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Abstract
Background and Objective Ceftaroline fosamil is a β-lactam antibiotic approved as a 600 mg twice daily dose (≤1 h infusion, 
‘standard dosing’) or a 600 mg thrice daily dose (2 h infusion) to treat complicated skin and soft tissue infections caused by 
Staphylococcus aureus (minimum inhibitory concentration [MIC] 2–4 mg/L). We sought to systematically evaluate the rela-
tive impact of the three key components of the intensified dosing regimen (i.e. shortened dosing interval, prolonged infusion 
duration and increased total daily dose [TDD]) on the pharmacokinetic/pharmacodynamic (PK/PD) target attainment given 
different grades of bacterial susceptibility.
Methods A population PK model was developed using data from 12 healthy volunteers (EudraCT-2012-005134-11) receiv-
ing standard or intensified dosing. PK/PD target attainment (ƒT>MIC = 35% and 100%) after 24 h was compared following 
systematically varied combinations of the (1) dosing interval (every 12 h [q12h]→ every 8 h [q8h]); (2) infusion duration 
(1 h→2 h); and (3) individual and total daily dose (400→900 mg, i.e. TDD 1200→1800 mg), as well as for varying suscep-
tibility of S. aureus (MIC 0.032–8 mg/L).
Results A two-compartment model with linear elimination adequately described ceftaroline concentrations (n = 274). The 
relevance of the dosing components dosing interval/infusion duration/TDD for ƒT>MIC systematically changed with pathogen 
susceptibility. For susceptible pathogens with MIC ≤1 mg/L, shortened dosing intervals appeared as the main driver of the 
improved target attainment associated with the intensified dosing regimen, followed by increased TDD and infusion dura-
tion. For less susceptible pathogens, the advantage of q8h dosing and 2 h infusions declined, and increased TDD improved 
ƒT>MIC the most.
Conclusion The analysis calls to mind consideration of dose increases when prolonging the infusion duration in the case of 
low bacterial susceptibility.

1 Introduction

Bacterial infections remain a serious threat to public health, 
not least owing to the growing burden of antimicrobial 
resistance. Given the rather dry pipeline for new antibiot-
ics, prudent dosing of currently available last-resort antibi-
otics is of paramount importance to preserve their activity. 
Ceftaroline fosamil (CPT-F), the N-phosphono prodrug of 
the active metabolite ceftaroline (CPT), is a fifth-generation 
broad-spectrum cephalosporin with extended Gram-positive 
coverage, including activity against methicillin-resistant 
Staphylococcus aureus and penicillin-resistant Streptococ-
cus pneumoniae [1]. CPT-F therefore constitutes a valuable 
option for the treatment of complicated skin and soft tis-
sue infections (cSSTI) and community-acquired pneumonia 
(CAP), and is approved for these indications in Europe (and 
for similar indications in other regions) at a standard dose of 
600 mg CPT-F administered twice daily (every 12 h [q12h], 
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Key Points 

Apart from the standard dosing regimen (600 mg, twice 
daily, 1 h infusion), an intensified dosing regimen (600 
mg thrice daily, 2 h infusion) has been approved for 
the cephalosporin antibiotic ceftaroline fosamil, which 
involves the intensification of three dosing components 
simultaneously (i.e., prolonged infusion duration and 
shorter dosing interval and enhanced total daily dose 
[TDD]).

The present population pharmacokinetic analysis sys-
tematically evaluated the impact of each of the three key 
dosing components on a measure of efficacy (ƒT>MIC: 
time that antibiotic concentrations are above the mini-
mum inhibitory concentration of the pathogen) and dem-
onstrates that the relevance of dosing interval, infusion 
duration and TDD for ƒT>MIC systematically changes 
with pathogen susceptibility.

While for susceptible strains, shortened dosing intervals 
appeared to be the main driver of high target attainment 
(ƒT>MIC observed with the approved intensified dosing 
regimen), increased TDD (rather than every 8 h dosing 
and 2 h infusions) improved ƒT>MIC the most for less 
susceptible pathogens, calling to mind not to neglect 
dose increases when prolonging the infusion duration in 
the case of low bacterial susceptibility.

as a 5-min to 1 h intravenous infusion) in adults with normal 
renal function [2, 3].

Like other β-lactams, ceftaroline exhibits ‘time-depend-
ent’ bacterial killing and its antimicrobial activity has been 
related to the pharmacokinetic/pharmacodynamic (PK/PD) 
index ƒT>MIC (cumulative percentage of a 24-h time period 
that unbound plasma concentrations exceed the minimum 
inhibitory concentration [MIC] of the target organism). 
Thus, dosing strategies leading to extended  T>MIC have been 
proposed to improve the efficacy of ceftaroline, including 
shorter dosing intervals (CPT-F 600 mg every 8 h [q8h] 
vs. q12h) and consequently higher total daily doses (TDD, 
1800 mg [i.e. 3*600 mg] vs. 1200 mg [i.e. 2*600 mg]) [4] 
plus extended infusion durations (2 h vs. 1 h) [5]. This ‘high 
TDD/prolonged infusion’ dosing regimen showed good 
clinical efficacy and favourable safety profiles and has been 
approved for cSSTI confirmed or suspected to be caused by 
S. aureus with MIC as high as 2 or 4 mg/L [2, 5].

Although significantly higher ƒT>MIC has been shown 
after the approved intensified dosing regimen (q8h/2 h 
infusions/TDD 1800 mg) compared with standard dosing 

(q12h/1 h infusions/TTD 1200 mg) [6], the dosing compo-
nent primarily responsible for the improved target attainment 
remained unclear. Population PK modelling and simula-
tions enable the investigation of scenarios not covered by 
the underlying original study, and thus clarifying the con-
tribution of different dosing strategies to overall antibiotic 
exposure.

We aimed to systematically evaluate the single effects 
and relative impact of the three key components of dosing 
intensification, i.e. shortened dosing interval, prolonged 
infusion duration, and increased TDD, on ƒT>MIC, and the 
PK/PD target attainment of ceftaroline in healthy volun-
teers by population PK modelling. Patterns of importance 
of the three dosing strategies for effective treatment with the 
β-lactam were to be investigated for S. aureus with different 
MIC values, i.e. bacterial susceptibility.

2  Study Population and Methods

2.1  Study Population and Design

A prospective, open-label study including 12 healthy male 
volunteers constituted the basis for the population PK model 
[6]. The study was conducted at the Medical University of 
Vienna (EudraCT number 2012-005134-11) in accordance 
with International Conference on Harmonisation Good Clin-
ical Practice (ICH-GCP) guidelines and the Declaration of 
Helsinki after approval by the Institutional Ethics Commit-
tee (1930/2012) and Institutional Review Board. Further-
more, signed informed consent was received from all study 
subjects [6]. In summary (see Table S1 in the electronic 
supplementary material [ESM]), participants displayed a 
median age of 27.5 years (range 22–50 years) and a median 
total body weight (TBW) of 74.5 kg (range 63–106 kg; 
body mass index [BMI]: median 23.0 [range 19.4–27.6] kg/
m2). The study population did not show renal impairment 
 (CLCR_Cockcroft/Gault: median 145 [range 93.2–165] mL/min).

The healthy volunteers were randomly assigned to two 
different approved dosing groups of equal size (n = 6) 
receiving either (1) CPT-F 600 mg q8h as a 2 h intrave-
nous infusion (‘intensified dosing regimen’); or (2) CPT-F  
600 mg q12h as a 1 h intravenous infusion (‘standard dos-
ing regimen’). Rich sampling of total plasma CPT concen-
trations (n = 274) was performed on 2 consecutive days 
(i.e. on two ‘occasions’): (1) after the first dose (n = 12 
and n = 10 samples in the standard and intensified dosing 
groups, respectively); and (2) after three repeated doses 
(standard q12h dosing group, n = 13 samples) or four doses 
(intensified q8h dosing group, n = 10–11 samples) of CPT-
F. Total concentrations of the active metabolite CPT were 
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investigated during a 12-h (standard q12h dosing group) or 
8 h (intensified q8h dosing group) period, and measured by 
a validated liquid chromatography (LC)-tandem mass spec-
trometry method [6].

2.2  Population Pharmacokinetic (PK) Modelling

Nonlinear mixed-effects modelling was performed using 
NONMEM 7.3.0 [7] (ICON Clinical Research LLC, Gaith-
ersburg, MD, USA) and the first-order conditional estima-
tion method (with interaction), assisted by PsN 4.7.0 [8] 
(Uppsala University, Sweden; https:// uupha rmaco metri 
cs. github. io/ PsN). Statistical and graphical analyses were 
conducted in R3.0.2 (R Core Team, The R Foundation for 
Statistical Computing, Vienna, Austria; https:// www.R- proje 
ct. org).

One-, two-, and three-compartment models were 
explored, all parameterised in terms of volume of distri-
bution and (elimination and intercompartmental) clearance 
parameters. The difference between the administered and 
measured entities (CPT-F and CPT) was considered using 
their ratio of molar masses (CPT-to-CPT-F ratio: 0.883). 
CPT-F-to-CPT conversion was (1) assumed to be complete 
and immediate, or (2) modelled using a depot compart-
ment and a first-order transformation rate constant (ktrans). 
ktrans was estimated or fixed according to prior studies, 
assuming a conversion half-life of 19 min [9] or a prodrug 
clearance of 228 L/h (given creatinine clearance  [CLCR] 
= 102 mL/min/1.73  m2) [10]. First-order and nonlinear 
(Michaelis–Menten) elimination as well as a combina-
tion of both models was explored. Owing to previous evi-
dence,  CLCR was investigated as a covariate on clearance 
using linear and power functions as well as a CL-CLCR 
relationship previously identified for healthy subjects 
[10–12]. Interindividual and interoccasion variability were 
modelled using an exponential function, assuming a log-
normal distribution of the individual PK parameters per 
occasion. Residual unexplained variability was considered 
using additive, proportional, and combined additive and 
proportional models.

Model evaluation and selection was guided by statis-
tical significance (difference in objective function value 
[∆OFV] = 3.84, α = 0.05, degrees of freedom [df] = 1 
for nested models), precision and plausibility of param-
eter estimates as well as standard goodness-of-fit plots 
(e.g. observed vs. population/individual predicted con-
centrations and concentration-time profiles, conditional 
weighted residuals vs. population predictions and time). 
The predictive performance of the model was assessed 
by visual predictive checks stratified by dosing group 
(n = 1000 simulations).

2.3  Evaluation of ƒT>MIC and PK/PD Target 
Attainment After Systematically Varied Dosing 
Regimens

The PK/PD index ƒT>MIC was predicted for each study par-
ticipant at 24 h of CPT treatment and for an MIC range of 
0.032–8 mg/L (wild-type organisms ≤0.5 mg/L,  MIC90 = 1 
mg/L) representative of S. aureus in Europe [13, 14].  
S. aureus was chosen because the intensified dosing regimen 
of CPT-F has specifically been approved for cSSTI infec-
tions caused by S. aureus, and as S. aureus constitutes the 
most common cause of cSSTI worldwide, highlighting its 
clinical relevance [15, 16]. To determine ƒT>MIC, unbound 
concentrations were calculated assuming 20% plasma pro-
tein binding in accordance with the summary of product 
characteristics [2, 3] and the key PK/PD study motivating 
the expansion of the label by the intensified regimen [17].

PK/PD target attainment was compared following the 
standard and intensified dosing regimen clinically investi-
gated in the study as well as following simulated dosing 
regimens for CPT-F with systematically varied combinations 
of the dosing components: (1) dosing interval (q12h, q8h); 
(2) infusion duration (1, 2 and 3 h); and (3) dose (400–900 
mg, i.e. TDD 1200 and 1800 mg). ƒT>MIC was assessed 
after changing only one dosing component at a time, while 
leaving the other two aspects constant. The different dos-
ing regimens were evaluated (1) relative to ƒT>MIC after 
standard dosing, and (2) with respect to the PK/PD targets 
ƒT>MIC = 35%, required for a 2-log10 colony-forming unit 
(CFU) reduction of S. aureus, and ƒT>MIC = 100%, as com-
monly used for β-lactams in vulnerable patient populations 
[17]. The selected PK/PD target of 35% was derived based 
on a solid data basis, i.e. three preclinical models assess-
ing 24 S. aureus isolates (MIC 0.12–4 mg/L), after 24 h of 
antibiotic exposure [18–20]. The 24 h period of our study 
corresponded to this in vitro timeframe.

3  Results

3.1  Population PK Model

A two-compartment disposition model with linear elimina-
tion (CL = 10.9 L/h, Vtotal = 23.1 L) (see Table 1) assum-
ing complete and immediate CPT-F-to-CPT conversion 
adequately predicted CPT concentrations in healthy vol-
unteers of both dosing groups (see Figs. 1 and 2 for visual 
predictive checks and individual model predictions; see 
ESM Fig. S1 for goodness-of-fit plots; see ESM Table S2 
for a summary of key models). A three-compartment 
model provided a comparable fit to the data, with margin-
ally improved predictions for the lowest concentrations 
(0.2 mg/L) in the q12h dosing group, although less precise 

https://uupharmacometrics.github.io/PsN
https://uupharmacometrics.github.io/PsN
https://www.R-project.org
https://www.R-project.org
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(relative standard error [RSE] <29%) and less plausible 
parameter estimates. Models describing CPT-F-to-CPT-
conversion using a depot compartment did not add any 
advantage to the model fit and resulted in an increase in 
OFV. A sensitivity analysis revealed best model perfor-
mance for ktrans >1000/h, indicating virtually immediate 
conversion. Nonlinear elimination models did not improve 
the model fit (insignificant decrease in OFV, RSE >80%). 
Inclusion of a  CLCR-CL covariate-parameter relationship 
was not statistically significant (ΔOFV <1), irrespective 
of its functional form. A combined additive and propor-
tional residual variability model was the most appropri-
ate to describe CPT concentrations. Neither correlations 
between interindividual random effects nor interoccasion 
variability for the different days of sampling (occasion 1: 

sampling after the first dose; occasion 2: sampling on day 
2) were supported by the data (ΔOFV ≤5.23 for interoc-
casion variability on CL of 3%).

3.2  Comparison of ƒT>MIC between Systematically 
Varied Dosing Regimens

The intensified dosing regimen led to the highest 
median ƒT>MIC of all eight studied dosing schemes for 
MIC = 0.25–4 mg/L (and to higher or comparable ƒT>MIC 
for MIC = 8 mg/L) [see Fig. 3]. In contrast, the stand-
ard dosing regimen resulted in lowest median ƒT>MIC up 
to MIC = 4 mg/L (ƒT>MIC = 25.5%; attainment of target 
ƒT>MIC = 35% up to MIC = 2 mg/L). For MIC = 8 mg/L, 
representing pathogens resistant to ceftaroline, 1200 mg of 
CPT-F administered in three doses (400 mg/q8h) instead 
of two doses (600 mg/q12h) resulted in lowest ƒT>MIC 
overall (median: <10.8%), i.e. in even lower ƒT>MIC than 
standard dosing.

3.2.1  Impact of Key Dosing Strategies on ƒT>MIC 
for Pathogens with Minimum Inhibitory 
Concentration (MIC) ≤1 mg/L

For MIC values of S. aureus equal or below the susceptibil-
ity breakpoint of MIC ≤1 mg/L (‘susceptible pathogens’ 
according to the European Committee on Antimicrobial 
Susceptibility Testing [EUCAST] [14]), the eight investi-
gated dosing regimens provoked a similarpattern of changes 
in ƒT>MIC (see Fig. 3). Table 2 shows trends in ƒT>MIC for 
MIC = 1 mg/L given standard dosing and alternative regi-
mens involving (1) shortening the dosing interval from 12 h 
to 8 h (i.e. from twice- to thrice-daily dosing, while keeping 
the infusion duration and TDD constant); (2) enhancing the 
TDD from 1200 mg to 1800 mg (while keeping the infu-
sion duration and dosing interval constant); and (3) prolong-
ing the infusion duration from 1 h to 2 h (while keeping 
the TDD and dosing interval constant). In summary, for 

Table 1  Parameter estimates for ceftaroline from the population phar-
macokinetic model

RSE relative standard error (based on the variance covariance 
matrix), CI confidence interval determined by LLP-SIR (log-likeli-
hood profiling-sampling importance resampling), as the adequacy 
of this method had been shown for studies with a small population 
[33], CL clearance, VC/VP central/peripheral volume of distribution, Q 
intercompartmental clearance
a RSE reported on an approximate standard deviation scale

Parameter Estimate (RSE, %; 95% CI)

Fixed-effects parameters
CL [L/h] 10.9 (4.70; 10.1–12.1)
VC [L] 15.3 (5.44; 13.8–16.7)
VP [L] 7.82 (8.90; 6.86–8.84)
Q [L/h] 4.82 (16.5; 3.91–5.97)
Interindividual variability
ωCL [%CV] 15.6 (16.7;a 11.1–22.7)
ωVC [%CV] 13.0 (19.3;a 7.57–21.7)
ωVP [%CV] 16.6 (24.9;a 10.1–28.9)
Residual variability
σadditive [mg/L] 0.0441 (44.2; 0.0200–0.0734)
σproportional [%CV] 13.5 (12.7; 12.3–15.1)

Fig. 1  Visual predictive check 
(n = 1000) for the observed 
CPT plasma concentrations 
(open circles, median = dashed 
blue line) after standard dosing 
(left) and intensified dosing 
(right). Shaded areas indicate 
the 95% confidence intervals for 
the  50th (solid grey line),  10th 
and  90th percentile (dashed grey 
lines) of the simulated data. 
CPT ceftaroline
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susceptible S. aureus strains with MIC ≤1 mg/L, shorten-
ing of the dosing interval appeared as the main driver of 
the improved ƒT>MIC after administration of the approved 
intensified dosing regimen, followed by an increase in TDD 
and a prolonged infusion duration.

3.2.2  Impact of Key Dosing Strategies on ƒT>MIC 
for Pathogens with MIC ≥2 mg/L

For less susceptible and resistant pathogens with  
MIC ≥2 mg/L [14], the pattern of changes in ƒT>MIC for 
the investigated dosing regimens deviated from that asso-
ciated with MIC ≤1 mg/L (Fig. 3 and Table 3). In sum-
mary, for MIC values ≥2 mg/mL, increasing the TDD rather 
than shortening the dosing interval improved ƒT>MIC the 
most. For example, 900 mg/q12h resulted in comparable 
(MIC = 2 mg/L) or even superior (MIC ≥4 mg/L) ƒT>MIC 
than 400 mg/q8h, which stands in contrast to the results 
obtained for MIC ≤1 mg/L. Hence, the advantage of q8h 
dosing and 2 h infusions declined with higher MIC values.

For β-lactams, prolonged infusions beyond 2 h have been 
proposed in an attempt to enhance target attainment and clin-
ical outcome. Dosing regimens with 3 h infusion duration 
have therefore additionally been investigated (ESM Fig. S2 
and ESM Table S3). In summary, similar patterns of fT>MIC 
across the MIC spectrum could be observed for the different 
investigated dosing regimens.

Fig. 2  Individual observed (open circles) and model-predicted (solid 
lines) plasma concentration-time profiles of patients receiving inten-
sified dosing (IDs 1–6) and standard dosing (IDs 7–12) of CPT. Blue 
vertical lines indicate administered doses. CPT ceftaroline

Fig. 3  Target attainment (%ƒT>MIC, given in percentages of the first 
24 h of treatment) in the 12 study participants following different sys-
tematically varied dosing regimens. The grey dashed lines represent 
the pharmacokinetic/pharmacodynamic target ƒT>MIC = 35%, indicat-
ing a 2-log10 kill of Staphylococcus aureus [17], and the maximum 
achievable value of 100%. Box-and-whisker plots indicate median 
and IQR (boxes: 25th–75th percentile) of the data; whiskers extend to 

a maximum of 1.5 interquartile range of the hinge. Dosing regimens 
marked with black boxes were clinically investigated in the study [6]. 
* Standard dosing regimen: 600 mg/q12h/1  h. + Intensified dosing 
regimen: 600 mg/q8h/2  h. MIC minimum inhibitory concentration 
(grey shaded area indicates that pathogens with MIC = 8 mg/L are 
classified as resistant), TDD total daily dose, SD single dose, q12h/
q8h dosing every 12 h/8 h, 1 h/2 h infusion duration
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3.3  Evaluation of PK/PD Target Attainment 
with Respect to Reduction of S. aureus

For MIC = 1 mg/L, representing the most abundant S. 
aureus strains  (MIC90) in Europe, all eight investigated 
dosing regimens, including standard dosing, reached the 
target ƒT>MIC = 35% (associated with a 2-log10 CFU 
reduction of S. aureus) in all study participants [17]. For 
MIC = 2 mg/L, indicating the ceftaroline  MIC90 against all 
S. aureus isolates in the Asia Pacific region, all regimens 
except standard dosing (75%) attained ƒT>MIC = 35% in 
>90% of patients [17]. If the infusion duration was pro-
longed to 3 h, all regimens (TDD 1200/1800 mg q8h/
q12h) would reach the target ƒT>MIC=2mg/L = 35% (ESM 
Fig. S2 and ESM Table S3). For MIC = 4 mg/L, the stand-
ard dosing regimen failed to achieve ƒT>MIC = 35% in 
all subjects. Even for a less conservative treatment tar-
get of ƒT>MIC  =  27%, indicating bacteriostasis [17], 
target attainment was <90% after standard dosing. In 

contrast, the intensified dosing regimen led to attainment 
of ƒT>MIC = 35% in >90% of study participants up to 
MIC = 4 mg/L. Given MIC = 8 mg/L, PK/PD target attain-
ment was unsatisfactory for S. aureus for all investigated 
dosing regimens.

The stricter target of ƒT>MIC >99%, as frequently 
applied for β-lactams in vulnerable populations such 
as critically ill patients, was attained in 90% of patients 
only with the approved intensified dosing regimen 
for MIC = 0.5 mg/L, and with the four q8h regimens  
(600 mg/1 h, 2 h; 400 mg/1 h, 2 h) for MIC 0.25 mg/L.

4  Discussion

In the light of increasing antimicrobial resistance, rational 
dosing of the currently available antibiotics is essential to 
preserve their activity. For antibiotics with time-dependent 
bactericidal killing patterns and absent or short persistent 

Table 2  Impact of key dosing strategies on ƒT>MIC for pathogens with MIC = 1 mg/L

Dosing 
regimen

INT TDD DUR ƒT>MIC=1

(median)
Comments

1 STDa q12h 1200 mg
(2.600 mg)

1 h 56.2 Standard dosing: lowest ƒT>MIC values 
(of the eight studied dosing regimens)

2 INTalt. q8h 1200 mg
(3.400 mg)

1 h 71.5 ↓ dosing interval (q12h�q8h): largest increase
in ƒT>MIC (rela�ve to STD)

3 TDDalt. q12h 1800 mg
(2.900 mg)

1 h 65.8 ↑ TDD (1200�1800 mg): smaller increase in
ƒT>MIC compared with INTalt
(also see INT+DURalt � INT+TDD+DURalt)

4 DURalt. q12h 1200 mg
(2.600 mg)

2 h 60.5 ↑ infusion duraon (1 h�2 h): smallest increase
in ƒT>MIC (rela�ve to STD; STD�DURalt, INTalt �
INT+DURalt, TDDalt � TDD+DURalt and INT+TDDalt
� INT+TDD+DURalt)

5 TDD+DURalt. q12h 1800 mg
(2.900 mg)

2 h 70.2 TDD = 1800 mg administered as 2.900 mg 
resulted in <ƒT>MIC than TDD = 1200 mg 
administered as 3.400 mg 
(i.e., TDDalt < INTalt and TDD+DURalt < INT+DURalt)6 INT+DURalt. q8h 1200 mg

(3.400 mg)
2 h 77.9

7 INT+TDDalt. q8h 1800 mg
(3.600 mg)

1 h 85.7 >ƒT>MIC values a�er 2 h vs. 1 h infusions
(similar to q12h and q8h/3.400 mg dosing)

8 INT+TDD+
DURalt.

a
q8h 1800 mg

(3.600 mg)
2 h 92.3 Intensified dosing: Highest ƒT>MIC values 

(of the eight studied dosing regimens)

INT dosing interval, TDD total daily dose, DUR infusion dura�on, ƒT>MIC=1 cumula�ve percentage of a 24-h �me period that 
unbound plasma concentra�ons exceed MIC = 1 mg/L, MIC minimum inhibitory concentra�on, STD standard dosing,
q12h/q8h every 12/8 h, alt alterna�ve dosing regimen (name indicates modified dosing components with respect to standard 
dosing), ↓ indicates decreased, ↑ indicates increased

a Approved dosing regimens. Grey shading indicates dosing regimens with only one dosing component modified rela�ve to 
the standard dosing regimen. The colour code for the dosing regimens (numbers 1–8) corresponds to that of Fig. 3. 
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effects like many β-lactams, prolonged infusion strategies 
rather than dose increases have been recommended to bet-
ter meet ƒT>MIC targets and to ultimately improve out-
come, particularly for agents with a short half-life [21, 22].

The current analysis systematically compared the single 
impact of all three basic principles of dosing, i.e. infusion 
duration, dosing interval and TDD, on ƒT>MIC and PK/PD 
target attainment using the example of the β-lactam anti-
biotic ceftaroline. The analysis was motivated by the sepa-
rate approval of a ‘high-dose’ regimen for CPT-F, which 
involves the intensification of all three dosing variables 
simultaneously, i.e. a combination of prolonged infusion 
duration, shorter dosing interval and enhanced TDD com-
pared with standard dosing. The study demonstrated that 

the importance of each dosing component, i.e. its contri-
bution to overall ƒT>MIC after intensified dosing, changes 
with decreasing susceptibility (i.e. higher MIC).

For susceptible S. aureus strains with MIC ≤1 mg/L, 
shortened dosing intervals (q12h→q8h) appeared primar-
ily responsible for the high ƒT>MIC following the approved 
intensified dosing regimen. Prolonged infusion durations 
(1 h→2 h) increased ƒT>MIC even for resistant strains with 
MIC = 8 mg/L, but only in the case of sufficiently high 
doses (≥600 mg). This result is not surprising given that 
longer infusion durations cause lower maximum (‘peak’) 
concentrations, which become more relevant for ƒT>MIC at 
high MIC values.

Table 3  Impact of key dosing strategies on ƒT>MIC for pathogens with MIC ≥2 mg/L

Dosing 
regimen

INT TDD DUR ƒT>MIC=4

(med)
ƒT>MIC=8

(med)
Comments

1 STDa q12h 1200 mg
(2.600 mg)

1 h 25.5 13.4 For MIC = 8 mg/L, STD ≠ lowest ƒT>MIC
(of the eight studied dosing regimens)

2 INTalt. q8h 1200 mg
(3.400 mg)

1 h 28.2 10.8 ↓ dosing interval: Comparable 
(MIC = 2 mg/L) or even lower (MIC
≥4 mg/L) ƒT>MIC than ↑ TDD 
(TDDalt > INTalt, i.e. 2.900 > 3.400 mg/day)
If MIC = 8 mg/L and TDD = 1200 mg, 
solely ↓ dosing interval was inferior to 
STD (2.600 mg/day)
If MIC = 8 mg/L and TDD = 1800 mg, 
ƒT>MIC was comparable for the
900 mg/q12h and 600 mg/q8h regimens 
(TDDalt ~ INT+TDDalt, 
TDD+DURalt ~ INT+TDD+DURalt)

3 TDDalt. q12h 1800 mg
(2.900 mg)

1 h 33.8 20.2

4 DURalt. q12h 1200 mg
(2.600 mg)

2 h 28.7 13.9

5 TDD+DURalt. q12h 1800 mg
(2.900 mg)

2 h 37.5 22.7 For MIC ≤4 mg/L, a 2 h infusion dura�on
was generally superior to 1 h
For MIC = 8 mg/L (resistant pathogens):
2 h infusions of 400 mg/q8h � <ƒT>MIC
than the same dosing regimen using 1 h
infusions (INTalt)

6 INT+DURalt. q8h 1200 mg
(3.400 mg)

2 h 31.8 3.58

7 INT+TDDalt. q8h 1800 mg
(3.600 mg)

1 h 39.5 20.9 For MIC = 4–8 mg/L, the four dosing 
schemes with TDD = 1800 mg led to the 
highest ƒT>MIC (TDDalt, TDD+DURalt, 
INT+TDDalt, INT+TDD+DURalt)

8 INT+TDD+
DURalt.

a
q8h 1800 mg

(3.600 mg)
2 h 44.7 22.2

INT dosing interval, TDD total daily dose, DUR infusion dura�on, ƒT>MIC=X cumula�ve percentage of a 24-h �me period that 
unbound plasma concentra�ons exceed MIC = x mg/L, MIC minimum inhibitory concentra�on, STD standard dosing,
q12h/q8h every 12/8 h, alt alterna�ve dosing regimen (name indicates modified dosing components with respect to standard 
dosing), ↓ indicates decreased, ↑ indicates increased

a Approved dosing regimens. Grey shading indicates dosing regimens with only one dosing component modified rela�ve to 
the standard dosing regimen. The colour code for the dosing regimens (numbers 1–8) corresponds to that of Fig. 3. 
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Importantly, the higher the MIC (>1 mg/L), the more 
crucial the administered dose amount becomes. For highly 
susceptible strains, shorter dosing intervals and prolonged 
infusion durations might even suggest lower than traditional 
TDDs to reach a specific PK/PD target (although caution has 
to be exercised in clinical practice before lowering doses, 
particularly in patients with severe infections). However, 
for less susceptible strains, shorter dosing intervals and 
prolonged infusion durations might require higher TDDs 
to reach the same target. These findings are particularly rel-
evant in the light of the increasing application of prolonged 
infusions up to continuous infusion of antibiotics, which 
entails maximum infusion duration and minimum dosing 
interval. Particularly when switching to a prolonged infusion 
and/or shorter dosing interval, a simultaneous dose increase 
should be borne in mind to improve target attainment given 
known or suspected low bacterial susceptibility. The results 
also call to mind the importance of considering the suscep-
tibility of the infecting pathogen (and potential variability 
in MIC) for dosing, which in clinical practice however is 
commonly not available for healthcare providers.

Our study investigated clinically relevant MIC values up 
to 8 mg/L. S. aureus with MIC ≤1 mg/L represent the most 
common strains in Europe  (MIC90 = 1 mg/L) and are clas-
sified as susceptible to CPT irrespective of its indication (S 
≤1 mg/L) [14]. Tallying with this, target attainment rates 
were high (100%) for MIC = 1 mg/L in the study population. 
MIC values of 2–4 mg/L are classified resistant according to 
EUCAST (pneumonia: R >1 mg/L, indications other than 
pneumonia: R >2 mg/L) [14]. While these are rather rare 
in Europe, they are more prominent in Latin America and 
the Asia-Pacific region [23–25]. The intensified dosing regi-
men that has been approved specifically for cSSTI infections 
caused by S. aureus of MIC 2–4 mg/L was the only dosing 
strategy leading to sufficient target attainment for MIC = 4 
mg/L in the investigated healthy population, highlighting its 
usefulness. For MIC = 2 mg/L, the PK/PD target was also 
met by 90% of the population after standard dosing. In cases 
where severely ill patients display lower antibiotic exposure 
than healthy volunteers (e.g. as frequently observed in sep-
sis), the intensified dosing regimen seems more beneficial 
than standard dosing for MIC = 2 mg/L.

S. aureus with MIC = 8 mg/L is classified as resistant 
and has rarely been identified in Europe [13, 14]. Never-
theless, MIC = 8 mg/L was included in the analysis as a 
worst-case scenario and to show target attainment for the 
full distribution of observed MIC values in Europe [14]. 
Our analysis suggests that a TDD of 1800 mg would not 
suffice to achieve a 2-log reduction of such isolates, and 
even higher doses might be required. However, CPT-F is not 
approved for the treatment of infections caused by S. aureus 
with MIC = 8 mg/L, and caution has to be exercised when 

interpreting target attainment for MIC = 8 mg/L as the tar-
get ƒT>MIC = 35% had been determined based on an upper 
MIC = 4 mg/L [17].

The target ƒT>MIC = 35%, indicating a 2-log10 CFU 
reduction of S. aureus, was exemplarily chosen in our anal-
ysis. We aimed for the most conservative available PK/PD 
target for ceftaroline against S. aureus, reflecting a 2-log10 
CFU reduction, rather than a target reflecting bacteriostasis 
(ƒT>MIC = 26.8% [17] or ƒT>MIC = 20.3% [13]) even in the 
healthy study population. In clinical practice, the PK/PD tar-
get underlying dosing decisions might differ, e.g. depending 
on the patient’s clinical condition. For example, stricter PK/
PD targets such as ƒT>MIC = 100% have been suggested for 
β-lactams, especially for intensive care unit (ICU) patients 
with severe infections [26]. PK/PD targets might also vary 
for different types of infection and antibiotic agents (even 
within a β-lactam class). However, the general trends in tar-
get attainment across systematically varied dosing regimens 
and MIC values are likely similar to those illustrated for 
other antibiotics with PK/PD characteristics and half-life 
comparable to CPT.

The developed two-compartment population model with 
linear elimination displayed the same structure as identified 
in previous population analyses of CPT, including an exten-
sive study covering 21 phase I–III trials [10, 17, 27–29]. 
A different model describing CPT PK solely in healthy 
volunteers comprised three compartments, potentially sup-
ported by q12h dosing and longer periods of rich sampling 
(12 h) for all subjects [11]. Complete and fast in vivo CPT-
F-to-CPT conversion has also been identified by studies 
with available measurements of both entities [10, 11, 17]. 
Linear elimination of CPT corresponded to another study 
in healthy volunteers assessing CPT PK after single-dose 
CPT-F (600 mg) [11]. Van Wart et al. identified parallel lin-
ear and Michaelis–Menten clearance of CPT, although they 
investigated a broad dose range of 50–2000 mg over a longer 
observation period (14 days). The study found adequate per-
formance of a linear elimination model for CPT-F doses up 
to 1000 mg, which is in concordance with our study [10]. 
The PK parameter estimates were in the range of previous 
population PK analyses involving healthy volunteers (CL 
10.9 L/h vs. 10.7 L/h for  CLCR_median = 120 mL/min/1.73  m2 
and  agemedian = 28 years [17], 11.9 L/h for  CLCR_median = 145 
mL/min [11];  Vtotal 23.1 L vs. 19.0 L [17], 24.9 L for 
 TBWmedian = 74.5 kg [11]). The interindividual variability 
associated with clearance was 15.6% and was in line with 
other studies including healthy volunteers (16.4% [11], 
18.4% [30]). Potential sources of variability include renal 
excretion, factors influencing saturable elimination, or other 
covariates. In contrast to previous scientific evidence, yet 
not surprisingly, no significant impact of  CLCR on CL was 
identified in the homogeneous, small population of healthy 
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individuals, who displayed a limited range of unimpaired 
renal function  (CLCR_C/G = 93.2–165 mL/min) [11, 12, 17].

Some limitations should be acknowledged with regard 
to the present investigation. First, our analysis exclusively 
considered healthy volunteers without altered pathophysi-
ologic conditions and its results might not necessarily be 
transferable to infected patients with comorbidities, as sug-
gested by a previous population PK analysis on CPT in 
patients with CAP, cSSTI and/or renal impairment versus 
healthy volunteers [17]. Highly variable exposure and faster 
drug elimination have been shown in infected patients, par-
ticularly in severely ill patients and those with augmented 
renal clearance, implying likely lower target attainment rates 
than in healthy volunteers [10, 31]. Thus, the dosing regi-
mens required to attain specific PK/PD targets might differ 
between healthy volunteers and severely ill patients. Next, 
the small size and homogeneity of the healthy population 
with rather narrow ranges of clinical characteristics pre-
vented a systematic covariate analysis, i.e. an investigation 
of the impact of patient factors such as renal function on 
ceftaroline PK and exposure. However, previous evidence 
implied only a minimal impact of body size and renal func-
tion on CPT target attainment in healthy volunteers [11]. 
Furthermore, the main purpose of our study was to identify 
trends in ƒT>MIC and target attainment with respect to differ-
ent strategies of dosing intensification and bacterial suscep-
tibility rather than causes of PK variability. Our investiga-
tion focused on three dosing components combined in the 
approved intensified dosing regimen [2]. Future exploration 
of continuous infusion seems relevant given its increasingly 
widespread use for β-lactams. To optimally and individu-
ally balance the interplay between infusion duration, dosing 
interval and daily dose in future studies, software tools ena-
bling model-informed precision dosing represent a highly 
promising approach [32]. These tools consider a patient’s 
demographic and clinical characteristics, dosing history and, 
if available, measurement of the antibiotic concentration in 
blood (i.e. therapeutic drug monitoring sample) and allow 
the selection of an individualised dosing regimen aimed to 
meet a specific target.

The selection of a dosing regimen in clinical practice also 
depends on practicability. One vial of  Zinforo® 600 mg pow-
der for concentrate for solution for infusion contains 600 
mg CPT-F [2]. Hence, two or three vials are required for the 
approved standard and intensified dosing regimen (and their 
equivalent with 1 and 2 h infusions), respectively. If 900 mg 
was used twice daily, four vials would be required to comply 
with ceftaroline stability (12 h at 2–8°C and 6 h at 25°C [2]); 
thus, the dosing regimen of 900 mg q12h appears to be the 
least cost-effective treatment option.

5  Conclusion

Dosing simulations with a successfully developed popula-
tion PK model for ceftaroline revealed that the relevance of 
the dosing components dosing interval/infusion duration/
TDD changes with decreasing pathogen susceptibility. For 
susceptible S. aureus strains only, shortening of the dosing 
interval (from 12 h to 8 h) was the main driver of the high 
target attainment associated with the approved intensified 
dosing regimen of CPT-F, followed by increasing the TDD 
(from 1200 mg to 1800 mg) and extending the infusion 
duration (from 1 h to 2 h). For higher MIC values ≥2 mg/
mL, the advantage of q8h dosing and 2 h infusions declined 
and an increased TDD rather than shortened dosing interval 
improved ƒT>MIC the most. Thus, even for antibiotics with 
time-dependent bactericidal killing patterns, dose increases 
should not be neglected in the case of low bacterial suscep-
tibility when prolonging the infusion duration. Investiga-
tions on the clinical benefit of the studied dosing regimens, 
including continuous infusion, in target patient populations 
are warranted.
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