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Abstract
Objectives The aim of this study was to investigate the effect of daptomycin against methicillin-resistant staphylococci 
(MRSA and MRSE) bacteremia using computer modeling.
Methods A pharmacokinetic/pharmacodynamic (PK/PD) modeling strategy to explain the data from an in vitro dynamic 
model employing time-kill curves for MRSA and MRSE was proposed. Bacterial killing was followed over time by deter-
mining viable counts and the resulting time-kill data was analyzed. Monte Carlo simulations were performed using pharma-
cokinetic parameters and pharmacodynamic data to determine the probabilities of target attainment and cumulative fractions 
of response in terms of area under the concentration curve/minimum inhibition concentration (MIC) targets of daptomycin. 
Simulations were conducted to assess the reduction in the number of colony-forming units (CFU)/mL for 18 days of treat-
ment with daptomycin at doses of 6, 8, and 10 mg/kg/24 h or 48 h with variations in creatinine clearance  (CLCR): 15–29 mL/
min/1.73  m2, 30–49 mL/min/1.73  m2, 50–100 mL/min/1.73  m2, as well as for defining the probability of reaching the target 
fAUC/MIC = 80 in the same dose and clearance range. A PK/PD model with saturation in the number of bacteria in vitro, 
growth delay, and bacterial death, as well as Hill’s factor, was used to describe the data for both MRSA and MRSE.
Results Monte Carlo simulations showed that for MRSA there was a reduction > 2 log CFU/mL with doses ≥ 6 mg/kg/day 
in 75th percentile of the simulated population after 18 days of treatment with daptomycin, whereas for MRSE this reduction 
was observed in 95th percentile of the population.
Conclusions The presented in vitro PK/PD model and associated modeling approach were able to characterize the time-
kill kinetics of MRSA and MRSE. Our study based on PTAs suggests that doses ≥ 6 mg/kg/day of daptomycin should be 
used to treat bacteremia caused by MRSA and MRSE in patients with  CLCR of 15–29 mL/min/1.73  m2. For patients with 
 CLCR ≥ 50 mL/min/1.73  m2, it would be necessary to employ a dose of 10 mg/kg/day to treat complicated bacteremias.
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Introduction

Bacteremia is characterized by the presence of microor-
ganisms with pathogenic potential in the bloodstream. The 
main bacteremia agent among Gram-positive microorgan-
isms is Staphylococcus aureus, highlighting the increasing 
incidence of cases by methicillin-resistant Staphylococcus 
aureus (MRSA) strains, reaching values around 54.6%, asso-
ciated with higher mortality rates (39%) due to bloodstream 
infections [1]. On the other hand, methicillin-resistant S. 
epidermidis (MRSE) is the most commonly isolated micro-
organism in hospital bloodstream infections (30%), espe-
cially in critically ill patients who are immunocompromised, 
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and premature newborns admitted to neonatal intensive care 
units [2, 3].

Potent bactericidal antibiotics are needed for the treat-
ment of MRSA and MRSE infections. Daptomycin is a 
cyclic lipopeptide antimicrobial that has restrictive activ-
ity against Gram-positive microorganisms, being used 
mainly for the treatment of MRSA, vancomycin-resistant 
enterococci, and glycopeptide-resistant or intermediate S. 
aureus, in addition to coagulase-negative staphylococci [4, 
5]. Among coagulase-negative staphylococci, S. epidermidis 
is the most prevalent, being isolated in 50–70% of bactere-
mia cases, mainly in catheters [5]. Daptomycin has been 
approved for the treatment of complicated skin infections 
and soft tissue infections, as well as bloodstream infections 
caused by S. aureus, including right lateral endocarditis 
[6, 7] and as a primary drug in the treatment of persistent 
MRSA bacteremia when the MIC for vancomycin is 1 µg/
mL, as being more effective than vancomycin for this type 
of infection [8, 9].

Considering that in the in vivo scenario bacteria are not 
being exposed to constant but constantly changing antibiotic 
concentrations, pharmacokinetic/pharmacodynamic (PK/
PD) models based on time-kill curves can be used to assess 
the anti-infective efficacy of antibiotics. Time-kill curves 
that monitor bacterial growth and death over a wide range 
of antimicrobial concentrations have been frequently used 
to evaluate the effect of antimicrobials over time. These data 
can be analyzed using mathematical models and are often 
the first step in PK/PD modeling [10]. The advantage of 
these in vitro models is that they provide for a much more 
detailed assessment of the pharmacokinetic-pharmacody-
namic relationship than the simple use of MICs and allow 
direct comparison of the effects of various concentration 
profiles. More detailed information about the time course of 
antibacterial effect can be assessed by employing time-kill 
curves. While experimental kill curves enable a dynamic 
interpretation of drug-bacteria interactions, the strength of 
this approach is not fully exploited until the data are ana-
lyzed by means of mathematical models [11].

In order to understand the dose-efficacy binomial of the 
drug, pharmacokinetic and pharmacodynamic relationships 
need to be established. The PK/PD indexes for antibiotics 
represent these relationships and are already defined in the 
literature. Daptomycin presents as a PK/PD index most pre-
dictive of efficacy fAUC/MIC, being considered a concentra-
tion-dependent drug [12]. Safdar et al. (2004) employed the 
neutropenic murine thigh model to characterize the pharma-
codynamics of daptomycin. The PK and PD parameters that 
best correlated with in vivo efficacy were AUC/MIC (> R2) 
[13]. Animal studies have indicated that the fAUC/MIC is 
the main pharmacodynamics index for S. aureus [14].

The combination of PK/PD targets, pharmacokinetics, 
and MIC values allows the assessment of established dose 

regimes and predictions for groups of patients with altered 
pharmacokinetics, using Monte Carlo simulations [15, 16], 
for example. In this approach, inter-individual variability in 
pharmacokinetic and pharmacodynamic parameters is con-
sidered and the probability of reaching the target (PTA) is 
determined using stochastic simulations of the model [17]. 
The targets to be reached for daptomycin microbiological 
success have great variability in the literature: some consider 
only the free fraction; others consider the total concentra-
tion of daptomycin in its relationship with MIC [13, 18–20]. 
Unbound concentrations should preferably be considered for 
the assessment of daptomycin PK [18]. This lack of con-
sensus on the target to be reached can result in therapeutic 
failure.

The purpose of this article was (i) to investigate the 
pharmacodynamic effect of daptomycin against MRSA and 
MRSE by evaluating the bacterial death curves as a func-
tion of time (time-kill curves), (ii) to model the effect of 
daptomycin as a function of time, (iii) to use Monte Carlo 
simulations to predict the reduction in the number of CFU/
mL with different doses of daptomycin and variations in 
creatinine clearance, and (iv) to predict the probability of 
target attainment against MRSA and MRSE.

Methods

Antibiotic, growth media, and microorganism

Daptomycin powder was acquired from Sigma-Aldrich and 
stored at – 20 °C until analysis. Stock solutions were freshly 
prepared daily and diluted with Mueller–Hinton broth (Difco 
Laboratories, Detroit, MI, USA) supplemented with 50 mg 
of calcium/L (Ca-MHB). Methicillin-resistant Staphylococ-
cus aureus (MRSA) ATCC 33,591 and methicillin-resistant 
Staphylococcus epidermidis (MRSE) ATCC 29,887 were 
provided by Instituto Oswaldo Cruz/Fiocruz, Rio de Janeiro, 
Brazil. The microorganisms were kept at – 70 °C in skim 
milk. The inocula for minimum inhibitory concentration 
(MIC) and time-kill curve experiments were prepared in 
NaCl 0.9% solution and adjusted with Ca-MHB to a final 
concentration of approximately 5 ×  105 CFU/mL.

Determination of minimum inhibitory 
concentration (MIC)

The MIC of daptomycin for MRSA ATCC 33,591 and 
MRSE ATCC 29,887 was determined in duplicate accord-
ing to the Clinical and Laboratory Standards Institute (CLSI) 
guidelines [21]. The broth in the microdilution wells was 
read by visual inspection after incubation for approximately 
21 h at 35 °C.
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Constant concentration time‑kill curves

The model consisted of a 50-mL culture flask containing 
30 mL Ca-MHB. The flasks were incubated at 35 °C with 
constant shaking. An aliquot of a suspension of the initial 
inoculation (1 ×  108 CFU/mL) was added to the in vitro 
model to produce approximately 5 ×  105 CFU/mL. Different 
daptomycin concentrations were added after bacteria incuba-
tion for 1 h. Multiples of MIC (0.25 ×, 0.5 ×, 1 ×, 3 ×, 5 ×, 
and 10 × MIC) were assessed. A negative control experiment 
with bacteria and without drug was running simultaneously. 
Samples were taken from a period of 48 h. All experiments 
were conducted in duplicate. Bacterial counts were deter-
mined on all countable plates (upper limit: 200 CFU) by 
plating 20 μL of tenfold diluted aliquots on tryptic soy agar 
plates. The number of CFU/mL was determined after an 
incubation period of approximately 21 h.

PK/PD modeling

The time-kill curve analysis and mathematical modeling of 
the kill curve data were fitted to an Emax model employ-
ing a non-linear regression software program, Scientist® 
3.0 (Micromath, Salt Lake City, UT, USA), according to 
the Eq. 1:

where dN/dt is the range in number of bacteria as a func-
tion of time; k0 is the bacterial growth rate constant in the 
absence of daptomycin; N (CFU/mL) is the number of viable 
bacteria; Nmax (CFU/mL) is the maximum number of bacte-
rium; kmax is the maximum killing rate constant (maximum 
effect); C (µg/mL) is the concentration of daptomycin at any 
time (t);  EC50 (µg/mL) is the concentration of daptomycin 
necessary to produce 50% maximum effect; h is the Hill 
coefficient factor; x is the delay in the onset of growth; and 
z is the delay in the microbial death.

For the control experiment, bacterial growth was fitted 
using the following Eq. 2:

To determine the model for each strain, the graphic 
profiles were visually inspected for the best fit, as well 
as the model selection criterion (MSC), in addition to the 
determination coefficient (r2) and the correlation between 
the calculated values and those observed experimentally. 
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No weight was applied to the data when performing the 
PK/PD modeling. The parameters determined by the PK/
PD modeling were compared statistically (alpha = 0.05).

Monte Carlo simulations

For Monte Carlo simulations, the pharmacodynamic 
parameters determined in vitro experiments and the popu-
lation pharmacokinetic data for daptomycin described in 
the literature by DiPaolo et al. were used [22]. This model 
was chosen because it was the population model that most 
closely matched the objective of the study, which included 
simulating the variations in creatinine clearance with the 
clinical outcome, in addition to containing the covariables 
that were physiologically important for the pharmacoki-
netics of daptomycin.

Monte Carlo simulations (1000 subjects) were performed 
using Berkeley Madonna v 8.3.18. Different scenarios were 
evaluated including Monte Carlo simulations using MIC of 
0.06, 0.12, 0.25, 0.5, 1, 2, 4, and 8 µg/mL and various dosing 
regimens of daptomycin (6, 8, and 10 mg/kg/day).

The one-compartment population pharmacokinetic 
model (Eq. 3) was used with a 30-min infusion and linear 
elimination with a covariate model (Eq. 4) and the 90% 
plasma protein binding was assumed [22, 23].

where A1 is the amount of drug in the compartment; t 
is the time; inf_rate is the infusion rate in mg/h; inf_time 
is the infusion time in h;  CLi is the individual clearance of 
daptomycin; and Vd is the volume of distribution.

where  CLi is the individual clearance of daptomycin; 
 CLpop is the population clearance estimated by the pop-
ulation model of the study by DiPaolo et al. [22]; β is 
the exponential factor of the continuous covariate;  CLCR 
is the creatinine clearance of individual creatinine; and 
 CLCR_m is the average creatinine clearance. The following 
parameters of daptomycin were used: clearance = 0.8016 
L/h (RSE% 4.71), volume of distribution = 12.29 L (RSE% 
5.41), individual creatinine clearance = 0.2026 (RSE% 
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35.46), and inter-individual variability in daptomycin 
clearance = 20.74 (RSE% 43.69).

To simulate the different creatinine clearance, the follow-
ing data were used:

CLCR 15–29 mL/min/1.73  m2

Mean_CLCr= 22.5
init CLCr_var = normal(0, 1)*1.35
CLCR 30–49 mL/min/1.73  m2

Mean_CLCr= 39.5
init CLCr_var = normal(0, 1)*3.75
CLCR 50–100 mL/min/1.73  m2

Mean_CLCr= 75
init CLCr_var = normal(0, 1)*9.37

The PK/PD parameters obtained in the pharmacodynam-
ics model were used in the simulations to generate the CFU/
mL reduction profiles versus daptomycin time with varia-
tions in creatinine clearance  (CLCR) of 15–29 mL/min/1.73 
 m2, 30–49 mL/min/1.73  m2, and 50–100 mL/min/1.73  m2. 
To estimate the impact of doses of 6, 8, and 10 mg/kg/ day 
on the reduction of CFU/mL, the parameters obtained by PK/
PD modeling were used in Monte Carlo simulations. Con-
sidering that clinically with  CLCR below 30 mL/min/1.73 
 m2 the interval between doses should be increased in order 
not to impair the therapy, a simulation was also carried out 
with an interval of 48 h for the three doses of daptomycin. 
Logarithmic reductions were determined by subtracting the 

CFU/mL values from the initial inoculum from those pre-
dicted for 18 days of treatment with daptomycin. Likewise, 
the probability of reaching the target of fAUC/MIC of 80 
[18] was calculated against the wide range of MIC, both for 
MRSA and MRSE.

The methodology workflow related to experiments can 
be seen in Fig. 1.

Results

Determination of the minimum inhibitory 
concentration

For MRSA ATCC 33,591 and MRSE ATCC 29,887, the 
daptomycin MIC in Ca-MHB was 0.5 µg/mL. This MIC 
value was in agreement with the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) [24].

PK/PD modeling

The fitted time-kill curves of daptomycin evaluated by the 
modified Emax model are shown in Fig. 2 and Fig. 3. This 
model was able to adequately describe the inhibition of 
microbial growth as a function of time for both microorgan-
isms evaluated, against the largest multiples of MIC. The 
PK/PD modeling showed model selection criteria (MSC) 
values greater than 2.5 when constant concentrations 

Fig. 1  Methodology workflow 
related to experiments
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(multiples of MIC) of daptomycin were simulated in the 
experimental in vitro infection model. The calculated PK/PD 
parameters of daptomycin are shown in Table 1. The analysis 

of the PK/PD parameters showed that the microbial growth 
kinetics of MRSE was higher than that of MRSA, with 
microbial generation constant values of 0.443 ± 0.029  h−1 

Fig. 2  Effect of daptomycin on methicillin-resistant Staphylococ-
cus aureus ATCC 33,591 growth at multiples of minimum inhibi-
tory concentration (MIC) (μg/mL): (A) 0.25 × MIC; (B) 0.5 × MIC; 
(C) 1 × MIC; (D) 3 × MIC; (E) 5 × MIC; and (F) 10 × MIC. Control 

without drug; black up-pointing triangle, with daptomycin, n = 2 
experiments/group. Mean values are plotted with error bars indicating 
standard deviations

1971Brazilian Journal of Microbiology (2021) 52:1967–1979



1 3

Fig. 3  Effect of daptomycin on methicillin-resistant Staphylococ-
cus epidermidis ATCC 29,887 growth at various multiples of mini-
mum inhibitory concentration (MIC) (μg/mL): (A) 0.25 × MIC; 
(B) 0.5 × MIC; (C) 1 × MIC; (D) 3 × MIC; (E) 5 × MIC; and (F) 

10 × MIC. Control without drug; black up-pointing triangle, with dap-
tomycin, n = 2 experiments/group. Mean values are plotted with error 
bars indicating standard deviations
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and 0.218 ± 0.136   h−1, respectively (p = 0.014). In the 
in vitro system (without daptomycin), the maximum num-
ber of colonies (Nmax) capable of growing was higher 
for MRSE compared to the MRSA strain, with values of 
17.071 ± 0.166  CFU/mL and 8.425 ± 0.154  CFU/mL, 
respectively (p < 0.001). When evaluating the  EC50 param-
eter, it was demonstrated that daptomycin did not show a 
statistically significant difference in potency in relation to 
both evaluated microorganisms (p = 0.453), with the MRSA 
presenting an  EC50 of 0.434 ± 0.215 µg/mL and the MRSE 
of 0.50 ± 0.247 µg/mL. In comparing the maximum effect of 
microbial death (kmax), it was demonstrated that daptomycin 
exerts a similar effect of death in relation to both strains 
evaluated (p = 0.111).

Monte Carlo simulations

Twelve clinical scenarios were simulated for each micro-
organism (MRSA and MRSE), associating three ranges of 
values for the covariate creatinine clearance  (CLCR):  CLCR 
15–29 mL/min/1.73  m2,  CLCR 30–49 mL/min/1.73  m2, and 
 CLCR 50–100 mL/min/1.73  m2. For each clinical scenario, 
1000 subjects were simulated receiving daptomycin doses of 
6, 8, and 10 mg kg/day, as well as these same doses every 48 
h in the lower clearance range. The predicted scenarios with 
variation in the number of CFU/mL for 18 days of treatment 
with daptomycin against MRSA and MRSE strains can be 
seen in Fig. 4 and Fig. 5, respectively.

In Fig. 4, Monte Carlo simulations showed that the low-
est simulated dose of 6 mg/kg was enough to reduce > 2 log 
CFU/mL (99%) of MRSA after 18 days of treatment for 75th 
percentile of the simulated population, reaching a reduction 

close to 3 log CFU/mL, regardless of the  CLCR range and/
or administration interval (24 h versus 48 h). In contrast, 
when analyzing the MRSE (Fig. 5), it was observed that the 
dose of 6 mg/kg/day is sufficient to reduce > 3 log CFU/mL 
(99.9%), regardless of the  CLCR considered, after 18 days, 
for 95% of the population. However, when adjusting the dose 
interval (every 48 h) for the lowest  CLCR range (15–29 mL/
min/1.73  m2), 75th percentile of the simulated population 
reaches a microbiological reduction of 2 log CFU/mL with 
MIC of 0.5 µg/mL.

In the present study, we used MIC simulation to analyze 
the capacity of various regimes. Anti-MRSA and anti-MRSE 
hit the PK/PD target associated with their effectiveness. 
Daptomycin in dosage regimes ≥ 6 mg/kg/day reaches the 
target > 90% for MRSA and MRSE with MIC = 0.5 when 
simulating patients with  CLCR of 15–49 mL/min/1.73  m2. 
With  CLCR 50–100 mL/min/1.73  m2, the target is reached 
with doses ≥ 8 mg/kg/day (Fig. 6 and Fig. 7).

Discussion

The treatment of antibiotic-resistant Gram-positive bacte-
ria remains a major challenge, despite the development of 
new drugs. Vancomycin has long been the gold standard 
for the treatment of these microorganisms, but clinical and 
microbiological failures have been described in MRSA iso-
lates with a high minimum inhibitory concentration (1–2 
µg/mL) for vancomycin, even when reported as susceptible. 
Daptomycin is a novel lipopeptide antibiotic with potent 
in vitro bactericidal activity against most clinically relevant 
strains of Gram-positive bacteria [25]. Most clinical isolates 

Table 1  PK/PD parameters 
of daptomycin against S. 
aureus ATCC 33,591 and S. 
epidermidis ATCC 29,887 
at different multiples of 
the minimum inhibitory 
concentration (0.5 μg/mL)

Multiples MIC 0.25 × MIC 0.5 × MIC 1 × MIC 3 × MIC 5 × MIC 10 × MIC

Parameters Average SD
Staphylococcus aureus ATCC 33,591
k0  (h−1) 0.115 0.191 0.493 0.175 0.169 0.168 0.218 0.136
Nmax (CFU/mL) 8.605 8.521 8.147 8.407 8.436 8.437 8.425 0.154
kmax  (h−1) 0.015 0.033 0.200 0.356 0.564 0.705 0.312 0.282
EC50 (μg/mL) 0.544 0.602 0.647 0.482 0.184 0.149 0.434 0.215
h  (h−1) 0.120 0.107 0.234 0.068 0.014 0.007 ⁄ ⁄
x  (h−1) 0.029 0.061 0.046 0.482 0.211 0.167 ⁄ ⁄
z  (h−1) 1.810 1.296 1.877 1.044 1.040 1.228 ⁄ ⁄
Staphylococcus epidermidis ATCC 29,887
k0  (h−1) 0.452 0.443 0.394 0.487 0.438 0.445 0.443 0.029
Nmax (CFU/mL) 17.412 16.958 17.008 17.005 17.029 17.015 17.071 0.168
kmax  (h−1) 0.121 0.496 0.531 0.712 0.701 0.622 0.530 0.218
EC50 (μg/mL) 0.343 0.766 0.871 0.405 0.314 0.326 0.504 0.247
h  (h−1) 0.480 0.368 0.362 0.169 0.255 0.374 ⁄ ⁄
x  (h−1) 0.106 0.130 0.153 0.114 0.130 0.129 ⁄ ⁄
z  (h−1) 0.056 0.283 0.430 0.436 0.467 0.325 ⁄ ⁄
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of MRSE and other coagulase-negative (CoNS) resistant to 
methicillin are susceptible to daptomycin at a MIC of 0.5 
µg/mL or less [26].

Daptomycin demonstrates excellent effectiveness in the 
treatment of MRSA and MRSE bacteremia. Fowler et al. 
(2006) demonstrated non-inferiority in MRSA bacteremia 

and endocarditis at a dose of 6 mg/kg/day when compar-
ing to standard therapy. Kullar et al. (2013), in their quasi-
experimental study, demonstrated that early treatment with 
daptomycin for MRSA bacteremia in strains with vanco-
mycin MIC ≥ 1 µg/mL demonstrated better rates of clinical 
success for daptomycin compared to vancomycin (75.0% 

Fig. 4  PK/PD Monte Carlo simulations of clinical methicillin-resist-
ant Staphylococcus aureus ATCC 33,591 responses to daptomycin 
with creatinine clearance as covariate (–-) CFU 5th percentile; (-) 
CFU 25th percentile; (-) CFU median; (–-) CFU 75th percentile; (-) 
CFU 95th percentile. A, B, and C  CLCR 15–29 mL/min/1.73  m2 for 

6, 8, and 10 mg/kg/day, respectively; D, E, and F  CLCR 15–29 mL/
min/1.73  m2 for 6, 8, and 10 mg/kg/48 h, respectively; G, H, and I 
 CLCR 30–49 mL/min/1.73  m2 for 6, 8, and 10 mg/kg/day; and J, K, 
and L  CLCR 50–100 mL/min/1.73  m2 for 6, 8, and 10 mg/kg/day
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versus 41.4%; p < 0.001) [27]. The same success is seen in 
bacteremia and MRSE endocarditis [28].

In this study, microbial death curves (time-kill curves) 
are used, as well as Monte Carlo simulations. Con-
sidering that the use of MIC does not reflect a detailed 

characterization of antimicrobial activity, being a monodi-
mensional value, and neglecting dynamic changes in the 
growth and susceptibility of the microorganism [29], 
time-kill curves were used. In this approach, data could 
be modeled and the effect parameters such as kmax, k0, 

Fig. 5  PK/PD Monte Carlo simulations of clinical methicillin-resist-
ant Staphylococcus epidermidis ATCC 29,887 responses to daptomy-
cin with creatinine clearance as covariate (–-) CFU 5th percentile; (-) 
CFU 25th percentile; (-) CFU median; (–-) CFU 75th percentile; (-) 
CFU 95th percentile. A, B, and C  CLCR 15–29 mL/min/1.73  m2 for 

6, 8, and 10 mg/kg/day, respectively; D, E, and F  CLCR 15–29 mL/
min/1.73  m2 for 6, 8, and 10 mg/kg/48 h, respectively; G, H, and I 
 CLCR 30–49 mL/min/1.73  m2 for 6, 8, and 10 mg/kg/day; and J, K, 
and L  CLCR 50–100 mL/min/1.73  m2 for 6, 8, and 10 mg/kg/day
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and  EC50 compared between different microorganisms 
against daptomycin. The choice of the PK/PD model that 
best described the experimental data can be verified by 
the help of visual graph, model selection criteria (MSC), 
and data correlation coefficient. The model considered a 
predicted delay factor in bacterial growth and delay in the 
death profile, for both MRSA and MRSE. Comparatively, 
there was no statistically significant difference in the  EC50 
parameter, demonstrating that daptomycin has the same 

potency compared to both strains evaluated in the PK/PD 
model.

For drugs eliminated by the kidneys,  CLCR is often 
considered an important variable among patients and 
can guide dose individualization [29]. Since the pharma-
cokinetics of antibiotics may be altered in critically ill 
patients and knowing that  CLCR is an important covariate 
in the population pharmacokinetic model for daptomycin, 
we proceeded to simulate both the reduction of CFU/mL 
and the probability of reaching the target (PTA%) with 

Fig. 6  Distribution of the simulated PTA of fAUC/MIC > 80 achiev-
able with different daptomycin dosing regiments in various clini-
cal scenarios of bacteremia for methicillin-resistant Staphylococ-
cus aureus ATCC 33,591. Scenario A, B, and C  CLCR 15–29  mL/
min/1.73  m2,  CLCR 30–49  mL/min/1.73  m2, and  CLCR 50–100  mL/
min/1.73  m2 in MRSA bloodstream infections. Doses are given 
as mg/kg in the legends. MIC frequency is shown as a bar graph 
(EUCAST, 2021). Probability of target fAUC/MIC attained is shown 
as a line plot

Fig. 7  Distribution of the simulated PTA of fAUC/MIC > 80 achiev-
able with different daptomycin dosing regiments in various clini-
cal scenarios of bacteremia for methicillin-resistant Staphylococcus 
epidermidis ATCC 29,887. Scenario A, B, and C  CLCR 15–29 mL/
min/1.73  m2,  CLCR 30–49  mL/min/1.73  m2, and  CLCR 50–100  mL/
min/1.73  m2 in MRSE bloodstream infections. Doses are given 
as mg/kg in the legends. MIC frequency is shown as a bar graph 
(EUCAST, 2021). Probability of target fAUC/MIC attained is shown 
as a line plot
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variations in the  CLCR, since this covariate can modify 
the concentrations of daptomycin depending on the time 
to which the bacteria will be exposed. Thus, we employ a 
population pharmacokinetic model considering the bind-
ing of daptomycin to 90% plasma proteins and apply it in 
the PK/PD analysis to perform Monte Carlo simulations, 
allowing simulating different scenarios to predict the clini-
cal outcome.

Several studies have shown that the PK/PD AUC/MIC 
index is the one that best determines the in vivo activity 
of daptomycin [13, 20] against staphylococci. Although the 
PK/PD indexes are simplifications of the PK/PD ratios, none 
of them results in perfect graphical adjustments since dif-
ferent dosing regimens can result in the same index value 
[29]. Salem et al. 2014 [30] used Monte Carlo simulation 
as an approach to assess daptomycin doses of 4 mg/kg/day 
and 6 mg/kg/day against MRSA. The authors observed that 
the PK/PD susceptibility breakpoint value was 0.12 µg/mL, 
about 8 times less than the value recommended by EUCAST, 
which uses the conventional approach. In this analysis, the 
PTA at the dose of 6 mg/kg/day was < 10% for daptomycin 
MIC of 0.5 µg/mL. In our study, for this MIC value com-
pared to MRSA and MRSE in individuals with loss of renal 
function  (CLCR 15–49 mL/min/1.73  m2), the probability of 
reaching the fAUC/MIC = 80 target was greater than 90%, 
using doses from 8 to 10 mg/kg/day. Patients with kidney 
failure benefit from treatment with daptomycin since the 
drug’s clearance is decreased. Studies demonstrate that there 
is no kidney damage related to the drug [31].

A similar study was carried out by Cojutti et al. 2017 [32] 
using Monte Carlo simulations for daptomycin doses of 6 to 
12 mg/kg/day and target of AUC/MIC > 1081. The authors 
simulated different clearance ranges (50–100 mL/min/1.73 
 m2 and 101–150 mL/min/1.73  m2), albumin concentrations 
(15–25 g/L and 25–45 g/L), and patients with and without 
hematological problems. The authors concluded that doses 
of daptomycin ≥ 8 mg/kg/day should be considered in clini-
cal settings for patients with hematological problems. How-
ever, for patients with hematological problems with high 
clearance and severe hypoalbuminemia, the dose of dap-
tomycin of 12 mg/kg/day does not seem to be sufficient for 
microbial eradication. Bhavnani et al. 2010 [33] also used 
AUC/MIC > 1081 based on data from patients with uncom-
plicated bacteremia caused by Staphylococcus aureus with 
daptomycin at 6 mg/kg/day. This target was associated with 
a probability of clinical cure > 80% in patients with normal 
renal function, with normal or hypoalbuminemia.

In an analysis of the study by Grégoire et al. 2019 [18], 
patients with skin and soft tissue infections, bacteremia, 
or endocarditis in the ICU sector with various creatinine 
parameters and the use of daptomycin were evaluated. In 
this study, the simulated targets were fAUC/MIC > 40 or in 
cases of renal toxicity fAUC/MIC > 80 with good results.

For MRSE, no similar study has yet been found in the 
literature for comparison. Different published works present 
varying values as targets of PK/PD indexes for daptomy-
cin, which makes it difficult to compare results. The lack 
of consensus on these targets allows only particularized 
interpretations.

When comparing the microbial population in the analy-
sis of the percentiles (Fig. 4 and Fig. 5), we observed that 
there is an important reduction in the number of CFU/mL for 
both MRSA and MRSE in the first 24 h of simulated profile. 
Since daptomycin is excreted through the kidneys, the dos-
age interval is increased to 48 h in patients with severe renal 
impairment  (CLCR < 30 mL/min). Thus, when the simula-
tion was performed with these doses at 48-h intervals, the 
fluctuation was greater than when the doses were simulated 
every 24 h, with a smaller reduction in the number of CFU/
mL for MRSE strains and similar performance to simulation 
for MRSA strains.

The ideal therapeutic dose for treating severe infections 
using daptomycin is not yet defined. Several national and 
international treatment guidelines include high doses of 
daptomycin (8 to 10 mg/kg/day) as a therapeutic option for 
complicated infections [34, 35]. Relating ideal dose and 
renal function, Moise et al. [31] comment in their manu-
script that a reduction in the effectiveness of daptomycin 
was observed in patients with moderate renal failure (OR 
9.11; 95% CI, 1.46–56.8), due to the use of smaller doses 
and/or intervals between doses. Our study with daptomycin 
suggests that this drug can be used in cases of MRSA bacte-
remia at doses of 6 to 10 mg/kg/day, including at intervals of 
48 h with creatinine clearance of 15–29 mL/min/1.73  m2. In 
MRSE bacteremia, we found the same doses of 6 to 10 mg/
kg/day, in all simulated ranges with 95% microbiological 
eradication without the need to adjust the dose for clearance 
between 15 and 29 mL/min/1.73  m2. However, when con-
sidering the PTA approach, microbiological eradication can 
be achieved in the clearance range of 15–49 mL/min/1.73 
 m2 and doses ≥ 6 mg/kg/day, which does not occur when the 
patient has preserved renal function (≥ 50 mL/min/1.73  m2). 
Thus, patients with impaired renal function could benefit 
from lower doses such as 6 mg/kg/day. Patients with normal 
renal function could require a higher dose, such as 10 mg/
kg/day, in order to guarantee the effectiveness of bacteremia 
treatment for both MRSA and MRSE. Based on concentra-
tion-dependent activity, higher doses of the drug can lead 
to faster bacterial eradication and reduce the emergence 
of resistance. As mentioned in other studies, in infections 
where it is difficult to achieve adequate local concentration, 
or in patients with sepsis and high volumes of distribution, 
higher doses of daptomycin may also be advantageous [34].

Our study with daptomycin suggests that this drug can 
be used in cases of MRSA bacteremia at doses of 6 to 
10 mg/kg/day, including at intervals of 48 h with creatinine 
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clearance of 15–29 mL/min/1.73  m2. In MRSE bacteremia, 
we found the same doses of 6 to 10 mg/kg/day, in all simu-
lated ranges with 95% microbiological eradication without 
the need to adjust the dose for clearance between 15 and 
29 mL/min/1.73  m2. However, when considering the PTA 
approach, microbiological eradication can be achieved in the 
clearance range of 15–49 mL/min/1.73  m2 and doses ≥ 6 mg/
kg/day, which does not occur when the patient has preserved 
renal function (≥ 50 mL/min/1.73  m2). No target was found 
for the PK/PD index against MRSE. We use the same target 
as for MRSA, but we are not sure that this index is the one 
that best relates to the effectiveness of daptomycin against 
MRSE. In this way, the PTA result for MRSE obtained in 
this work needs to be interpreted with restriction, showing 
its limitation.

This article integrates innovative strategies to assess the 
effect profile of daptomycin against microbial species of 
medical interest. To make this assessment feasible, instead 
of performing an empirical comparative analysis between 
the microbial death profiles observed as a function of time 
for the effect of daptomycin against the investigated micro-
organisms, mathematical models were applied, allowing 
characterizing the in vitro microbial growth curves and the 
death curves, and the establishment of parameters such as 
k,  EC50, and kmax. This strategy has been used by several 
authors in the literature [10, 29, 36]. The application of 
Monte Carlo simulations, in turn, is another strategy, applied 
to make decisions about the best therapeutic regimens for 
pharmacological treatments (in this case, the antimicrobial 
daptomycin). Through these simulations, it is possible to 
establish the probability of reaching a certain therapeutic 
target (PTA), which can be a PK/PD index, in a population 
of virtual patients in which certain components of variabil-
ity are present (in the case of this paper, the variability was 
evaluated in terms of creatinine clearance) [37, 38].
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