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Thomas Tängdén, Markus Zeitlinger, Cornelia B Landersdorfer, Jürgen B Bulitta, Lena E Friberg, Jian Li, Brian T Tsuji, on behalf of the International 
Society of Anti-Infective Pharmacology, European Society of Clinical Microbiology and Infectious Diseases Pharmacokinetics and 
Pharmacodynamics of Anti-Infectives Study Group, and the International Society of Antimicrobial Chemotherapy Anti-Infective Pharmacology 
Working Group

Antibiotic resistance presents an incessant threat to our drug armamentarium that necessitates novel approaches to 
therapy. Over the past several decades, investigation of pharmacokinetic and pharmacodynamic (PKPD) principles has 
substantially improved our understanding of the relationships between the antibiotic, pathogen, and infected patient. 
However, crucial gaps in our understanding of the pharmacology of antibacterials and their optimal use in the care of 
patients continue to exist; simply attaining antibiotic exposures that are considered adequate based on traditional 
targets can still result in treatment being unsuccessful and resistance proliferation for some infections. It is this salient 
paradox that points to key future directions for research in antibiotic therapeutics. This Personal View discusses 
six priority areas for antibiotic pharmacology research: (1) antibiotic-pathogen interactions, (2) antibiotic targets for 
combination therapy, (3) mechanistic models that describe the time-course of treatment response, (4) understanding 
and modelling of host response to infection, (5) personalised medicine through therapeutic drug management, and 
(6) application of these principles to support development of novel therapies. Innovative approaches that enhance our 
understanding of antibiotic pharmacology and facilitate more accurate predictions of treatment success, coupled with 
traditional pharmacology research, can be applied at the population level and to individual patients to improve 
outcomes.

Introduction 
Antibiotics are a miracle of modern medicine that have 
saved countless lives since the introduction of 
penicillin in the 1940s. The golden era of antibiotics, 
which lasted through to the 1970s, led to the discovery 
of nearly all present-day antibiotic classes. During this 
time, a substantial reduction in mortality associated 
with infections also occurred due to the expanded 
clinical use of antibiotics. However, antibiotic therapy 
is not yet optimised for every type of infection and 
their expanded use has led to the proliferation of 
resistance. Approaches that aim to improve antibiotic 
efficacy and overcome resistance are crucial to preserve 
their utility for years to come. Optimising antibiotic 
therapy through the study of a drug’s pharmacokinetics 
and pharmacodynamics (PKPD) is an approach that 
has been employed for this purpose since the 1970s.1 
The traditional approach investigates the relationship 
between antibiotic concentration (exposure) in a 
biological fluid (eg, blood or epithelial lining fluid) and 
response against clinically relevant microorganisms to 
identify specific PKPD targets that predict efficacious 
therapy in patients. Beginning in the 1980s, studies 
were able to suggest key antibiotic exposure drivers 
associated with drug efficacy.2,3 This traditional PKPD 
approach to antibiotic dosing has been helpful as it has 
enhanced the likelihood for successful approval of 
drugs in development and also improved treatment 
outcomes in patients.4,5 For example, specific drug 
exposure targets in patients have been found to 
correlate with treatment success for fluoroquinolones 
and β-lactams.6,7

Although the traditional PKPD approach to assessing 
exposure–response relationships and guiding antibiotic 
dosing has successfully reduced mortality rates for many 
types of infections, it is still associated with substantial 
shortcomings for some patients.8 For example, even when 
the established PKPD target is attained, rates of 
unsuccessful treatment and emergence of resistance 
during therapy remain high for some antibiotics. These 
complications suggest that a subset of patients might 
benefit from further treatment optimisation.9–12 In 
addition, for some extensively used antibiotics the most 
appropriate PKPD targets are still not precisely defined 
(eg, the absence of a consensus exposure target for 
vancomycin despite >50 years of clinical experience).13 
Other challenges arise when applying traditional drug-
exposure targets to organisms with emerging resistance 
mechanisms or to specific patient populations 
(eg, patients who are critically ill).9,14,15 There are multiple 
reasons why traditional PKPD targets might poorly 
predict patient outcomes in some scenarios. First, PKPD 
targets integrate minimum inhibitory concentrations 
(MICs), which are a relatively poor measure of antibiotic 
activity due to assay and biological variability.16 Second, 
the relationship between antibiotic exposure and 
antibacterial response is typically categorised into one of 
three basic PKPD indices (time the unbound [ free] drug 
concentration exceeds the MIC [fT>MIC], free area under 
the curve [AUC] divided by the MIC [fAUC/MIC], or free 
maximum drug concentration divided by the MIC [fCmax/
MIC]), all of which incorporate MIC, using data from a 
single timepoint and through a process that is dependent 
on the experimental design.8,17 Finally, traditional PKPD 
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targets are not optimised to suppress antibiotic resistance 
emergence for the pathogens causing infection.18 Thus, 
new approaches in the research of antibiotic PKPD are 
warranted to address these shortcomings.

This Personal View, which represents the views of the 
International Society of Anti-Infective Pharmacology, 
European Society of Clinical Microbiology and Infectious 
Diseases Pharmacokinetics and Pharmacodynamics of 
Anti-Infectives Study Group, and the International 
Society of Antimicrobial Chemotherapy Anti-Infective 
Pharmacology Working Group, aims to acknowledge the 
crucial gaps in traditional PKPD approaches to antibiotic 
optimisation and highlight six priority directions of 
research that are well positioned to enhance our 
understanding of antibiotic pharmacology and ultimately 
improve outcomes for some patients (table, figure). 
Although some of these research priorities might directly 
influence patient care, others will provide the foundation 
and basis for future clinical studies before realising their 
effect on patients. These priority areas are intended to 
complement the ongoing efforts to develop new 
antibacterials, which are crucial but not specifically 
discussed here.

Key future directions for pharmacology research 
Exploring pathogen response to antibiotics 
Traditional approaches to optimise antibiotic therapy 
often include in-vitro and animal infection models that 
define drug activity on the basis of the rate and extent (ie, 
amount) of pathogen killing as quantified by viable colony 
counting. For example, an antibiotic’s PKPD index, the 
exposure measure that best describes an agent’s 
killing activity, is determined using either in-vitro or 

in-vivo dose-ranging studies. Although these traditional 
approaches provide information on antibacterial activity 
against various pathogens, they are unable to pinpoint 
mechanisms of drug action or pathogen-resistance 
development, and they might overestimate pathogen 
killing due to the relatively short duration of the 
experiments.19,20 Optimal antibiotic therapy relies on a 
precise understanding of a drug’s mechanism of action 
within the pathogen it targets and the pathogen’s 
subsequent response to the drug. Regarding the 
pathogen’s response to antibiotic therapy, substantial 
efforts have been made to identify genes responsible for 
resistance to antibiotics. Currently, bacterial resistance 
genes can be detected in the clinic using genomic-based 
assays like a molecular rapid diagnostic test. These tests 
allow clinicians to shorten the time required to select 
effective antibiotic therapy, which can reduce mortality 
for infections.21 Studies in the future should aim to 
enhance our understanding of correlations between 
bacterial genotype and phenotype (ie, MICs) for 
pathogens and resistance mechanisms not currently 
included on molecular rapid diagnostic tests (eg, rare 
resistance genes, efflux pumps, and genes affecting 
antibiotic uptake or penetration).22,23 Furthermore, very 
little is known about how bacterial cells respond to the 
antibiotic at the global level of gene regulation, expression, 
and metabolic perturbations.

With the rapid development of high-throughput 
sequencing techniques and ultra-sensitive mass spectr-
ometry technology, it is now feasible to simultaneously 
quantify the global gene expression profiles (ie, 
transcriptomics) and thousands of proteins (ie, 
proteomics) and metabolites (ie, metabolomics) in 
bacterial cells in response to antibiotic treatments. Over 
the past decade, studies with cutting-edge multi-omics 
have substantially improved our understanding of the 
known pathways associated with antibiotic activity and 
resistance. Identifying these pathways can be useful for 
selecting antibiotic doses that can maximise bacterial 
killing and limit their ability to develop resistance. 
Integrative analysis of bacterial genomics, transcriptomics, 
proteomics, and metabolomics data following antibiotic 
exposure can elucidate the dynamics of cellular responses 
to antimicrobial exposure at the systems level. For 
example, combining correlative transcriptomics and 
metabolomics data following polymyxin exposure revealed 
rapid resistance development in multiple Gram-negative 
bacteria, substantiating the importance of dose 
optimisation and combination therapies.24,25 Comparing 
cellular responses following exposure with monotherapy 
versus combination therapy can also provide key insight 
into the mechanisms of synergy (see section on identifying 
precision PKPD targets for antibiotic combinations).26 
Despite these advances, many unanswered questions 
remain regarding the relationship between the pathogen 
and antibiotic, even for drugs that have been used in the 
clinic for many decades. To maximise the efficacy of 

Primary researchers to 
focus on each priority

Define the pathogen’s global response to antibiotic therapy (monotherapy or 
combination therapy) to develop treatment regimens that provide optimal 
bacterial killing and prevent the amplification of resistance

Academic

Generate new approaches and exposure targets for antibiotic combinations and 
better integrate them into the drug development process to potentiate their 
clinical utility

Academic, clinical, and 
pharmaceutical industry

Develop novel mathematical models that can rationally optimise antibiotic 
therapy by integrating new mechanistic findings and patient specific 
pharmacokinetics to predict the time-course of treatment response

Academic, clinical, and 
pharmaceutical industry

Characterise and model the complex interactions between the host immune 
system and pathogen to enhance our ability to successfully predict individual 
patient outcomes and clinical trial results

Academic and clinical

Use integrative data analysis to link and translate mechanistic systems-level 
information to the clinical setting allowing for personalisation of antibiotic 
therapies

Academic and clinical

Support clinical development and approval of new and non-traditional 
therapeutics through innovative partnerships and the generation of novel 
laboratory and computational models

Academic, clinical, 
government, non-profit 
organisation, and 
pharmaceutical industry

Completion of these priorities will require the efforts and collaboration between researchers working in multiple 
settings (academic, clinical, government, non-profit organisation, and pharmaceutical industry).

Table: Summary of six key priority areas for antibiotic pharmacology research to improve patient care. 
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antibacterials, future research should aim to enrich our 
understanding of the effect that antibiotic exposure 
profiles (intensity and shape) have on the respective global 
bacterial responses that dictate killing and development of 
resistance. Evaluating such global responses to antibiotic 
therapy in a wide array of clinical isolates might yield 
bacterial genomic, transcriptomic, and metabolomic 
fingerprints that are predictive of efficacious therapy, 
which could enable these technologies to become useful 
in the clinical setting for patient isolates. Subsequent 
clinical studies will then be required to test the utility of 
using multi-omics fingerprints to select antibiotics and 
dosing regimens for patients. This precision-therapeutics 
paradigm, of using molecular insights from the bacteria 
to optimally select and dose antibiotic therapy, holds 
considerable promise of improving clinical outcomes (see 
section on integrating bacterial, patient, and drug 
characteristics to personalise antibiotic therapies with 
therapeutic drug management [TDM]).

Identifying precision PKPD targets for antibiotic 
combinations 
Although combinations are currently used extensively in 
the clinical setting to treat infections, a more compre-
hensive understanding of drug interactions will allow for 
precision PKPD targets that optimise the simultaneous 
use of multiple drugs. Synergy between antibiotics has 
traditionally been determined by checkerboard experi-
ments, which are used to calculate fractional inhibitory 
concentration indices that semi-quantify interactions 
between drugs against a target pathogen. Synergistic 
combinations are also evaluated with in-vitro and in-vivo 
models that often mirror the exposures used when the 
drugs are administered separately; however, these 
simplistic approaches do not fully account for the 
complex systems biology that drives the synergistic 
activity of combinations.27 For example, the presence of 
synergy between colistin and meropenem, as determined 
by checkerboard experiments, was not associated 
with improved clinical outcomes for patients with 
carbapenem-resistant Gram-negative infections.28 
Compared with optimising the use of a single antibiotic, 
it is also more difficult to predict bacterial killing by a 
combination since the exposure profiles of multiple 
drugs might not align at the site of infection (see section 
on integrating bacterial, patient, and drug characteristics 
to personalise antibiotic therapies with TDM).

Future research on development of optimal combin-
ations to overcome antibiotic resistance should integrate 
the PKPD of multiple agents, mechanisms of synergy and 
resistance, and computational models. Mechanistic 
synergy achieved through combination therapy can alter 
the pharmacodynamics of each agent, which limits the 
ability to apply the traditional PKPD indices that govern 
each agent when they are used individually.29 By integrating 
combinatorial pharmacodynamics and popu lation 
pharmacokinetics into computational models, the optimal 

dose and frequency of administration for multiple agents 
in a combination can be predicted by mechanism-based 
mathematical models and validated by non-clinical and 
clinical studies (see the section on rationally optimising 
therapy by modelling the time-course of treatment 
response).29,30 Future studies that evaluate the association 
between common microbial genotypes and phenotypes 
(eg, MICs) might better define mechanisms of antibiotic 
synergy, and thereby allow for combination regimens to 
be individualised using molecular rapid diagnostics that 
quickly identify the presence of pertinent resistance 
genes.23 However, developing rapid clinically applicable 
methods for assessing synergy based on the phenotype of 
a pathogen might also be necessary to account for 
unknown resistance mechanisms and differences in gene 
expression.31 Our ability to predict optimal therapy on the 
basis of the pathogen genotype will also benefit from 
correlative omics approaches that study the key 
mechanisms of antibiotic synergy and represent a 
substantial area for future research (see also previous 
section on exploring pathogen response to antibiotics).26 
Well designed clinical trials for pathogens with specific 
resistance mechanisms will be crucial to validate these 
rationally optimised combinations.

Figure: Six key research priority areas for antibiotic pharmacology that all aim to devise precision medicine 
strategies to improve care of patients with infections
Colours surrounding each research priority area correspond with their anticipated effect on clinical care (improved 
antibiotic selection, improved dosing, or novel antibiotic discovery and development). (A) Exploring pathogen 
response to antibiotics. (B) Identifying precision pharmacokinetic and pharmacodynamic targets for antibiotic 
combinations. (C) Rationally optimising therapy by modelling the time-course of treatment response. 
(D) Modelling host-related variables to predict patient outcomes. (E) Integrating bacterial, patient, and drug 
characteristics to personalise antibiotic therapies with therapeutic drug management. (F) Improving 
pharmacokinetics and pharmacodynamics for new and non-traditional antibiotic therapies.
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Lastly, giving more consideration to antibiotic 
combinations during drug development might lead to the 
creation of novel combination products. Multiple drugs 
that are individually active but have distinct targets might 
be co-formulated to enhance antibacterial activity 
and prevent the emergence of antibiotic tolerance 
and resistance (eg, trimethoprim–sulfamethoxazole).27,32 
Furthermore, by studying the chemical-genomic 
interactions of small molecules, computational methods 
can identify drugs that synergise through otherwise 
unknown interactions involving non-essential genes.33

Rationally optimising therapy by modelling the time-
course of treatment response 
Mechanism-based (semi-mechanistic) mathematical 
models for antibiotic action offer substantial advantages 
for rational optimisation of monotherapies and 
combination therapies.34,35 First, unlike the traditional 
PKPD index approach, these models describe the time-
course of bacterial growth, killing, and resistance 
emergence. Second, they can readily incorporate the 
pharmacokinetics in different patient populations, 
between patient variability, and antibiotic penetration to 
the primary infection site (eg, the lung).36,37 Third, when 
they are informed by data on antibiotic target site 
penetration,38 whole-cell receptor binding, synergy of two-
drug and three-drug combinations, and resistance 
mechanisms, these models can provide enhanced 
prediction of antibiotic activity.39,40 Finally, these time-
course models enable novel TDM strategies to maximise 
bacterial killing and suppress resistance on the basis of 
mechanistic insights (see section on integrating bacterial, 
patient, and drug characteristics to personalise antibiotic 
therapies with TDM).41,42

The primary target receptors for most antibiotics have 
been broadly defined. However, even for β-lactams, the 
most commonly used antibiotic class, substantial gaps in 
understanding remain for the primary target receptors 
that are inactivated by β-lactams in the clinically most 
important pathogens.43 Every bacterial pathogen has 
multiple different penicillin-binding protein (PBP) target 
receptors and each β-lactam preferentially covalently 
binds to, and thereby inactivates, one or multiple PBPs. 
However, the binding affinities often differ substantially 
among Gram-negative pathogens; these differences are 
more pronounced when comparing Gram-negatives, 
Gram-positives, and mycobacteria.43,44

Even larger knowledge gaps exist regarding antibiotic 
penetration across the often poorly permeable outer 
membrane of Gram-negative pathogens. An antibiotic’s 
ability to access the target site within a pathogen is 
imperative for its effectiveness; however, scarce 
information regarding permeability is available for 
antibiotics, especially in resistant bacteria. Novel receptor 
binding assays can characterise PBP binding in lysed and 
intact bacteria and quantify the target site penetration of 
antibiotic.45 Proteomics has greatly enhanced the ability to 

identify proteins (eg, PBPs, β-lactamases, and efflux 
pumps).43,45 Molecular insights on resistance mechanisms 
at the global level (ie, omics data) and individual level 
(eg, efflux pumps, β-lactamases, and aminoglycoside-
modifying enzymes) are highly valuable for informing 
novel time-course models (see previous section on 
exploring pathogen response to antibiotics).46 Future 
models might also consider the antibiotic’s effect on the 
patient’s microbiota to develop optimised treatment 
regimens that can minimise resistance development in 
commensal bacteria.

Pharmacokinetics can differ greatly within and across 
specific patient populations due to several factors; for 
example, severity of infection, renal function, hepatic 
function, and body size and composition. These factors 
can substantially alter clearance, volume of distribution, 
and protein binding, thereby impacting antibiotic exposure 
profiles at the infection site.47–49 For infections with sepsis 
or septic shock, clearance can change rapidly and 
extensively.42,50 Moreover, between-person variability in 
pharmacokinetics is often substantially larger in patients 
compared with that of healthy volunteers. Population 
pharmacokinetics models, developed on the basis of 
clinical studies, can incorporate the impact of patient 
characteristics, presence of extracorporeal elimination 
pathways (eg, renal replacement therapy and extra-
corporeal membrane oxygenation), and the magnitude of 
unexplained between-person variability. Latest dynamic in-
vitro and murine infection models with humanised dosing 
can then simulate the drug-concentration versus time 
profiles for monotherapies and combination therapies in 
different patient populations on the basis of these clinical 
pharmacokinetics studies.37,51 Population pharmaco kinetics 
models can also be linked to mechanism-based models, 
which are developed from dynamic in-vitro studies, to 
predict the probable time-course of bacterial killing for 
infected patients.29,52 It is, therefore, crucial to further 
investigate antibiotic pharmacokinetics in specific patient 
populations with altered drug clearance, volume of 
distribution, or protein binding (eg, patients who are 
critically ill or patients receiving renal replacement 
therapy) to develop refined population pharmacokinetics 
models that improve dosing and enhance predictions by 
mechanism-based models. Integrating molecular insights 
on the bacteria-drug interaction with refined population 
pharma cokinetics models enables efficient and rational 
optimi sation of antibiotic monotherapies and combination 
therapies for specific patient populations, which can then 
be prospectively validated in clinical studies.

Modelling host-related variables to predict patient 
outcomes 
Data from preclinical models have a fundamental role in 
supporting antibiotic development and clinical use.53 
Although the in-vitro and murine models that are 
commonly used nowadays allow for the interaction 
between the antibiotic and pathogen to be assessed after a 
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wide range of drug exposure profiles in a controlled 
environment, they are not well suited to study host-
related factors (eg, the activation and effect of the host’s 
immune system). Consequently, the contribution of the 
immune system to the overall clearance of infections is 
still to a large extent unknown.

The immune system is designed to protect the host from 
invading pathogens. The response is activated by signalling 
from both the host and pathogens, and then regulated by 
an intricate feedback system consisting of pro-
inflammatory and anti-inflammatory cells and signalling 
molecules. When dysregulated, a life-threatening systemic 
inflammatory response with extensive tissue damage and 
multi-organ dysfunction can occur.54 Characterising and 
quantifying the complex interactions between bacterial 
and immune cells is challenging in part because the 
interaction might be specific to the species or strain.8,55 
Computational modelling, allowing the integration of data 
from multiple sources and accounting for time-related 
interactions between biomarkers, will be a valuable tool for 
identifying how the immune system contributes to 
successful outcomes.

To facilitate this research area, it is important to invest 
in the development of preclinical model systems suitable 
for the study of the pharmacodynamics of immune 
response biomarkers.56 Such model systems should 
preferably reflect the clinical time-course of infection, and 
allow for potential therapeutic interventions, such as 
administration of antibiotics, and in the case of sepsis, 
also the use of anaesthesia, vasopressor medication, and 
fluid resuscitation. Importantly, as the clinical patho-
physiology of sepsis is a complex and dynamic process 
with profound changes in responsiveness over time, the 
models should allow for the assessment of time-course 
data, preferably for multiple biomarkers, such as TNF-α 
and IL-6.57 When combined with model-based analyses, 
such data can provide the basis for development of 
translational frameworks, enabling the understanding 
and quantification of potential differences between 
animals and humans. Such frameworks might in the 
future facilitate early clinical prediction and evaluation of 
treatment effects and help to shape and individualise 
treatment strategies that use both antibacterial drugs and 
host-directed therapies.

Integrating bacterial, patient, and drug characteristics 
to personalise antibiotic therapies with TDM 
A lot has been learned about exposure–response–toxicity 
relationships for old and new antibiotics, which provides 
the basis for rational dosing regimens. Rational dosing 
regimens maximise efficacy while minimising toxicity.58 
Although drug development aims to develop drugs with 
fixed-dosing schedules, this strategy is undermined if 
variability in pharmacokinetics, pharmacodynamics, or 
both, is too high to maintain a high efficacy and low 
toxicity profile for all patients. Implementing a fixed-
dosing strategy is particularly challenging in special 

populations, such as patients who are critically ill with 
increased pharmacokinetics variability or infections with 
highly resistant organisms. TDM optimises exposure to 
achieve high efficacy at low toxicity at the patient level by 
accounting for individual pharmaco kinetics and has been 
frequently implemented for aminoglycosides and 
glycopeptides.58 A number of drugs that were initially 
marketed with flat dosing schemes are now considered to 
also benefit from TDM such as linezolid59 and β-lactams 
in patients in intensive care units.60 These discoveries 
indicate that the possibility of individualised dosing 
should be investigated during drug development. 
However, TDM requires on-site access to expensive 
bioanalytical equipment, such liquid chroma to graphy 
with tandem mass spectrometry (LC-MS-MS), to quantify 
drugs in plasma with a reasonable turnaround time. 
Further developments of easy-to-use, inexpensive assays 
such as immunological test kits could be valuable to 
perform TDM in smaller hospitals without access to 
LC-MS-MS.

When performing TDM, it should be acknowledged that 
the antibiotic effect is driven by the drug concentration at 
the infection site, but this is often difficult to directly 
measure. However, for some infection sites sampling 
through microdialysis might be an option if it is available.61 
A proxy of target-site pharmacokinetics can often be 
provided by measuring the unbound drug concentration 
in plasma, which can be readily implemented. However, 
in some local infection sites, where direct measurement 
of local exposure is difficult (eg, tuberculosis lesions and 
diabetic foot infections) the respective unbound plasma 
concentration target needs to be adjusted on the basis of 
appropriate research studies. If the unbound fraction of 
antibiotic is highly variable,62 measuring the unbound 
concentration in TDM is generally preferred to determine 
the individual exposure to the active fraction of the drug.63 
Other research focuses on using biosensors to measure 
interstitial fluid concentrations of an antibiotic.64 Similar 
to blood glucose control with automated insulin delivery, 
continuous biosensing—or other bedside measurements 
within a closed-loop system—that adjusts the admini-
stered dose, has the potential to deliver individualised 
therapies in real time.64

Historically, TDM was often performed solely by 
monitoring a concentration measurement, which was 
subsequently compared with a therapeutic window. This 
process is imprecise and slow, as steady state must be 
reached before an individual dose can be derived, and 
thus, substandard for antibiotics when optimal treatment 
should be achieved as early as possible. As tools become 
more user-friendly and implemented into electronic 
health records, model-informed precision dosing (MIPD) 
software is now more frequently used to individualise 
dosing of antibiotics, and provides insight into more 
complex exposure metrics such as time above MIC or the 
AUC without the need to wait for achievement of steady 
state pharmacokinetics (see sections on rationally 
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optimising therapy by modelling the time-course of 
treatment response, and modelling host-related variables 
to predict patient outcomes).41 It is evident that the 
underlying mathematical models used in MIPD need to 
be validated in the target population to ascertain accurate 
predictions of the individual dose and more research is 
required to optimally achieve high accuracy and precision 
in every patient, including outlier patients with highly 
altered pharmacokinetics.65

Over the next few decades it is anticipated that MIPD 
tools will integrate the patient’s electronic medical record 
including patient disease and genetic information 
within mechanism-based models, which will integrate 
pharmaco kinetic and pharmacodynamic drug properties 
to maximise the patient’s individual response trajectory. 
This integration will widen the traditional definition of 
TDM towards inclusion of treatment response biomarkers 
and might also be continuously informed by wearable 
devices that measure antibiotic pharmacokinetics.66 
Enhance ments in TDM together with molecular rapid 
diagnostics will enable early individual optimisation of 
antibiotic treatment, which might improve treatment 
outcomes especially for patients who are critically ill or 
patients with sepsis or septic shock.42

Improving PKPD for new and non-traditional antibiotic 
therapies 
Due to increasing resistance in many major pathogens to 
most common drugs, new antibiotics or non-traditional 
therapies (eg, microbiome-modulating treatments, 
bacteriophages, and antivirulence drugs) are being 
evaluated and developed. Some of the new antibiotics are 
specifically developed for indications that have not been 
considered with a structured development process for 
several decades. New therapies are being developed 
against gonorrhoea, infected implants, abscesses, and 
osteomyelitis. Although the PKPD of treatments for each 
of these infections is unique, they have some shared 
challenges. In particular, these treatments struggle with 
the scarce knowledge of antibiotic concentrations at the 
site of infection and validated non-clinical PKPD models. 
Traditionally, duration of therapy is not specifically 
considered in PKPD models. Single-dose therapies, which 
might be required for the treatment of uncom plicated 
urogenital gonorrhoea, can affect the PKPD target.67 Stasis 
or 1-log10 or 2-log10 reduction of the bacterial load is also not 
sufficient in situations that require sterilisation of the 
infection site (ie, when the primary endpoint in clinical 
development would be bacteriological eradication).68 
Additional challenges are the scarcity of adequate models 
to study drugs that act intracellularly or against biofilm 
infections.69 More complex PKPD models have been 
developed,70,71 but reflecting pathophysiological conditions 
at the site of infection concomitantly with the local 
pharmacokinetics profile remains challenging.72 Non-
traditional therapeutic approaches are now being 
increasingly pursued and have reached late preclinical or 

early clinical development stages.73 Direct-acting agents 
(eg, endolysins) that can be characterised by measuring 
bactericidal or bacteriostatic activity—routinely measured 
by MIC and reduction of bacterial load—might be studied 
using traditional in-vitro models. Bacteriophages kill 
bacteria but are complex systems with specific 
biology, distribution, and proliferation characteristics.74 
Bacteriophage as thera peutics are in their infancy and 
there is very scarce pharmacological knowledge regarding 
their pharma cokinetics, pharmacodynamics (eg, standard-
isation of antibacterial activity measurement, amplifi cation 
in relation to bacterial load, and emergence of resistance), 
and PKPD relationship. As the success of bacteriophage 
therapy ultimately depends on rapid diagnostics, 
antibacterial spectrum, formulation, dose, dosing regimen, 
and administration, systematic pharma cological research 
of bacteriophages is needed. Indirect-acting agents such as 
antivirulence drugs do not kill or inhibit bacterial growth 
and require specifically developed and validated preclinical 
in-vivo models.74 Currently, dose-finding processes rely on 
clinical trial-and-error approaches with substantial risk of 
development being unsuccesful.75 New technologies and 
non-MIC-based approaches are needed to define exposure 
of non-traditional drugs or biologics in relation to their 
pharmacodynamics effect and support dosing decisions 
for clinical studies. Integrating data from these new 
laboratory models into computational models that can 
establish links to patient outcomes might optimise the 
drug-development pathway for new and non-traditional 
therapies. Innovative partnerships between researchers in 
multiple settings (table) will support the creation of new 
models that aid in the development of non-traditional 
therapeutics.

Conclusion 
As bacteria develop mechanisms of resistance and 
challenge traditional therapeutic approaches, so too must 
our approaches to antibiotic research and treatment. 
Despite the approval of several new antibiotics since 2015, 
the drug development pipeline remains relatively dry and 
with few compounds that have novel mechanisms of 
action, which highlights the importance of innovative 
approaches to antibiotic pharmacology research and drug 
development. The promise of what PKPD can provide 
through precision dosing for anti-infectives has not yet 
been fully realised in the clinical setting for all patients. 
For optimal translation to the clinical setting, our 
understanding of the complex and inter-related drivers of 
antibiotic efficacy including patient, bacterial, and drug 
related factors must be improved. Herein, we have 
identified six priority areas to focus research in antibiotic 
pharmacology to improve antibiotic efficacy, which will 
require the collaboration of researchers with different 
areas of expertise and from multiple settings (table). 
Furthermore, these research priorities will enable us to 
more fully realise the benefits of precision antibiotic 
therapy and improve patient outcomes in the years ahead.



www.thelancet.com/microbe   Vol 3   October 2022 e801

Personal View

Contributors 
All authors were involved in conceptualisation and analysis of this 
Personal View. ZPB, SGW, EIN, JRL, UT, HD, MZ, CBL, and JBB initially 
drafted the manuscript. RLN, TT, LEF, JL, and BTT were responsible for 
reviewing and editing the manuscript. ZPB was responsible for 
visualisation. All authors read, reviewed, and approved the final version 
of the Personal View.

Declaration of interests 
There was no funding to support this Personal View. JL and RLN licensed 
their new-generation polymyxin molecules to Qpex Biopharma. 
JL received grant support, a seminar honorarium, and consultation fees 
from Northern Antibiotics, Qpex Biopharma, Healthcare 
Pharmaceuticals, Genentech, and DanDi Bioscience. JBB received 
research consulting fees from MicuRx Pharmaceuticals and Lupin 
Pharmaceuticals. All other authors declare no competing interests.

References 
1 Craig WA. Pharmacokinetic/pharmacodynamic parameters: 

rationale for antibacterial dosing of mice and men. Clin Infect Dis 
1998; 26: 1–12.

2 Craig WA. Does the dose matter? Clin Infect Dis 2001; 
33 (suppl 3): S233–37.

3 Vogelman B, Gudmundsson S, Leggett J, Turnidge J, Ebert S, 
Craig WA. Correlation of antimicrobial pharmacokinetic parameters 
with therapeutic efficacy in an animal model. J Infect Dis 1988; 
158: 831–47.

4 Rizk ML, Bhavnani SM, Drusano G, et al. Considerations for dose 
selection and clinical pharmacokinetics/pharmacodynamics for the 
development of antibacterial agents. Antimicrob Agents Chemother 
2019; 63: e02309–18.

5 Ambrose PG, Bhavnani SM, Rubino CM, et al. Pharmacokinetics-
pharmacodynamics of antimicrobial therapy: it’s not just for mice 
anymore. Clin Infect Dis 2007; 44: 79–86.

6 Forrest A, Nix DE, Ballow CH, Goss TF, Birmingham MC, 
Schentag JJ. Pharmacodynamics of intravenous ciprofloxacin in 
seriously ill patients. Antimicrob Agents Chemother 1993; 37: 1073–81.

7 Abdul-Aziz MH, Sulaiman H, Mat-Nor MB, et al. Beta-Lactam 
Infusion in Severe Sepsis (BLISS): a prospective, two-centre, 
open-labelled randomised controlled trial of continuous versus 
intermittent beta-lactam infusion in critically ill patients with severe 
sepsis. Intensive Care Med 2016; 42: 1535–45.

8 Friberg LE. Pivotal role of translation in anti-infective development. 
Clin Pharmacol Ther 2021; 109: 856–66.

9 Roberts JA, Abdul-Aziz MH, Lipman J, et al. Individualised 
antibiotic dosing for patients who are critically ill: challenges and 
potential solutions. Lancet Infect Dis 2014; 14: 498–509.

10 Kristoffersson AN, Rognås V, Brill MJE, et al. Population 
pharmacokinetics of colistin and the relation to survival in critically 
ill patients infected with colistin susceptible and carbapenem-
resistant bacteria. Clin Microbiol Infect 2020; 26: 1644–50.

11 Wunderink RG, Niederman MS, Kollef MH, et al. Linezolid in 
methicillin-resistant Staphylococcus aureus nosocomial pneumonia: 
a randomized, controlled study. Clin Infect Dis 2012; 54: 621–29.

12 McCormack JP, Jewesson PJ. A critical reevaluation of the 
“therapeutic range” of aminoglycosides. Clin Infect Dis 1992; 
14: 320–39.

13 Lodise TP Jr, Rosenkranz SL, Finnemeyer M, et al. The emperor’s 
new clothes: prospective observational evaluation of the association 
between initial vancomycin exposure and failure rates among adult 
hospitalized patients with methicillin-resistant Staphylococcus aureus 
bloodstream infections (PROVIDE). Clin Infect Dis 2020; 
70: 1536–45.

14 Paul M, Daikos GL, Durante-Mangoni E, et al. Colistin alone versus 
colistin plus meropenem for treatment of severe infections caused 
by carbapenem-resistant Gram-negative bacteria: an open-label, 
randomised controlled trial. Lancet Infect Dis 2018; 18: 391–400.

15 Harris PNA, Tambyah PA, Lye DC, et al. Effect of piperacillin-
tazobactam vs meropenem on 30-day mortality for patients with 
E coli or Klebsiella pneumoniae bloodstream infection and ceftriaxone 
resistance: a randomized clinical trial. JAMA 2018; 320: 984–94.

16 Mouton JW, Muller AE, Canton R, Giske CG, Kahlmeter G, 
Turnidge J. MIC-based dose adjustment: facts and fables. 
J Antimicrob Chemother 2018; 73: 564–68.

17 Kristoffersson AN, David-Pierson P, Parrott NJ, et al. Simulation-
based evaluation of PK/PD indices for meropenem across patient 
groups and experimental designs. Pharm Res 2016; 33: 1115–25.

18 Mouton JW, Ambrose PG, Canton R, et al. Conserving antibiotics for 
the future: new ways to use old and new drugs from 
a pharmacokinetic and pharmacodynamic perspective. 
Drug Resist Updat 2011; 14: 107–17.

19 Bulman ZP, Chen L, Walsh TJ, et al. Polymyxin combinations 
combat Escherichia coli harboring mcr-1 and blaNDM-5: preparation for 
a postantibiotic era. MBio 2017; 8: e00540–17.

20 Wong FH, Cai Y, Leck H, et al. Determining the development of 
persisters in extensively drug-resistant Acinetobacter baumannii 
upon exposure to polymyxin b-based antibiotic combinations using 
flow cytometry. Antimicrob Agents Chemother 2020; 64: e01712–19.

21 Timbrook TT, Morton JB, McConeghy KW, Caffrey AR, 
Mylonakis E, LaPlante KL. The effect of molecular rapid diagnostic 
testing on clinical outcomes in bloodstream infections: a systematic 
review and meta-analysis. Clin Infect Dis 2017; 64: 15–23.

22 Huang Y, Rana AP, Wenzler E, et al. Aminoglycoside-resistance 
gene signatures are predictive of aminoglycoside MICs for 
carbapenem-resistant Klebsiella pneumoniae. 
J Antimicrob Chemother 2022; 77: 356–63.

23 Huang Y, Sokolowski K, Rana A, et al. Generating genotype-specific 
aminoglycoside combinations with ceftazidime/avibactam for kpc-
producing Klebsiella pneumoniae. Antimicrob Agents Chemother 
2021; 65: e0069221.

24 Han ML, Zhu Y, Creek DJ, et al. Comparative metabolomics and 
transcriptomics reveal multiple pathways associated with polymyxin 
killing in Pseudomonas aeruginosa. mSystems 2019; 4: e00149–18.

25 Zhu Y, Zhao J, Maifiah MHM, Velkov T, Schreiber F, Li J. 
Metabolic responses to polymyxin treatment in Acinetobacter 
baumannii ATCC 19606: integrating transcriptomics and 
metabolomics with genome-scale metabolic modeling. mSystems 
2019; 4: e00157–18.

26 Hussein M, Han ML, Zhu Y, et al. Metabolomics study of the 
synergistic killing of polymyxin b in combination with amikacin 
against polymyxin-susceptible and -resistant Pseudomonas 
aeruginosa. Antimicrob Agents Chemother 2019; 64: e01587–19.

27 Tyers M, Wright GD. Drug combinations: a strategy to extend the 
life of antibiotics in the 21st century. Nat Rev Microbiol 2019; 
17: 141–55.

28 Nutman A, Lellouche J, Temkin E, et al. Colistin plus meropenem 
for carbapenem-resistant Gram-negative infections: in vitro 
synergism is not associated with better clinical outcomes. 
Clin Microbiol Infect 2020; 26: 1185–91.

29 Onufrak NJ, Smith NM, Satlin MJ, et al. In pursuit of the triple 
crown: mechanism-based pharmacodynamic modeling for the 
optimization of 3-drug combinations against KPC-producing 
Klebsiella pneumoniae. Clin Microbiol Infect 2020; 26: 1256.e1–e8.

30 Cicchese JM, Pienaar E, Kirschner DE, Linderman JJ. Applying 
optimization algorithms to tuberculosis antibiotic treatment 
regimens. Cell Mol Bioeng 2017; 10: 523–35.

31 Wicha SG, Chen C, Clewe O, Simonsson USH. A general 
pharmacodynamic interaction model identifies perpetrators and 
victims in drug interactions. Nat Commun 2017; 8: 2129.

32 Liu J, Gefen O, Ronin I, Bar-Meir M, Balaban NQ. Effect of 
tolerance on the evolution of antibiotic resistance under drug 
combinations. Science 2020; 367: 200–04.

33 French S, Mangat C, Bharat A, Côté JP, Mori H, Brown ED. 
A robust platform for chemical genomics in bacterial systems. 
Mol Biol Cell 2016; 27: 1015–25.

34 Bulitta JB, Landersdorfer CB, Forrest A, et al. Relevance of 
pharmacokinetic and pharmacodynamic modeling to clinical care 
of critically ill patients. Curr Pharm Biotechnol 2011; 12: 2044–61.

35 Nielsen EI, Friberg LE. Pharmacokinetic-pharmacodynamic 
modeling of antibacterial drugs. Pharmacol Rev 2013; 65: 1053–90.

36 Jumbe N, Louie A, Leary R, et al. Application of a mathematical 
model to prevent in vivo amplification of antibiotic-resistant 
bacterial populations during therapy. J Clin Invest 2003; 112: 275–85.

37 Yadav R, Bergen PJ, Rogers KE, et al. Meropenem-tobramycin 
combination regimens combat carbapenem-resistant Pseudomonas 
aeruginosa in the hollow-fiber infection model simulating augmented 
renal clearance in critically ill patients. Antimicrob Agents Chemother 
2019; 64: e01679–19.



e802 www.thelancet.com/microbe   Vol 3   October 2022

Personal View

38 Louie A, Liu W, VanGuilder M, et al. Combination treatment with 
meropenem plus levofloxacin is synergistic against Pseudomonas 
aeruginosa infection in a murine model of pneumonia. J Infect Dis 
2015; 211: 1326–33.

39 Khan DD, Lagerbäck P, Cao S, et al. A mechanism-based 
pharmacokinetic/pharmacodynamic model allows prediction of 
antibiotic killing from MIC values for WT and mutants. 
J Antimicrob Chemother 2015; 70: 3051–60.

40 Chauzy A, Gaelzer Silva Torres B, Buyck J, et al. Semimechanistic 
pharmacodynamic modeling of aztreonam-avibactam combination 
to understand its antimicrobial activity against multidrug-resistant 
Gram-negative bacteria. CPT Pharmacometrics Syst Pharmacol 2019; 
8: 815–24.

41 Wicha SG, Märtson AG, Nielsen EI, et al. From therapeutic drug 
monitoring to model-informed precision dosing for antibiotics. 
Clin Pharmacol Ther 2021; 109: 928–41.

42 Landersdorfer CB, Nation RL. Key challenges in providing effective 
antibiotic therapy for critically ill patients with bacterial sepsis and 
septic shock. Clin Pharmacol Ther 2021; 109: 892–904.

43 Sutaria DS, Moya B, Green KB, et al. First penicillin-binding protein 
occupancy patterns of β-lactams and β-lactamase inhibitors in 
Klebsiella pneumoniae. Antimicrob Agents Chemother 2018; 
62: e00282–18.

44 Davies TA, Page MG, Shang W, Andrew T, Kania M, Bush K. 
Binding of ceftobiprole and comparators to the penicillin-binding 
proteins of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus 
aureus, and Streptococcus pneumoniae. Antimicrob Agents Chemother 
2007; 51: 2621–24.

45 Kim TH, Tao X, Moya B, et al. Novel cassette assay to quantify the 
outer membrane permeability of five β-lactams simultaneously in 
carbapenem-resistant Klebsiella pneumoniae and Enterobacter cloacae. 
MBio 2020; 11: e03189–19.

46 Bonomo RA, Burd EM, Conly J, et al. Carbapenemase-producing 
organisms: a global scourge. Clin Infect Dis 2018; 66: 1290–97.

47 Bulitta JB, Jiao Y, Drescher SK, et al. Four decades of β-lactam 
antibiotic pharmacokinetics in cystic fibrosis. Clin Pharmacokinet 
2019; 58: 143–56.

48 Udy AA, Roberts JA, Lipman J. Clinical implications of antibiotic 
pharmacokinetic principles in the critically ill. Intensive Care Med 
2013; 39: 2070–82.

49 Crass RL, Dunn R, Hong J, Krop LC, Pai MP. Dosing vancomycin in 
the super obese: less is more. J Antimicrob Chemother 2018; 
73: 3081–86.

50 Bilbao-Meseguer I, Rodríguez-Gascón A, Barrasa H, Isla A, 
Solinís MÁ. Augmented renal clearance in critically ill patients: 
a systematic review. Clin Pharmacokinet 2018; 57: 1107–21.

51 Bulitta JB, Hope WW, Eakin AE, et al. Generating robust and 
informative nonclinical in vitro and in vivo bacterial infection model 
efficacy data to support translation to humans. 
Antimicrob Agents Chemother 2019; 63: e02307–18.

52 Agyeman AA, Rogers KE, Tait JR, et al. Evaluation of meropenem-
ciprofloxacin combination dosage regimens for the 
pharmacokinetics of critically ill patients with augmented renal 
clearance. Clin Pharmacol Ther 2021; 109: 1104–15.

53 Jorda A, Zeitlinger M. Preclinical pharmacokinetic/
pharmacodynamic studies and clinical trials in the drug 
development process of EMA-approved antibacterial agents: 
a review. Clin Pharmacokinet 2020; 59: 1071–84.

54 Band VI, Crispell EK, Napier BA, et al. Antibiotic failure mediated 
by a resistant subpopulation in Enterobacter cloacae. Nat Microbiol 
2016; 1: 16053.

55 Sela U, Euler CW, Correa da Rosa J, Fischetti VA. Strains of bacterial 
species induce a greatly varied acute adaptive immune response: the 
contribution of the accessory genome. PLoS Pathog 2018; 
14: e1006726.

56 Thorsted A, Nielsen EI, Friberg LE. Pharmacodynamics of immune 
response biomarkers of interest for evaluation of treatment effects 
in bacterial infections. Int J Antimicrob Agents 2020; 56: 106059.

57 Thorsted A, Bouchene S, Tano E, et al. A non-linear mixed effect 
model for innate immune response: in vivo kinetics of endotoxin 
and its induction of the cytokines tumor necrosis factor alpha and 
interleukin-6. PLoS One 2019; 14: e0211981.

58 Abdul-Aziz MH, Alffenaar JC, Bassetti M, et al. Antimicrobial 
therapeutic drug monitoring in critically ill adult patients: a position 
paper. Intensive Care Med 2020; 46: 1127–53.

59 Rao GG, Konicki R, Cattaneo D, Alffenaar JW, Marriott DJE, 
Neely M. Therapeutic drug monitoring can improve linezolid dosing 
regimens in current clinical practice: a review of linezolid 
pharmacokinetics and pharmacodynamics. Ther Drug Monit 2020; 
42: 83–92.

60 Huttner A, Harbarth S, Hope WW, Lipman J, Roberts JA. 
Therapeutic drug monitoring of the β-lactam antibiotics: what is the 
evidence and which patients should we be using it for? 
J Antimicrob Chemother 2015; 70: 3178–83.

61 Azeredo FJ, Dalla Costa T, Derendorf H. Role of microdialysis in 
pharmacokinetics and pharmacodynamics: current status and future 
directions. Clin Pharmacokinet 2014; 53: 205–12.

62 Kees MG, Wicha SG, Seefeld A, Kees F, Kloft C. Unbound fraction 
of vancomycin in intensive care unit patients. J Clin Pharmacol 2014; 
54: 318–23.

63 Jager NGL, van Hest RM, Xie J, et al. Optimization of flucloxacillin 
dosing regimens in critically ill patients using population 
pharmacokinetic modelling of total and unbound concentrations. 
J Antimicrob Chemother 2020; 75: 2641–49.

64 Rawson TM, Wilson RC, O’Hare D, et al. Optimizing antimicrobial 
use: challenges, advances and opportunities. Nat Rev Microbiol 2021; 
19: 747–58.

65 Broeker A, Nardecchia M, Klinker KP, et al. Towards precision 
dosing of vancomycin: a systematic evaluation of pharmacometric 
models for Bayesian forecasting. Clin Microbiol Infect 2019; 
25: 1286.e1–e7.

66 Saleh MAA, van de Garde EMW, van Hasselt JGC. Host-response 
biomarkers for the diagnosis of bacterial respiratory tract infections. 
Clin Chem Lab Med 2019; 57: 442–51.

67 Theuretzbacher U, Barbee L, Connolly K, et al. Pharmacokinetic/
pharmacodynamic considerations for new and current therapeutic 
drugs for uncomplicated gonorrhoea-challenges and opportunities. 
Clin Microbiol Infect 2020; 26: 1630–35.

68 Hook EW 3rd, Newman L, Drusano G, et al. Development of new 
antimicrobials for urogenital gonorrhea therapy: clinical trial design 
considerations. Clin Infect Dis 2020; 70: 1495–500.

69 Kolenda C, Josse J, Medina M, et al. Evaluation of the activity of a 
combination of three bacteriophages alone or in association with 
antibiotics on Staphylococcus aureus embedded in biofilm or 
internalized in osteoblasts. Antimicrob Agents Chemother 2020; 
64: e02231–19.

70 Bilal H, Bergen PJ, Kim TH, et al. Synergistic meropenem-
tobramycin combination dosage regimens against clinical 
hypermutable Pseudomonas aeruginosa at simulated epithelial lining 
fluid concentrations in a dynamic biofilm model. 
Antimicrob Agents Chemother 2019; 63: e01293–19.

71 Sankaran J, Tan NJHJ, But KP, Cohen Y, Rice SA, Wohland T. Single 
microcolony diffusion analysis in Pseudomonas aeruginosa biofilms. 
NPJ Biofilms Microbiomes 2019; 5: 35.

72 Oesterreicher Z, Eberl S, Nussbaumer-Proell A, Peilensteiner T, 
Zeitlinger M. Impact of different pathophysiological conditions on 
antimicrobial activity of glycopeptides in vitro. Clin Microbiol Infect 
2019; 25: 759.e1–e7.

73 Theuretzbacher U, Outterson K, Engel A, Karlén A. The global 
preclinical antibacterial pipeline. Nat Rev Microbiol 2020; 18: 275–85.

74 Theuretzbacher U, Piddock LJV. Non-traditional antibacterial 
therapeutic options and challenges. Cell Host Microbe 2019; 
26: 61–72.

75 Wang-Lin SX, Balthasar JP. Pharmacokinetic and pharmacodynamic 
considerations for the use of monoclonal antibodies in the treatment 
of bacterial infections. Antibodies (Basel) 2018; 7: 5.

© 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access 
article under the CC BY-NC-ND 4.0 license


	Research priorities towards precision antibiotic therapy to improve patient care
	Introduction
	Key future directions for pharmacology research
	Exploring pathogen response to antibiotics
	Identifying precision PKPD targets for antibiotic combinations
	Rationally optimising therapy by modelling the time-course of treatment response
	Modelling host-related variables to predict patient outcomes
	Integrating bacterial, patient, and drug characteristics to personalise antibiotic therapies with TDM
	Improving PKPD for new and non-traditional antibiotic therapies

	Conclusion
	References


