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Pharmacodynamic and pharmacokinetic principles play a central role in anti-
microbial dose-optimisation to combat antimicrobial resistance. In the future, 
research focused on the integration of preclinical and clinical data is paramount.
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Antimicrobial Resistance in the ICU
The use of antimicrobial drugs in the 
hospital is very common with approximately 
35% of the patients on an adult ward and 
up to 70% of the patients in the intensive 
care unit (ICU) receiving an antimicrobial 
drug on any given day (Versporten et al. 
2018). This large antimicrobial burden 
exposes the patient to the risk of acquir-
ing multidrug resistant (MDR) organisms. 
These MDR organisms are either the result 
of exogenous cross-contamination (i.e., 
transfer of MDR organisms from other 
patients or the healthcare environment) 
or from selection-pressure applied to the 
patient’s own microbiome, resulting in a 
competitive advantage for mutated strains 
(Arulkumaran et al. 2020). 
 ICU patients are specifically at risk for 
infections with MDR organisms because 
antimicrobial use, and therefore selection 
pressure, is highest in the ICU; these patients 
also often have advanced co-morbid illnesses 
and undergo invasive procedures which 

further exposes them to an increased risk 
for MDR-infections (Timsit et al. 2019). 
Antimicrobial resistance leads to excess 
deaths, prolonged hospitalisation, increased 
costs and the inability to perform proce-
dures that rely on effective prophylactic 
antibiotic therapy (Laxminarayan et al. 
2013). In response to the surge of antimi-
crobial resistance, antimicrobial steward-
ship programmes (ASP) were introduced 
in many hospitals around the world. The 
aim of an ASP programme is to improve 
patient outcome by ensuring optimal use 
of the available antimicrobial drugs. One of 
the core ASP interventions is antimicrobial 
dose-optimisation, i.e., informed decision 
making regarding the optimal dose and 
dosing regimen for the individual patient 
(Dyar et al. 2017; Roberts et al. 2019).

Pharmacokinetics/Pharmacody-
namics of Antimicrobial Drugs
Dose-optimisation of antimicrobial drugs 
mainly relies on pharmacokinetic (PK) and 
pharmacodynamic (PD) principles. PK/
PD relates the effect of the drug exposure 
(PK) to an outcome measurement (PD) 
(Nielsen and Friberg 2013). For antimi-
crobial drugs specifically, PK/PD describes 
the drug exposure necessary to achieve 
bacterial cell kill, while limiting toxicity 
and antimicrobial resistance. Three summary 
PK/PD indices have been defined for anti-
microbial drugs. For fluoroquinolones for 
example, the efficacy is mainly related to 
area under the concentration curve of the 
free (ƒ) or unbound drug, inversely related 
to the MIC (ƒAUC/MIC). Other antimi-

crobial drugs, for example beta-lactam 
antibiotics, are considered time-dependent 
drugs and the PK/PD index of choice for 
this group is the percentage of the dosing 
interval the free concentration is above 
the MIC (ƒT>MIC). Finally, the efficacy 
of a third group of antibiotics, such as 
aminoglycosides, is best described by the 
peak free drug concentration inversely 
related to the MIC (Cmax/MIC) (Mouton et 
al. 2012). By convention, the magnitude 
of the PK/PD index necessary to achieve 
a certain outcome (for example a 3-log10 

reduction in colony forming units (CFU/
mL)) is called the PK/PD target (Nielsen 
and Friberg 2013).
 Ideally, achieving the PK/PD target 
ensures a high probability of successful 
treatment and therefore our dosing regi-
mens have been designed to achieve a 
certain predefined PK/PD target. Howev-
er, a perfect dosing regimen not only 
ensures maximal bacterial cell kill but also 
tries to minimise drug toxicity and anti-
microbial resistance. Unfortunately, the 
vast majority of preclinical PK/PD studies 
designed to decipher the optimal PK/PD 
target focused on targets linked to bacte-
rial efficacy alone, i.e., reduction in CFU/
mL, and not the drug exposure necessary 
to avoid antimicrobial resistance. For 
example, a conventional PK/PD target for 
intermittent infused beta-lactam antibiot-
ics is 40-70% ƒT>MIC. Achieving this PK/
PD target should ensure a 3-log10 reduction 
in CFU/mL after 24 hours of treatment 
(Dhaese et al. 2020). However, Sumi et al. 
(2019) have emphasised the importance 
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of higher PK/PD targets to suppress the 
emergence of antimicrobial resistance (as 
opposed to more conventional targets to 
achieve a 3-log10  reduction in CFU/mL 
after 24 hours). For example, Tam et al. 
(2017) found that a Cmin/MIC (trough 
concentration/MIC) ratio of 3.8 (instead 
of 40-70% ƒT>MIC) was necessary to 
suppress resistance development in a 120h 
in vitro hollow-fibre Pseudomonas aerugi-
nosa and Klebsiella pneumoniae infection 
model, although biofilm development in 
such an in vitro infection model may influ-
ence observations (Tam et al. 2017). Also, 
the majority of preclinical PK/PD experi-
ments are only of 24-hour duration and 
with an initial inoculum of 105 cells (Craig 
1998). Yet, clinical infections may have 
much higher inocula (i.e., 1010) (Feldman 
1976; Wimberley et al. 1979; Low 2001) 
and preclinical experiments with longer 
treatment durations (for example 5 days 
instead of 24h) have clearly shown selec-
tion of mutant strains beyond the first day 
of treatment, even when an initial 3-log10 
reduction after 24 hours was achieved 
(Tam et al. 2005). 

 The Mutant Selection Window
Mutant prevention concentration (MPC) 
based indices as opposed to MIC-based 
indices have also been explored to describe 
the risk of bacterial resistance with any 
given dosing regimen. The MPC is the 
concentration that prevents growth of 
first-step resistant mutants. This concen-
tration is seen as the upper limit of the 
mutant selection window (MSW). Above 
this concentration, cell growth would 
require two mutations. This is deemed 
unlikely given that the theoretical size of 
the inoculum with bacteria harbouring 
two mutations (approximately 1014) far 
exceeds the inocula found in clinical infec-
tions (1010) (Feldman 1976; Wimberley 
et al. 1979; Low 2001). The lower limit of 
the MSW is the lowest concentration that 
inhibits the growth of the majority of the 
drug-susceptible organisms, since below 
this concentration mutant strains do not 
have a growth advantage (Drusano et al. 
2015; Firsov et al. 2003; Drlica 2003). This 
lower limit is approximated by the MIC99, 

or the minimal inhibitory concentration 
that results in growth inhibition of 99% 
of the cells. Concentrations within the 
MSW are expected to promote selection 
of resistance (Figure 1) (Drusano et al. 
2015; Firsov et al. 2003). 
 The advantage of using the MPC instead 
of the MIC and denominator in the PK/
PD equation is that the MPC is determined 
using an inoculum of 1010 instead of 
105 as is common for MIC determina-
tion (Blondeau et al. 2001; Mouton et 
al. 2018). Using a higher inoculum has 
the advantage that the risk of a first-step 
mutant is accounted for; moreover, it also 
better mirrors clinical infections. However, 
to date, studies comparing MIC-based and 
MPC-based targets have not been able to 
clearly demonstrate superiority of one over 
the other (Firsov et al. 2003; Drlica 2003; 
Blondeau et al. 2001; Mouton et al. 2018; 
Olofsson et al. 2006). 

Prolonged Infusion of Beta-Lactam 
Antibiotics and Antimicrobial 
Resistance
The PK of beta-lactam antibiotics is highly 
unpredictable in critically ill patients, mainly 
because of changes in kidney function and 
volume of distribution (Gonçalves-Pereira 
and Póvoa 2011). In 2013, a landmark study 
by Roberts et al. (2014) demonstrated that 
approximately 16% of the patients treated 
for infection with beta-lactam antibiotics 
administered via intermittent infusion 

did not achieve the PK/PD target of 50% 
ƒT>MIC. The observation of low target 
attainment rates in ICU patients fuelled the 
search to optimise the PK/PD of beta-lactam 
antibiotics in the ICU and maintaining beta-
lactam antibiotic concentrations above the 
MIC for a prolonged period by extending 
the duration of infusion (i.e., prolonged 
infusion). The goal of prolonged infusion 
has always been to reduce the mortality of 
patients suffering from infection but little 
attention has been paid to differences in 
antimicrobial resistance with different 
modes of infusion (Wang et al. 2014; Lyu 
et al. 2017; Dulhunty et al. 2013; Abdul-
Aziz et al. 2016; Bao et al. 2017; Wang 
2009; Chytra et al. 2012; Vardakas et al. 
2018; Roberts et al. 2016; Rhodes et al. 
2018). From a theoretical point of view, 
continuous infusion drug concentrations 
may remain in the MSW for either 0 or 
100% of the time, which makes it difficult 

to assess the impact of prolonged infusion 
on the risk of antimicrobial resistance 
(Figure 2). New acquisition, colonisation, 
or infection with a multi-resistant organ-
ism (MRO) is a secondary outcome of the 
BLING III study, a large multicentre trial 
with primary outcome 90-day-all-cause 
mortality of ICU patients receiving either 
intermittent or continuous infusion of 
piperacillin or meropenem. Study enroll-
ment is now finished and the results are 
eagerly awaited (Lipman et al. 2019).  
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Figure 1. Concentration-time curve after an intermittent infusion of antibiotic drug 
MIC99 = minimal inhibitory concentration that results in growth inhibition of 99% of the cells; MSW = mutant 
selection window; MPC = mutant prevention concentration
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PK/PD and Antimicrobial Drug 
Synergism in the Treatment of 
Resistant Infections
PK/PD experiments have also been used 
to investigate synergism between two 
antimicrobial drugs. Synergism in PK/PD 
experiments is defined as a 100-fold 
increase in killing with the combination 
at 24h compared to the most active single 
agent and compared to the starting inoc-
ulum (Karakonstantis et al. 2022). This 
strategy is increasingly used to evaluate 
drug combinations for the treatment of 
infections with resistant microorganisms. 
For example, Lenhard et al. (2017) 
performed time-kill experiments with 
polymyxin and escalating doses of merope-
nem against carbapenemase-resistant 
Acinetobacter baumannii (CRAB). Merope-
nem monotherapy did not result in signif-
icant cell kill; however, in combination 
with polymyxin, a meropenem dose-
dependent reduction in CFU/mL was seen. 
Synergism in this specific combination is 
mainly due to the mechanism of action of 

polymyxin which acts as a detergent making 
holes in the gram-negative cell wall. Syner-
gism has also been evaluated for several 
other MDR organisms such as Pseudomonas 
aeruginosa, Staphylococcus aureus and Entero-
bacterales (Oh et al. 2021). Unfortunately, 
the evidence supporting synergism is 
mainly based on preclinical time-kill or 
PK/PD experiments and the recent Euro-
pean Society of Clinical Microbiology and 
Infectious Diseases (ESCMID) guidelines 
suggest the use of combination therapy 
for treatment of resistant organisms, 
although the level of evidence is low (Paul 
et al. 2022). Convincing in vivo data on 
combination of antibiotics are still missing.

Future Perspectives
In the future, dose ranging and dose frac-
tionating studies with a clinically relevant 
initial inoculum (at least 107) and a clini-
cally relevant treatment duration (at least 
5 days) will be very important to deter-
mine the antibiotic exposure necessary to 
avoid selection of mutant strains. Based on 

available literature, this likely implies the 
need for higher PK/PD targets (or higher 
drug exposures). This is not without risk, 
given that the levels of drug toxicity for 
antimicrobial drugs are ill-defined. Hence, 
navigating on PK/PD targets for suppressing 
resistance alone may imply a higher risk of 
drug toxicity. Using a maximum tolerable 
dose (MTD, i.e., the highest dose possible 
without a risk of toxicity) may provide a 
more practical approach to this clinical 
problem (Dhaese et al. 2022). Indeed, this 
MTD should maximise bacterial cell kill 
whilst minimising the growth of first-step 
mutants and the adverse effects of high 
drug concentrations in our patients. The 
pitfall of this approach is the lack of strong 
toxicodynamic data, i.e., data describing 
the relationship between drug concentra-
tions and drug toxicity. Therefore, research 
aimed at not only defining PK/PD targets 
for antimicrobial resistance but also at 
drug levels associated with toxicity will be 
paramount to optimise our current dosing 
regimens to suppress the emergence of 
resistance.

Conclusion
Pharmacokinetic/pharmacodynamic prin-
ciples should aid the clinician in dose-
selection, not only to improve outcomes but 
also prevent antimicrobial drug resistance 
development. However, more data are needed 
regarding the optimal dose exposure neces-
sary to avoid selection of resistant strains, 
as well as drug levels associated with drug 
toxicity. Also, clinical data are urgently 
needed to define the role of prolonged 
infusions and combination therapy in 
infections with resistant organisms.
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Figure 2. Concentration-time curve after a continuous infusion of antibiotic drug 
MIC99 = minimal inhibitory concentration that results in growth inhibition of 99% of the cells; MSW = mutant 
selection window; MPC = mutant prevention concentration
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