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a b s t r a c t 

Objective: Predictions of antimicrobial effects typically rely on plasma-based pharmacokinetic- 

pharmacodynamic (PK-PD) targets, ignoring target-site concentrations and potential differences in tissue 

penetration between antibiotics. In this study, we applied PK-PD modelling to compare target site-specific 

effects of antibiotics by integrating clinical microdialysis data, in vitro time-kill curves, and antimicrobial 

susceptibility distributions. As a case study, we compared the effect of lefamulin and ceftaroline against 

methicillin-resistant Staphylococcus aureus (MRSA) at soft-tissue concentrations. 

Methods: A population PK model describing lefamulin concentrations in plasma, subcutaneous adipose 

and muscle tissue was developed. For ceftaroline, a similar previously reported PK model was adopted. 

In vitro time-kill experiments were performed with six MRSA isolates and a PD model was developed to 

describe bacterial growth and antimicrobial effects. The clinical PK and in vitro PD models were linked 

to compare antimicrobial effects of ceftaroline and lefamulin at the different target sites. 

Results: Considering minimum inhibitory concentration (MIC) distributions and standard dosages, cef- 

taroline showed superior anti-MRSA effects compared to lefamulin both at plasma and soft-tissue con- 

centrations. Looking at the individual antibiotics, lefamulin effects were highest at soft-tissue concen- 

trations, while ceftaroline effects were highest at plasma concentrations, emphasising the importance of 

considering target-site PK-PD in antibiotic treatment optimisation. 

Conclusion: Given standard dosing regimens, ceftaroline appeared more effective than lefamulin against 

MRSA at soft-tissue concentrations. The PK-PD model-based approach applied in this study could be used 

to compare or explore the potential of antibiotics for specific indications or in populations with unique 

target-site PK. 

© 2024 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Comparing predictions of antimicrobial effect for different drugs 

ased on traditional pharmacokinetic/pharmacodynamic (PK/PD) 

ndices (e.g., the ratio of area under the curve to minimum in- 

ibitory concentration [AUC/MIC]), and probability of target attain- 

ent (PTA) analyses has several limitations. First, PK/PD targets 

nd PTA analyses are typically based on plasma PK and do not con- 

ider drug distribution to peripheral infection sites. Not only might 

n antibiotic be unequally distributed from blood to different tis- 
∗ Corresponding author: Markus Zeitlinger, Department of Clinical Pharmacology, 

edical University of Vienna, Währinger Gürtel 18-20, 1090 Vienna, Austria. Tel.: 

 43 (0)1 4040 0-2980 0; fax: + 43 (0)1 40400-29980 
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ues; penetration to a specific tissue might also markedly differ be- 

ween antibiotics [1] . Moreover, disease states such as sepsis may 

ffect tissue penetration of different antibiotics to a different ex- 

ent [2 , 3] . Therefore, basing antibiotic treatment selection for spe- 

ific indications or patient populations solely on plasma drug ex- 

osures may be suboptimal with respect to treatment success or 

oxicity [2 , 4] . Second, the PK/PD targets may have been derived us- 

ng different pathogens, different types of data (e.g., from murine 

nfection models, in vitro time-kill experiments, or clinical stud- 

es), or PD endpoints (e.g., bacteriostasis, log-reduction in bacte- 

ial count, or clinical cure), thus complicatingcomparisons between 

ntibiotics. Third, PK/PD targets are summary endpoints that cap- 

ure only one specific time point and thus provide no informa- 

ion on the time course of antibiotic concentrations and effects [5] . 

TA analyses further reduce dynamic and continuous PK and PD 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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rocesses to a dichotomous outcome, i.e., whether a threshold 

alue is achieved, and do not provide insight into the exact mag- 

itude of antimicrobial effects. 

To address these limitations, this study demonstrates how PK- 

D modelling can be applied to compare the target-site PK-PD of 

wo antibiotics through integrating i) continuous time courses of 

arget-site concentrations, ii) continuous time courses of antimi- 

robial effects against a pathogen relevant for the indication of 

nterest, and iii) antimicrobial susceptibility distributions for that 

athogen. As a case study, we compare the effect of ceftaroline and 

efamulin at soft-tissue concentrations against methicillin-resistant 

taphylococcus aureus (MRSA). Ceftaroline is a cephalosporin an- 

ibiotic approved for the treatment of complicated skin and skin- 

tructure infections (cSSSIs) and community-acquired bacterial 

neumonia (CABP). Plasma PK-based PTA analyses suggested better 

RSA coverage of ceftaroline compared to other antibiotics com- 

only used to treat skin and soft-tissue infections (SSTIs) [6 , 7] . 

efamulin is a pleuromutilin antibiotic approved for the treat- 

ent of CABP. Considering its spectrum of activity and low po- 

ential for cross-resistance with other antibiotic classes, lefamulin 

ay have potential for the treatment of SSTIs [8] . In a proof-of- 

oncept phase-2 trial in patients with acute bacterial skin and 

kin-structure infections (ABSSSIs), lefamulin was non-inferior to 

ancomycin [9] . If lefamulin demonstrated antimicrobial activity 

omparable or superior to ceftaroline at soft-tissue concentrations 

gainst MRSA, one of the predominant and most difficult-to-treat 

athogens causing SSTIs [10 , 11] , that would add to the data sug-

esting its potential as a treatment option for SSTIs. 

This study thus aimed to demonstrate how PK-PD modelling 

an be applied to compare target site-specific PK-PD of antibiotics 

sing data relating to the soft-tissue PK-PD of lefamulin and cef- 

aroline. For this purpose, we employed population PK models for 

oncentration-time profiles in plasma and subcutaneous adipose 

nd skeletal muscle tissue. We also performed in vitro time-kill ex- 

eriments with six MRSA isolates and developed a PD model to 

uantify MIC-dependent concentration-effect relationships of the 

wo drugs against MRSA. The PK and PD models were then cou- 

led to simulate bacterial response to dynamic drug concentrations 

n plasma and soft tissues over time, also considering clinical MIC 

istributions for MRSA. Based on the integrated PK-PD data, our 

tudy sought to determine which of the two treatments may be 

ore effective against MRSA in soft-tissue infections. 

. Methods 

.1. PK model for lefamulin 

To describe lefamulin concentration-time profiles in plasma and 

ubcutaneous adipose and skeletal muscle tissue, a population PK 

odel was developed based on observations from a previous study 

12] . Briefly, twel ve healthy volunteers received a single dose of 

50 mg lefamulin as intravenous infusion over 1 h. Microdialy- 

is was used to quantify unbound concentrations in the interstitial 

pace fluid (ISF) of soft tissues over a period of 24 h. Total plasma

oncentrations were also quantified. A total of 144 plasma and 249 

nterstitial concentrations were used in the analysis. Observations 

elow the quantification limit (0.001 mg/L) comprised 2.2% of ob- 

ervations and were omitted due to minimal impact on parameter 

stimates as previously shown [13] . 

First, the population PK model for plasma was developed. One-, 

wo- and three-compartment models with first-order elimination 

ere evaluated. A previously reported saturable protein binding 

odel for lefamulin was incorporated in the model to convert total 

o unbound plasma concentrations [14] . 

Microdialysis data were modelled using an integrated dialysate- 

ased approach, which considers the time interval of dialysate col- 
2

ection and uses measured dialysate concentrations as input for the 

odel, rather than correcting for relative recovery before the anal- 

sis [15] . To describe tissue distribution, (i) models in which con- 

entrations of the plasma compartments were scaled to ISF con- 

entrations, and (ii) models with separate tissue compartments for 

ubcutaneous adipose and/or muscle tissue were evaluated. For 

odels with separate tissue compartments, we also evaluated es- 

imating separate clearance parameters for distribution into and 

ut of the tissue compartments, non-linear tissue distribution, and 

odels with multiple tissue compartments (e.g., a ‘shallow’ and 

deep’ compartment for one tissue). 

Inter-individual variability was investigated for all structural 

odel PK parameters which were assumed to follow a log-normal 

istribution. To describe residual unexplained variability (RUV), 

roportional, additive and combined error models were evaluated 

eparately for plasma, microdialysate and retrodialysate concentra- 

ions. Covariate analyses were not performed considering the small 

ize and homogeneity of the study population and given that pre- 

ious population PK analyses with larger and more diverse popula- 

ions did not identify significant parameter-covariate relationships 

14 , 16] . 

.2. PK model for ceftaroline 

Concentration-time profiles of ceftaroline were simulated us- 

ng a previously reported population PK model describing exposure 

n plasma, subcutaneous adipose tissue, muscle tissue and cere- 

rospinal fluid (CSF) [17] . Part of the data underlying the model 

ad been obtained in a microdialysis study with 12 healthy volun- 

eers [18] that was performed in the same hospital and with a de- 

ign similar to the aforementioned lefamulin PK study [12] . In the 

odel, ceftaroline tissue concentrations were described using one 

eripheral compartment per tissue with separate clearance param- 

ters describing distribution into and out of these compartments. 

otal body weight, creatinine clearance (CrCl; calculated with the 

ockcroft-Gault equation), type of study participant (healthy vol- 

nteers and neurosurgical patients) and CSF glucose concentrations 

ere included as covariates [17] . To create a population with sim- 

lar characteristics as the population in the lefamulin microdialysis 

tudy [12] , ceftaroline PK was simulated for healthy subjects with 

ormal renal function (CrCl 90–150 mL/min) and a body weight of 

0–100 kg, assuming uniform distributions of the two characteris- 

ics within these ranges. CSF glucose levels were set to 3.9 mmol/L, 

orresponding to the median value in the population underlying 

odel development [19] . In line with previous studies, ceftaro- 

ine doses were corrected based on the differences in molecu- 

ar weight between ceftaroline and its prodrug ceftaroline fosamil, 

ince the PK model assumed instantaneous prodrug-to-drug con- 

ersion [17 , 20] , e.g., 600 mg ceftaroline fosamil corresponded to 

30 mg ceftaroline. 

.3. In vitro time-kill experiments 

To allow the characterisation of concentration-effect rela- 

ionships, time-kill studies with ceftaroline (ceftaroline dihydro- 

horide; AstraZeneca Österreich, Vienna, Austria) and lefamulin 

Xenleta®; Pharmore GmbH, Ibbenbüren, Germany) were per- 

ormed in triplicates with six MRSA strains (ATCC 33592, DSM 

3622, and four clinical strains isolated from SSTIs at the Vienna 

eneral Hospital). MIC values were determined using broth mi- 

rodilution [21] . A log-phase bacterial culture was inoculated in 

 mL of pre-warmed (37 °C) cation-adjusted Mueller Hinton Broth 

CAMHB; Sigma-Aldrich, Vienna, Austria) to reach an initial bac- 

erial population of ∼106 colony forming units (CFU)/mL. Bacte- 

ia were exposed to seven drug concentrations ranging from 0.125 

o 8 times the MIC of the respective strain in twofold increments. 
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rowth controls were also performed. To determine bacterial con- 

entrations, samples were taken at 0 (pre-exposure), 2, 4, 6, 8, 

0 and 24 h after inoculation, serially diluted in 0.9% saline and 

lated using 20 μL drops on Columbia agar plates with 5% sheep 

lood (bioMérieux, Marcy-l’Etoile, France). Bacterial colonies were 

ounted after overnight incubation at 37 °C in ambient air. 

.4. PD model development 

A PD model was developed based on the time-kill data to 

athematically describe bacterial growth and antimicrobial effects. 

irst, the data for each of the six bacterial strains as well as for 

ach of the two antibiotics were modelled separately. Bacterial 

rowth was described with a first-order rate constant and limited 

y the estimated maximum bacterial population size. Linear, power 

nd sigmoid Emax models were evaluated to describe antibiotic 

oncentration-effect relationships. Bacterial regrowth was evalu- 

ted using concentration-dependent rates of reduction in potency 

EC50 ) [22] or maximum kill rate (Emax ) [23] , as well as by includ-

ng a less susceptible subpopulation (compartment) in the model. 

bservations below the limit of detection (LOD; 50 CFU/mL) were 

andled according to the M3 method, i.e., by estimating the prob- 

bility that a measurement is below the LOD [13] . Bacterial con- 

entrations were log-transformed and additive error models were 

sed to describe RUV. In the next step, time-kill data produced 

or the same antibiotic (i.e., ceftaroline or lefamulin), were jointly 

odelled to create a single model describing antimicrobial ef- 

ects against all MRSA strains. Thereby, the MIC was tested as 

 potentially influential factor (i.e., covariate) causing variabil- 

ty between strains in exposure-response parameters (e.g., EC50 ) 

sing linear and power functions [23–26] . Finally, estimates of 

acteria-related parameters (initial and maximum population size, 

rowth rate) were shared for the two drugs to create a combined 

odel. 

.5. Antibiotic stability 

Previously reported data on ceftaroline stability in MHB at 37 °C 

27] were used to estimate a zero-order drug degradation rate, 

hich was incorporated in the PD model. To evaluate whether 

egradation of lefamulin occurred in the time-kill experiments, we 

valuated the stability of its effect in an additional time-kill ex- 

eriment. Briefly, one set of tubes (n = 12) containing lefamulin 

t concentrations of 0.5, 1, or 2 times the MIC (n = 4 replicates)

as immediately inoculated with the strain ATCC 33592. A sec- 

nd set of tubes containing the same lefamulin concentrations was 

re-incubated for 24 h under the same conditions prior to inoc- 

lation. Observations from the experiments with and without pre- 

ncubation were compared to detect any loss of effect. As a control, 

hese experiments were also performed with ceftaroline. 

.6. Model evaluation 

Evaluation and selection of the PK and PD models were based 

n graphical and statistical criteria including the objective function 

alue (OFV), for which a decrease of > 3.84 points was considered 

tatistically significant ( α = 0.05) for nested models with one ad- 

itional degree of freedom. The Akaike information criterion (AIC) 

as used to compare non-nested models. Furthermore, the preci- 

ion of parameter estimates, goodness-of-fit plots and visual pre- 

ictive checks (VPCs; n = 10 0 0) were assessed [28] . 

.7. Bacterial response simulations 

To compare the antimicrobial effects of ceftaroline and lefa- 

ulin given dynamic unbound concentrations in plasma and soft 
3

issues, the population PK and in vitro PD models were linked 

 Figure 1 ) and simulations were performed (n = 10 0 0 subjects per

IC value). Only inter-individual PK variability was considered in 

he Monte-Carlo simulations (not the RUV in PK and PD). For sim- 

lations of bacterial response, the initial bacterial population size 

as set to 106 CFU/mL. The bacterial count at 24 h was used as a 

etric to compare the effect of the two antibiotics. 

.8. Software 

All modelling and simulation activities were performed with 

ONMEM 7.4 (ICON plc, Gaithersburg, MD, USA) using first-order 

onditional estimation method with interaction for the lefamulin 

K model and Laplacian estimation with interaction for the PD 

odel, aided by PsN (v5.3.0; Uppsala University, Uppsala, Swe- 

en) [29] and Pirana (v21.11.1; Certara, Princeton, NJ, USA) [30] . R 

v4.0.3) [31] was used for data processing and visualisation. 

. Results 

.1. Population PK model lefamulin 

The plasma PK of lefamulin was best described with a three- 

ompartment model, in accordance with previously reported pop- 

lation PK models [14 , 16] . Soft-tissue PK was best described 

y a model with two additional compartments for each tissue 

 Figure 1 ), potentially reflecting intracellular distribution of lefa- 

ulin [32] . Single compartments for subcutaneous adipose and 

uscle tissue or scaling concentrations in the central or periph- 

ral compartments of the plasma model to ISF concentrations re- 

ulted in model misspecification (visible in graphical evaluations 

f conditional weighted residuals). To enhance model stability, the 

olumes of distribution of the ISF compartments were fixed to pre- 

iously reported physiological values [33] , an approach that had 

lso been taken for the ceftaroline model [17] . Parameters were 

stimated with acceptable precision ( Table 1 ) and the final model 

dequately described both plasma and soft-tissue PK ( Figure 2 , 

igure S1). 

.2. Simulations of antibiotic PK 

Unbound drug concentration-time courses in plasma and soft 

issues were simulated for a virtual population using the PK mod- 

ls for lefamulin and ceftaroline. The equations for both PK mod- 

ls are reported in the Supplementary material. The simulated PK 

rofiles following standard dosages of lefamulin (150 mg q12h 

nfused over 1 h) and ceftaroline fosamil (600 mg q12 h in- 

used over 1 h) are depicted in Figure S2. The AUC-based pene- 

ration ratios (AUC0-24h,tissue /AUC0-24h,plasma ) in the simulated pop- 

lation were lower and more variable for ceftaroline (median 

.58 [90% prediction interval 0.33–1.00] and 0.52 [0.32–0.84]) than 

or lefamulin (0.94 [0.86–0.98] and 0.94 [0.77–0.98] for subcu- 

aneous adipose and skeletal muscle tissue, respectively). Lefa- 

ulin thus penetrates more extensively into soft tissues than 

eftaroline. 

.3. Time-kill experiments 

The antimicrobial effects of the two drugs against MRSA across 

 range of concentrations were followed over time using in vitro 

ime-kill experiments. The investigated bacterial strains displayed 

IC values of lefamulin and ceftaroline that included the most 

ommonly reported values for MRSA according to EUCAST (Euro- 

ean Committee on Antimicrobial Susceptibility Testing) ( Table 2 ) 

34] . More precisely, the MIC values in our study cover 92% and 
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Figure 1. Structure of the combined PK-PD model used for simulations, together with the estimated parameters. Solid lines represent mass transfers; dashed lines indicate 

how model components are related. PK: pharmacokinetic, PD: pharmacodynamic; IV: intravenous; CSF: cerebrospinal fluid; μD: microdialysate; fu: unbound fraction; kkill : 

rate of bacterial killing. Explanations of other abbreviations are provided in Tables 1 and 3 . 

Table 1 

Parameter estimates of the lefamulin population pharmacokinetic model. 

Parameter Description 
Estimate IIV in CV% 

(%RSE) (%RSE) 

CL (L/h) Clearance 137 (6.2) 21.5 (20.9) 

V1 (L) Volume of distribution of the central compartment 75.7 (5.2) 

Q2 (L/h) Intercompartmental clearance between the central and first peripheral compartment 42.9 (23.3) 64.8 (23.6) 

V2 (L) Volume of distribution of the first peripheral compartment 391 (12.4) 32.8 (31.5) 

Q3 (L/h) Intercompartmental clearance between the central and second peripheral compartment 218 (6.4) 15.7 (31.9) 

V3 (L) Volume of distribution of the second peripheral compartment 400 (7.0) 

PBmax (mg/L) Maximum plasma protein binding capacity 12.7 (fixed) 

KD (mg/L) Plasma protein dissociation constant 2.07 (fixed) 

Qsub (L/h) Intercompartmental clearance between the central and s.c. ISF compartment 2.16 (15.6) 

Vsub (L) Volume of distribution of the s.c. ISF compartment 2.29 (fixed) 

Qmus (L/h) Intercompartmental clearance between the central and muscle ISF compartment 2.04 (20.5) 

Vmus (L) Volume of distribution of the muscle ISF compartment 3.91 (fixed) 

Qsub_p (L/h) Intercompartmental clearance between the s.c. ISF and the peripheral s.c. compartment 0.623 (20.9) 51.0 (24.5) 

Vsub_p (L) Volume of distribution of the peripheral s.c. compartment 2.79 (22.8) 

Qmus_p (L/h) Intercompartmental clearance between the muscle ISF and the peripheral muscle compartment 0.52 (41.3) 74.4 (23.4) 

Vmus_p (L) Volume of distribution of the peripheral muscle compartment 1.80 (30.7) 

RRsub (%) Relative recovery of microdialysis in s.c. ISF 14.5 (17.0) 64.2 (20.7) 

RRmus (%) Relative recovery of microdialysis in muscle ISF 21.0 (6.3) 20.4 (23.9) 

RUVplasma (%) Proportional RUV – plasma observations 9.26 (7.6) 

RUVμD_sub (%) Proportional RUV – microdialysate observations in s.c. tissue 19.9 (7.5) 

RUVμD_mus (%) Proportional RUV – microdialysate observations in muscle tissue 22.5 (7.3) 

RUVRD_sub (%) Proportional RUV – retrodialysate observations in s.c. tissue 11.9 (14.7) 

RUVRD_mus (%) Proportional RUV – retrodialysate observations in muscle tissue 13.8 (16.0) 

RSE: relative standard error; IIV: inter-individual variability; CV: coefficient of variation, calculated according to 
√ 

eω2 − 1 × 100% ; s.c.: subcutaneous; 

ISF: interstitial space fluid; RUV: residual unexplained variability. 

Estimates are based on unbound drug concentrations. For parameter estimates of the ceftaroline PK model, the reader is referred to Helfer et al. [17] . 

4
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Figure 2. Visual predictive check for the lefamulin population pharmacokinetic model on linear and log-scale (inserts). Circles represent observations. The solid and dashed 

lines represent the 10th, 50th and 90th percentiles of observed and simulated data, and the shaded areas indicate the 95% confidence intervals around the simulated 

percentiles. The dotted line indicates the lower limit of quantification (LLOQ; 0.001 mg/L). Observations < LLOQ were excluded from the modelling dataset but are plotted as 

triangles at a value of LLOQ/2. One observation in the microdialysate of subcutaneous adipose tissue (0.16 mg/L) and one observation in muscle tissue microdialysate (0.13 

mg/L), both at 1.5 h, are not shown in the plots with linear scale for the sake of legibility. 

Table 2 

MIC values of the isolates used in the study. 

Isolate MIC (mg/L) 

Lefamulin Ceftaroline 

563 0.25 0.5 

692 0.06 0.5 

784 0.125 0.25 

845 0.25 0.5 

ATCC 33592 0.125 1 

DSM 23622 0.125 2 

ATCC: American Type Culture Collection; 

DSM: German Collection of Microorganisms; 

MIC: minimum inhibitory concentration. 
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3% of the lefamulin and ceftaroline MIC values reported by EU- 

AST for MRSA, respectively [34] . 

At high concentrations relative to the MIC, ceftaroline killed 

RSA faster than lefamulin (Figure 3; see Figure S3 for raw time- 

ill curves). A decrease in effect over time was observed over 24 h 

or ceftaroline but not for lefamulin. Considering drug concentra- 

ions relative to the MIC, results were similar for all strains, with 

he highest variability observed at concentrations around the MIC 

Figure S3). Results were consistent between replicate experiments. 

The stability experiments revealed no decrease in the antimi- 

robial effect of lefamulin after 24 h of pre-incubation, in contrast 
Table 3 

Parameter estimates of the in vitro pharmacodynamic model. 

Parameter Description 

CFUt0 (log10 CFU/mL) Initial inoculum size in time-kill experim

kg (h−1 ) Bacterial growth rate constant 

Bmax (log10 CFU/mL) Maximum bacterial density 

Emax (h−1 ) Maximum drug effect rate constant 

EC50 (mg/L ·MICγ ) Drug concentration at which effect is hal

h Hill coefficient in drug effect equation 

γ Covariate describing power relationship b

kAR (L/mg ·h−1 ) Rate constant of adaptive resistance deve

ARmax Maximum fractional reduction in drug ef

kdeg (h−1 ) Drug degradation rate in vitro (zero-orde

RUVadd (log10 CFU/mL) Additive residual unexplained variability 

RSE: relative standard error; CFU: colony-forming units; MIC: minimum

5

o ceftaroline (Figure S4). Hence, the lefamulin degradation rate 

onstant in the PD model was fixed to 0. 

.4. PD model 

Next, a PD model was developed based on all time-kill data to 

llow the prediction of antimicrobial effects given human PK pro- 

les. Sigmoid Emax models best described the in vitro effect of both 

ntibiotics. A concentration-dependent reduction of the Emax over 

ime, the extent of which was limited by a parameter representing 

he maximum fractional reduction of drug effect, was empirically 

elected to describe the observed regrowth following ceftaroline 

xposure ( Table 3 ) [23] . An adaptive resistance function increas- 

ng the EC50 [22] did not capture the regrowth well ( �AIC = 103 

ompared to the Emax reduction model), and assuming a less sus- 

eptible subpopulation in the inoculum led to convergence is- 

ues. For both drugs, the inclusion of MIC as a covariate on EC50 

as required to describe the data from all strains simultaneously 

 �OFV = 385 and 881 for lefamulin and ceftaroline, respectively). 

 power function was subsequently found to be statistically supe- 

ior to a linear relationship ( �OFV = 102 and 36.4 for lefamulin 

nd ceftaroline, respectively). The final combined model overall ad- 

quately described the observed time-kill curves ( Figure 3 , Figure 

5). The rapid killing of isolates 692 and 845 at ceftaroline con- 

entrations ≥4 · MIC and the extent of the regrowth observed for 
Estimate (%RSE) 

Lefamulin Ceftaroline 

ents 5.87 (0.3) 

1.01 (2.9) 

8.57 (0.4) 

1.19 (2.4) 2.37 (4.1) 

f-maximal, MIC-dependent 0.308 (6.3) 0.549 (3.2) 

2.66 (4.5) 1.76 (5.4) 

etween MIC and EC50 0.712 (3.9) 0.841 (2.9) 

lopment - 0.108 (18.2) 

fect due to adaptive resistance - 0.44 (5.3) 

r) 0 (fixed) -0.012 (5.4) 

(standard deviation) 0.389 (2.3) 0.605 (2.3) 

 inhibitory concentration. 
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Figure 3. Visual predictive check for the in vitro pharmacodynamic model for lefamulin (A) and ceftaroline (B). Symbols represent observations. Solid lines represent median 

values of simulations (n = 10 0 0), and the shaded areas show the 95% prediction intervals. The dotted line represents the limit of detection (LOD; 50 CFU/mL). Observations 

< LOD are plotted at a value of log10 (LOD)/2. MIC: minimum inhibitory concentration; CFU: colony-forming units; ATCC: American Type Culture Collection; DSM: German 

Collection of Microorganisms. 
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solate 784 were less well captured. The equations of the final PD 

odel are reported in the supplementary material. 

.5. Simulations of target-site antimicrobial effect 

Finally, the clinical PK and in vitro PD models were linked to 

imulate bacterial response to dynamic unbound drug concentra- 

ions in plasma and soft tissues. Simulations with commonly ob- 

erved MIC values for MRSA showed that standard doses of cef- 

aroline fosamil resulted in lower bacterial counts at 24 h than 

tandard doses of lefamulin, regardless of whether simulations 

ere based on unbound plasma or soft-tissue concentration-time 

rofiles ( Figure 4 ). The simulated PK-PD profiles of ceftaroline were 

ore variable than those of lefamulin as a result of the higher 

nter-individual variability in ceftaroline PK. The antimicrobial ef- 

ect of lefamulin was highest at soft-tissue concentrations. In con- 

rast, the effect of ceftaroline was highest at plasma concentrations 

 Figure 4 ). The full time courses of the PD simulations are depicted

n Figure S6. 

Simulations were also used to explore which lefamulin dose 

as required to achieve an effect corresponding to that of a stan- 

ard dosing regimen of ceftaroline against a pathogen with MIC90 

MRSA) for each antibiotic ( Figure 5 ) [34] . Due to the more exten-

ive soft-tissue penetration of lefamulin compared to ceftaroline, 

efamulin doses required to attain an effect equivalent to the bac- 

erial killing caused by standard doses of ceftaroline were lower 

hen bacterial response was driven by soft-tissue PK ( ∼300 mg 

12h) compared to plasma PK ( ∼575 mg q12h) [34] , but still above

he currently licensed maximum dosage of 150 mg q12 h. 

. Discussion 

Comparing effect predictions for different antibiotics is chal- 

enging as PK/PD index targets are commonly not based on concen- 

rations at the target site and, being derived using varying methods 

nd a fragmented workflow, do not allow for direct comparisons of 

ntibiotic effects. This may lead to suboptimal treatment for a spe- 

ific infection type or patient population. In this study, we demon- 

trated how PK-PD modelling can be leveraged to directly compare 
6

he effect of two antibiotics at target-site concentrations. As a case 

tudy, we compared the effect of lefamulin and ceftaroline against 

RSA at concentrations in interstitial subcutaneous adipose and 

keletal muscle tissue. 

Given standard dosages and considering the MRSA MIC distri- 

utions for both antibiotics, bacterial killing following exposure to 

oft-tissue concentrations was higher for ceftaroline compared to 

efamulin. Substantial dose increases of lefamulin, which are cur- 

ently not supported by safety data [35] , would be required to 

atch the effect of ceftaroline. Differences in antimicrobial effects 

etween the two drugs were smaller based on soft-tissue PK com- 

ared to plasma PK. This can be explained by the more extensive 

istribution of lefamulin into soft tissues, as shown by the simula- 

ions in the present study and the previously reported AUC-based 

issue penetration ratios obtained in the microdialysis studies (lefa- 

ulin: 0.98 and 0.87; ceftaroline: 0.53 and 0.50 for subcutaneous 

dipose and muscle tissue, respectively) [12 , 18] . These results em- 

hasise the importance of considering target-site PK-PD in treat- 

ent selection and dose optimisation. 

The effect against MRSA of both drugs appeared lower in this 

tudy compared to plasma PK-based PTA analyses based on pre- 

linical PK/PD targets [17 , 36 , 37] . Given the same dosages as in our

imulations, these previous analyses found a PTA ≥90% (i) for cef- 

aroline MIC values ≤2 mg/L when based on a PK/PD target re- 

ecting a 2-log bacterial reduction over 24 h [17 , 36] , and (ii) for

efamulin MIC values ≤0.06 mg/L when based on a PK/PD target 

eflecting bacteriostasis over 24 h [37] . Looking at the median val- 

es of the PK-PD simulations over 24 h in the present study, the 

ame PD endpoints (i.e., a 2-log bacterial reduction for ceftaroline 

nd bacteriostasis for lefamulin) were achieved only at lower MIC 

alues. Additionally, simulations with the most commonly occur- 

ing lefamulin MIC values indicated a net bacterial growth over 24 

, while a phase-2 trial of lefamulin in patients with ABSSSIs re- 

orted high clinical cure rates [9] . The discrepancies between our 

esults and the PTA analyses and/or clinical cure results could be 

ue to several potential reasons. First, bacterial growth rates can 

e higher in vitro in rich growth media than in vivo [38] . Second,

ost factors, notably immune system components, are absent in 

n vitro time-kill experiments but play a role in bacterial growth 
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Figure 4. Antimicrobial effects of ceftaroline and lefamulin against MRSA with various MIC values given unbound concentrations in plasma and soft tissues. Top panels: 

log10 -change in CFU/mL at 24 h compared to baseline (106 CFU/mL) in simulations with different MIC values. The grey shading indicates simulations with MIC values outside 

the experimentally tested range. Simulated bacterial response was driven by simulated unbound drug concentrations in plasma and soft tissues following standard dosages. 

Boxplots indicate the median and interquartile range (IQR); whisker lengths cover the 25th/75th percentiles –/ + 1.5 ·IQR, and outliers outside that range are shown as filled 

circles. Bottom panels: relative MIC distributions, based on a total of 5429 and 10 181 observations for lefamulin and ceftaroline, respectively [34] . MIC90 values are marked 

with an asterisk. MIC values outside the displayed range are also recorded in the database and represent < 1% of the total number of observations. MRSA: methicillin-resistant 

Staphylococcus aureus ; MIC: minimum inhibitory concentration; CFU: colony-forming units; PK: pharmacokinetics. 

Figure 5. Lefamulin dosage required to match the antimicrobial effect of the stan- 

dard dosage of ceftaroline given unbound concentrations in plasma and soft tissues 

and MRSA MIC90 values of both drugs. Lines represent the median log10 -change in 

CFU/mL at 24 h compared to baseline (106 CFU/mL) in simulations with the re- 

spective MRSA MIC90 for lefamulin and ceftaroline. The dose (x-axis) at which the 

dashed and the solid line of the same colour cross represents the lefamulin dosage 

at which the median predicted bacterial count at 24 h is equal to that following 

a standard dosage of ceftaroline fosamil. MRSA: methicillin-resistant Staphylococ- 

cus aureus ; MIC: minimum inhibitory concentration; CFU: colony-forming units; PK: 

pharmacokinetics. 
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nd antibiotic PK-PD [39] . Third, high spontaneous cure rates have 

een reported in trials with patients with SSTIs [40 , 41] , making it

ifficult to determine the effect that can be ascribed to antibiotic 

reatment. Last, the time-kill experiments were performed over 24 
7

, which is not reflective of an entire course of antibiotic therapy. 

nforming the PK-PD model with time-kill data obtained over a 

onger period of time, e.g., using a hollow-fibre infection model, 

ay provide more translational insights. 

The microdialysis data underlying the PK models in this analysis 

ere obtained in a limited number of healthy volunteers (n = 12 

or both drugs). Apart from plasma PK, the tissue penetration of 

ntibiotics may be altered or more variable in special populations, 

uch as septic or obese patients [2 , 42] . In comparative PK-PD anal-

ses like the one performed in this study, it is therefore impor- 

ant that the PK data for the drugs originated from similar popu- 

ations. In absence of clinical PK data, simulations could be based 

n physiologically-based PK models. 

The inclusion of MIC as a covariate on EC50 enabled the simul- 

aneous description of all strains in the PD model and a power 

unction was empirically selected to describe the relationship, as 

eported for other antimicrobial PK-PD models [23–26] . However, 

hile covering 92% and 93% of the lefamulin and ceftaroline MIC 

alues reported for MRSA by EUCAST [34] , the range of MIC values 

f the studied strains was relatively narrow. Future studies should 

ttempt to additionally include strains with less frequently occur- 

ing MIC values. This would allow for a better characterisation 

f potential relationships between the MIC and exposure-response 

arameters and for more accurate predictions across the entire MIC 

istribution. A limitation of using the MIC as a covariate is the lim- 

ted precision associated with its determination [43] , which might 

e propagated into the estimated covariate relationship. However, 

he MIC is the standard measure of antimicrobial susceptibility and 

IC distributions commonly include abundant observations across 

ifferent locations. Therefore, obtaining time-kill data using sev- 

ral strains with different MIC values and including the MIC as a 
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ovariate in the PD model helps to place the simulations of bacte- 

ial response with the PK-PD model in a clinically relevant context. 

dditional limitations of this work include lacking genotypic infor- 

ation on the included isolates, as well as assessment of potential 

enotypic or phenotypic resistance development. Future analyses 

ould track the emergence of resistant subpopulations over time 

hrough population analysis profiling to enable a comparison of an- 

ibiotics also regarding resistance development. Furthermore, geno- 

ypic and phenotypic data on resistance development could offer 

echanistic insights to guide PD model development [44] , rather 

han empirical model selection. 

The PK-PD modelling approach applied in this work has sev- 

ral important advantages over using PK/PD index targets and PTA 

nalyses to compare effect predictions of different antibiotics. First, 

t is based on concentrations at the target site of infection, i.e., the 

oncentrations driving the antimicrobial effect, rather than solely 

elying on plasma concentrations. Second, it enables a ‘head-to- 

ead’ comparison of effect against a specific pathogen of interest, 

hereas PK/PD index targets may have been derived using differ- 

nt sources of data, study designs, pathogens and endpoints, all 

f which may impact the selection of the appropriate PK/PD in- 

ex and its magnitude [45] . Third, it considers and provides in- 

ight into the full time course and shape of antibiotic concentra- 

ions (PK) and bacterial growth and killing (PD) simultaneously, 

voiding a loss of information associated with dichotomous mea- 

ures like target attainment (yes/no) based on a summary PK/PD 

ndpoint. 

In conclusion, we demonstrated how target-site PK and in vitro 

D data can be leveraged to predict and compare target site- 

pecific antimicrobial effects. Given standard dosing regimens, cef- 

aroline appeared more effective against MRSA than lefamulin at 

oft-tissue concentrations. PK-PD modelling and simulation based 

n target-site concentrations could be used to inform antibiotic 

reatment and dosing strategies for specific indications and for 

omparisons of new with established treatment options, also in 

opulations with altered (target-site) PK characteristics in whom 

arge efficacy trials may be complicated to conduct. 
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