2021, Redmond, USA) and RStudio (PBC, 
2021, Boston, USA) were used for dataset construction, analysis, 
and graph generation.

The published concentration–time profile of remde-
sivir showed a sharp increase in plasma concentration 
immediately following the end of the 2-h intravenous 
infusion. This could be explained by intravenous line 
saline washing following the 2-h infusion (Rita Hume-
niuk, personal communication). To incorporate this sud-
den increase of remdesivir concentrations into the model, 
4% of the total administered dose was subtracted from 
the continuous infusion dose and given instantaneously 
at the end of the infusion. The choice of this method and 
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the selected percentage were based on other published 
methodology (Anh et al. 2006).

The final model was chosen based on goodness-of-fit 
plots, visual predictive checks, metabolic plausibility, 

parameter shrinkage, and the − 2 × log of likelihood (Fig-
ure S2).

The most suitable model was developed using ordi-
nary differential equations (ODE) in non-linear mixed-
effect modeling software (Table 1). The probable post 

Table 1  Ordinary differential equations that best describe the pharmacokinetic model for remdesivir and its two metabolites GS‐774277 and 
GS‐441524

Ordinary differential equation pharmacokinetic behavior model was developed based on mean concentration data obtained from phase I clini-
cal trials, where remdesivir was administered in different doses as single-dose 2-h intravenous infusion in healthy subjects. DA/DT represents 
the change rate of drug amount in the respective compartment. Cc concentration in the central compartment; Cp concentration in the peripheral 
compartment; A the amount of a substance at a time; CL total body clearance; Vdc and Vdp the volume of distribution for central and peripheral 
compartments, respectively; Q inter-compartmental clearance; CLm formation clearance of metabolites

Cc RDV = A(RDV Central compartment)/Vdc RDV

Cp RDV = A(RDV Peripheral compartment)/Vdp RDV

Cc GS‐774277 = A(GS‐774277 Central compartment)/Vdc GS‐774277

Cp GS‐774277 = A(GS‐774277 Peripheral compartment)/Vdp GS‐774277

Cc GS‐441524 = A(GS‐441524 Central compartment)/Vdc G GS‐441524

Cp GS‐441524 = A(GS‐441524 Peripheral compartment)/Vdp GS‐441524
DA

DT(RDV Central compartment) = (Input) + (QRDV × Cp RDV) − (QRDV × Cc RDV) − (CLRDV × Cc RDV) − (CLmc GS‐774277 × Cc RDV)
DA

DT(RDV Peripheral compartment) = (QRDV × Cc RDV) − (QRDV × Cp RDV) − (CLmp GS‐774277 × Cp RDV)
DA

DT(GS‐774277 Central compartment) = (CLmc GS‐774277 × Cc RDV) + (QGS‐774277 × Cp GS‐774277) − (QGS‐774277 × Cc GS‐774277) − 
CLGS‐774277 × Cc GS‐774277) − (CLmc GS‐441524 × Cc GS‐774277)
DA

DT(GS‐774277 Peripheral compartment) = (QGS‐774277 × Cc GS‐774277) + (CLmp GS‐774277 × Cp RDV) − (QGS‐774277 × Cp GS‐774277)
DA

DT(GS‐441524 Central compartment) = (CLmc GS‐441524 × Cc GS‐774277) + (QGS‐441524 × Cp GS‐441524) − (CLGS‐441524 × Cc GS‐441524) − (QGS‐441524 × Cc GS‐441524)
DA

DT(GS‐441524 Peripheral compartment) = (QGS‐441524 × Cc GS‐441524) − (QGS‐441524 × Cp GS‐441524)

Fig. 1  Overview of the final population pharmacokinetic model for 
remdesivir (RDV) and its metabolites: GS‐704277 and GS‐441524 
that was developed using non-linear mixed effect modeling software. 
The model described each moiety to have a 2-compartment distribu-
tion, with sequential metabolism occurring from the central compart-

ment, in addition to remdesivir peripheral metabolism to GS‐774277. 
And elimination is modeled to occur in the central compartments. CL 
total body clearance (CL), Vdc and Vdp the volume of distribution for 
central and peripheral compartments, Q inter-compartmental clear-
ance, CLm formation clearance of metabolites
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hoc values of each dose’s fixed parameters were calcu-
lated using empirical Bayes method in Monolix software.

As no individual values were available, the obtained vari-
ability of fixed parameters reflects inter-cohort variabilities 
rather than inter-individual variability. And they lump the vari-
ability due to differences between volunteers in the different 
cohorts and they were defined with a log-normal distribution as.

1 3

log
(

�
i

)

= log
(

�population
)

+ �i

where θi is the estimated parameter for the mean concen-
tration of the ith dose, θpopulation is the mean across doses, 
and ηi is a random effect describing the deviation of the 
PK parameter for the ith dose level from the typical PK 
parameter estimated for all doses. Parameter ηi is assumed 

Fig. 2  Observed mean con-
centrations (black dots) and 
model predictions (black line) 
of each given dose, following 
single 2-h intravenous infusion 
of either 3 mg, 10 mg, 30 mg, 
75 mg, 150 mg, or 225 mg of 
remdesivir
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Fig. 3  Goodness-of-fit plots 
describing remdesivir model-
predicted plasma concentra-
tion value agreement with the 
observed values
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Here, Cij is the observed value for the mean concentration of 
the dose i at time point j. Yij is the predicted concentration 
value of the dose i at time point j estimated by the model. 
Parameters a and b are additive and proportional residual 
errors, respectively.

Simulations were run using R (R Core Team 2021), Simulx 
2020R1, and Simulx R package bootstrapping and simulation 
function (Lixoft, Antony, France), with 256 simulated subjects. 
To simulate a real-life clinically relevant dosing regimen, the 
simulation also included a 200 mg, 30-min intravenous infusion 
of remdesivir on day 1, with subsequent 100 mg, 30-min intrave-
nous infusions for the following 4 days. The choice of this regi-
men schedule was based on what is recommended by internal 
hospital physicians, the FDA (U.S. Food and Drug Administra-
tion) fact sheet for healthcare providers, and the EMA (Euro-
pean Medicines Agency) Summary of Product Characteristics 
(CHMP 2020; FDA 2020). The fraction of censored observa-
tions for remdesivir, GS‐774277, and GS‐441524 were calcu-
lated by determining the ratio of numbers of observations with 
values below the reported lower limit of quantification to the 
total number of observations at a time point.

Results

The best model describing PK data of all moieties 
included two compartments for remdesivir and each 
metabolite. The model suggested metabolism to occur 
mainly in the central compartment from one moiety to 

1 3

to follow a normal distribution with a mean of zero and a 
variance of ω2.

Additive, proportional, and combined error models were 
tested:

Additive ∶ Cij = Yij + �

Proportional ∶ Cij = Yij + (b) × Yij

Mixed ∶ Cij = Yij +

√

(�)2 + ((b) × Yij)2

the next one. Additional metabolism was assumed to take 
place from the peripheral remdesivir compartment to the 
peripheral GS‐704277 compartment, and elimination was 
assumed to occur from the central compartments of rem-
desivir and both metabolites (Fig. 1).

The final model predicted PK profiles for remdesivir, 
GS‐704277, and GS‐441524 at individual dose levels. 
The predicted concentration values were in good agree-
ment with the observed concentrations at each time point 
(Figs. 2 and 3).

Population parameter estimates for the mean of the 
published plasma concentration‐vs.‐time profiles of rem-
desivir, GS‐704277, and GS‐441524 following remdesi-
vir 2-h single-dose intravenous administration in healthy 
volunteers are described in detail in Table 2. Exposure 
values were similar to previously published remdesivir 
PK non-compartmental analysis (Table S1). The termi-
nal elimination half‐lives in the central compartment for 
remdesivir, GS‐704277, and GS‐441524 were 1 h, 1.1 h, 
and 20 h, respectively.

The final model had exponential inter-cohort variabilities 
for the following PK parameters: Vdc G GS‐441524, Vdp GS‐441524, 
CLRDV, CLmp GS‐774277, CLmc GS‐774277, CLGS‐774277, and 
CLmc GS‐441524 (Table 2). Also, the error models which matched 
the data best were proportional for remdesivir, combined for 
GS‐704277, and proportional for GS‐441524.

We found by simulating remdesivir administration at 
the recommended dosage that the Cmax (between-dose SD) 
of remdesivir, GS‐704277, and GS‐441524 were 13.7 µM 
(2.39), 807 nM (173), and 726 nM (240), respectively, fol-
lowing the initial loading dose. GS‐704277 tmax was reached 
immediately after the end of the infusion, while GS‐441524 
reached its tmax 1 h after the end of the infusion. The fraction 
of censored observations for remdesivir reached the value of 
1 after 20 h following the initial 200-mg infusion, and 17 h 
for each sequential 100-mg infusion. In contrast, GS‐774277 
and GS‐441524 did not reach the values of their reported 
LLOQ during the whole duration of therapy (Fig. 4).

Table 2  Pharmacokinetic 
population parameter estimates 
of remdesivir, GS‐441524, 
and GS‐704277 following 
remdesivir single-dose 
administration (2-h infusion) in 
healthy subjects

Population parameter estimates of the fixed effects (SD of the random effects) for remdesivir and its metab-
olites (GS‐704277 and GS‐441524). The estimates were generated by Monolix software and using mean 
concentration data points obtained from Gileads’ phase I clinical trials, where remdesivir was administered 
in doses of 3 mg, 10 mg, 30 mg, 75 mg, 150 mg, and 225 mg as single 2-h intravenous infusion in healthy 
subjects

PK parameters Remdesivir GS‐704277 GS‐441524

4.89 96.4 26.2 (0.71)
46.5 8.64 66.2 (0.24)
13.2 0.12 55
18.1 (0.39) 36.9 (0.31) 4.74

50.5 (0.27)

Central compartment volume of distribution (L)
Peripheral compartment volume of distribution (L)
Inter-compartmental clearance (L/h)
Total body clearance (L/h)
Central formation clearance (L/h)
Peripheral formation clearance (L/h)

- 16.9 (0.25)
- 18.9 (0.53) -
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Fig. 4  Simulated plasma 
concentration‐vs.‐time profiles 
of remdesivir, GS‐704277, 
and GS‐441524 following a 
simulated 30-min intravenous 
infusion of 200 mg of remde-
sivir on day 1, with 100 mg, 
30-min intravenous infusion for
the following 4 days. The bot-
tom part of the remdesivir panel
shows the fraction of censored
observation numbers to the total
observations at a given time.
There were no censored obser-
vations for the metabolites.
Dotted lines reflect standard
deviation values
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Subsequent Cmax value for GS‐441524, following the 
administration of multiple 100-mg remdesivir doses, was 
645.5 nM (17.57) and the half-life reached 29.36 h both 
estimated by simulation.

The simulation used the previously generated population 
parameters of fixed effects, the standard deviation of the 
random effects, and error model estimates (Figure S3).

Discussion

In this report, we were able to develop a compartmental 
non-linear mixed effect model that can describe the mean 
concentration vs. time course of remdesivir and its two 
detectable metabolites reasonably well, while also adapting 
for and describing inter-dose variability.

Both the developed model and the simulations gave simi-
lar values for the derived PK parameters (AUC, elimination 
half-life, Cmax) compared to other published non-compart-
mental analyses of remdesivir, GS‐441524, and GS‐704277 
(Tables 2 and S2) (Humeniuk et al. 2020; Tempestilli et al. 
2020). The model itself is empirical but physiologically 
and metabolically plausible. The model incorporates a 
sequential metabolism from remdesivir to GS‐704277 fol-
lowed by GS‐704277 metabolism to GS‐441524, which is 
in agreement with the known metabolic fate of remdesivir 
(Humeniuk et al. 2021a; Wen et al. 2021). As a peculiarity, 
the developed model incorporated a peripheral metabolism 
to GS‐704277, and this does not contradict physiological 
considerations. A comparison of the parameters to those 
reported by Sukeishi et al. (2021) is difficult because their 
evaluation could not consider that a remdesivir dose is not 
metabolized completely to GS‐441524, and therefore, any 
values reported indeed are values relative to the fraction 
metabolized (fm) to GS-441524. Assuming a fraction of 
about 0.5 (Humeniuk et al. 2021a, b), the basic clearance 
value reported of about 12 L/h (= CL/fm) corresponds to 
a true clearance of 6 L/h, which is close to our result of 
about 5 L/h and also not far from 5.71 L/h value, which was 
reported by Gilead (Hartman et al. 2020).

We found by the simulation of the clinically approved 
regimen that plasma concentrations of GS-441524 after 
20 min from the beginning of the 200-mg infusion would 
reach the reported  EC50 value (180 nM) in SARS-CoV pri-
mary human airway epithelial cells (Yan and Muller 2020). 
The concentration stayed above  EC50 values throughout the 
whole simulated 6 days (Fig. 4). Here we assume that lung 
epithelial cell exposure is close to plasma exposure. How-
ever, PBPK modeling predicts that lung concentrations of 
GS-441524 are several-fold lower than plasma concentra-
tion and that GS-441524 plasma concentrations would not 
be useful to predict lung exposure of the active metabolite 
GS-443902 (Fan et al. 2021).

1 3

At the end, clinical data are required to assess any rela-
tionship between plasma pharmacokinetics of remdesivir 
and its metabolites and efficacy in patients.

A recent study showed that early administration of 
remdesivir among non-hospitalized patients with at least 
one risk factor for disease progression could in fact lower 
the risk of hospitalization or death compared to placebo 
groups (Gottlieb et al. 2021). However, this study did not 
associate efficacy with the level of exposure to remdesivir 
or its metabolite. And so far, the relevance of EC50 level 
interpretation for remdesivir or its metabolite levels is 
still unclear.

We attempted to apply our model to the data we 
reported for a patient with renal impairment (Sörgel et al. 
2021) — but we failed. The concentrations in this patient 
were much higher than those observed by Humeniuk 
et al. (2020) already at the end of the infusion, which 
cannot be readily explained by a decreased elimination 
only. A reason for this could be that the model here is 
estimating the variability in mean concentrations across 
cohorts, which might be magnitudes lower than the vari-
ability at the level of individual patients.

Thus, further testing by independent datasets including 
data obtained from various patient populations is required 
to assess the external validity of this model. Also tak-
ing into account that this model was developed from data 
including only healthy volunteers with a focus on a His-
panic population, and no detailed information regarding 
age, BMI, or renal and hepatic function was available.

The model lacks variabilities on individual levels and 
does not consider reported standard errors in the clini-
cal trials, which are considered to be some limitations 
associated with the model. Further investigations on drug 
efficacy, target tissues and/or intracellular concentra-
tions, and protein binding are needed for a better under-
standing of the overall pharmacokinetics of remdesivir. 
Ideally, a comprehensive population model of remdesivir 
would also integrate pharmacodynamic data. The present 
model however may serve as a good starting point for 
such additional evaluations.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00210- 022- 02292-6.
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Supplementary Material: 

Metabolic pathway of remdesivir (GS-5734) 

Figure S1, Remdesivir undergoes metabolism to form its active moiety, GS-443902. The metabolism process includes 

cleavage of remdesivir by carboxylesterases to form GS-704277 which can be measured in plasma. Subsequently, 

metabolism by phosphoramidase results in the formation of GS-441524-monophosphate (MP), which is further 

phosphorylated to the active nucleoside triphosphate, GS-443902. Dephosphorylation of GS-441524-MP results in the 

formation of the nucleoside analog, GS-441524 which is the 2nd plasma quantifiable metabolite (193).
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Estimation of different distribution patterns of Remdesivir, GS‐774277, and GS‐441524 with 

different metabolic models 

 

Figure S2, -2 x Log of Likelihood estimation of different distribution patterns of Remdesivir, GS‐774277, and GS‐

441524 with different metabolic models that control the conversion of Remdesivir to GS‐704277, and GS‐704277 to 

GS‐441524 following the conversion of the models using Monolix
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Distribution of Model Parameters 

Distribution of Model parameters used for the simulation of remdesivir, GS‐704277, and GS‐

441524 exposure following administration of the clinically used regimen  
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Figure S3 Fixed model parameters of remdesivir (RDV), GS‐704277, and GS‐441524 following a simulated 30-minute 

200 mg intravenous infusion of remdesivir on day one, with 100 mg, 30 minutes intravenous infusion for the following 

4 days. Total body clearance (CL); the volume of distribution for different compartments (Vdc, and Vdp), 

intercompartmental clearance (Q); formation clearance of metabolites (CLm). Dotted values resemble outliers 

according to Tukey's range test. 
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Simulation of plasma concentration‐vs‐time profiles  

Simulation of plasma concentration‐vs‐time profiles for remdesivir, GS‐704277, and GS‐441524 

following 2 hours of Intravenous infusion of either 3 mg, 10 mg, 30 mg, 75 mg, 150 mg, or 225 

mg  of remdesivir 

 

Figure S4 Doses of 3 mg, 10 mg, 30mg, 75mg, 150mg, and 225 mg of remdesivir were simulated as a single two hours 

infusion followed by a saline flush using previously obtained population parameter estimates. Simulation of remdesivir 

dosing was run as a 2 hours infusion using the bootstrapping function in Simulx package in R. 
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NONMEM® control stream of remdesivir population pharmacokinetic model 

$PROBLEM  Pop PK of remdesivir 

$INPUT  ID TIME DV EVID AMT RATE CMT ADDL II 

$DATA  REMIwithmetaNONMEM2.csv IGNORE=@ 

$SUBROUTINE ADVAN13 TOL=4 

;Model Compartment ------------------------------------------------------------------------------------------- 

$MODEL  

COMP(CREMI)   ;Cent cmt of Rem 

COMP(PREMI)  ;Peri cmt of Rem 

COMP(CMETA77)  ;Cent cmt of Met I 

COMP(PMETA77) ;Peri cmt of Met I 

COMP(CMETA24) ;Cent cmt of Met II 

COMP(PMETA24) ; Peri cmt of Met II 

; PK paramters--------------------------------------------------------------------------------------------------- 

$PK 

VP = THETA(1)   ;vol of distribution of cent cmt of Rem 

VPP   = THETA(2)  ; vol of distribution of peri cmt of Rem 

Vm1 = THETA(3)  ; vol of distribution of cent cmt of Met I 

Vm2 = THETA(4)  ; vol of distribution of peri cmt of Met I 

Vmm = THETA(5) * EXP(ETA(1)) ; vol of distribution of cent cmt of Met II 

Vmm2 = THETA(6) * EXP(ETA(2)) ; vol of distribution of peri cmt of Met II 

Q1 = THETA(7)  ; Inter-compartmental clearance of remdesivir 

CL = THETA(8) * EXP(ETA(3)) ; CL from cent cmt of Rem 

CLM1 = THETA(9) * EXP(ETA(4)) ; CL form cent cmt of Rem to cent cmt of Met I 

CLM11= THETA(10)* EXP(ETA(5)) ; CL from peri cmt of Rem to peri cmt of Met I  

Qm = THETA(11)  ; Inter-cmt CL of Met I 

CLM2 = THETA(12)* EXP(ETA(6)) ; CL from central cmt of Met I to cent cmt of  Met II 

CLMM2= THETA(13)                     ; CL from cent cmt of Met II  

Qmm = THETA(14)  ; Inter-cmt CL between Met II 

CLMM1= THETA(15)  ; CL from cent cmt of Met I 

;Ordinary differential equations-------------------------------------------------------------------------------- 

$DES 

CONC1 = A(1)/ VP 

CONC2 = A(2)/ Vpp 

CONC3 = A(3)/ Vm1 

CONC4 = A(4)/ Vm2 

CONC5 = A(5)/ Vmm 

CONC6  = A(6)/ Vmm2
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DADT(1) =  Q1*CONC2   - Q1*CONC1 - CL*CONC1 - CLM1*CONC1 

DADT(2) =  Q1*CONC1   - Q1*CONC2 - CLM11*CONC2 

DADT(3) =   CLM1*CONC1 - CLMM1*CONC3 - CLM2*CONC3 - Qm*CONC3 + 

Qm*CONC4 

DADT(4) =  Qm*CONC3 - Qm*CONC4 + CLM11*CONC2 

DADT(5) =  CLM2*CONC3 - CLMM2*CONC5 - Qmm*CONC5 + Qmm*CONC6 

DADT(6) =  Qmm*CONC5 - Qmm*CONC6 

; Residual unexplained variability parameters--------------------------------------------------------------- 

$ERROR 

IF (CMT.EQ.1) THEN 

IPRED = A(1)/VP 

W = SQRT(THETA(16)**2*IPRED**2 + THETA(17)**2) 

END IF  

IF (CMT.EQ.3) THEN 

IPRED = A(3)/Vm1 

W = SQRT(THETA(18)**2*IPRED**2 + THETA(19)**2) 

END IF 

IF (CMT.EQ.5) THEN 

IPRED = A(5)/Vmm 

W = SQRT(THETA(20)**2*IPRED**2 + THETA(21)**2) 

END IF 

IRES=DV-IPRED 

IWRES=IRES/W 

Y=IPRED+W*EPS(1) 

; Initial estimates ------------------------------------------------------------------------------------------------ 

$THETA   

(0, 5.01027) ; VP 

(0, 38.482) ; VPP 

(0, 124.586) ; Vm1 

(0, 5.74209) ; Vm2 

(0, 13.3259) ; Vmm 

(0, 23.1694) ; Vmm2 

(0, 10.0834) ; Q1 

(0, 17.9352) ; CL 

(0, 13.4651) ; CLM1 

(0, 16.0286) ; CLM11 

(0, 0.0826804) ; Qm
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(0, 12.1661) ; CLM2 

(0, 1.73025) ; CLMM2 

(0, 16.0068) ; Qmm 

(0, 102.814) ; CLMM1 

(0, 0.253164) ; Prop.RE (sd) REMI 

 0 FIX ; Add.RE (sd)   REMI ; 

(0, 0.0765656) ; Prop.RE (sd) META77 

(0, 1.92091) ; Add.RE (sd)    META77 

(0, 0.0834543) ; Prop.RE (sd) META24 

0 FIX ; Add.RE (sd)    META24 

$OMEGA 

0.000262039 ;IIV Vmm 

000296852 ;IIV Vmm2 

0.0781623 ;IIV CL 

0.0679066 ;IIV CLM1 

0.228309 ;IIV CLM11 

0.064425 ;IIV Qm 

$SIGMA  

1  FIX 

; Estimation and table output----------------------------------------------------------------------------------- 

$ESTIMATION METHOD=1 INTER MAXEVAL=9999 NOABORT SIG=3 

PRINT=1 MSFO=Cc2METa.msf 

$TABLE ID TIME DV EVID CMT IPRED CWRES ONEHEADER 

NOPRINT 

FILE=sdCc2METa.tab 

$TABLE VP VPP VM1 Vm1 Vm2 Vmm Vmm2 Q1 Qm Qmm CL CLM1 

CLM11 CLM2 CLMM2 CMT ONEHEADER NOPRINT 

FIRSTONLY FILE=Cc2METa1.tab 

$TABLE NOPRINT ONEHEADER FILE=Cc2METapar.tab ID TIME EVID 

CMT IPRED MDV ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 

$TABLE NOPRINT ONEHEADER FILE=Cc2METa.tab ID TIME IPRED 

EVID CMT MDV 
;------------------------------------------------------------------------------------------------------------------------------------------




