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Abstract 

Purpose:  To concisely describe the current standards of care, major recent advances, common beliefs that have been 
contradicted by recent trials, areas of uncertainty, and clinical studies that need to be performed over the next decade 
and their expected outcomes with regard to the management of multidrug-resistant (MDR) bacteria, antibiotic use, 
and antimicrobial stewardship in the intensive care unit (ICU) setting.

Methods:  Narrative review based on a systematic analysis of the medical literature, national and international guide‑
lines, and expert opinion.

Results:  The prevalence of infection of critically ill patients by MDR bacteria is rapidly evolving. Clinical studies aimed 
at improving understanding of the changing patterns of these infections in ICUs are urgently needed. Ideal antibiotic 
utilization is another area of uncertainty requiring additional investigations aimed at better understanding of dose 
optimization, duration of therapy, use of combination treatment, aerosolized antibiotics, and the integration of rapid 
diagnostics as a guide for treatment. Moreover, there is an imperative need to develop non-antibiotic approaches 
for the prevention and treatment of MDR infections in the ICU. Finally, clinical research aimed at demonstrating the 
beneficial impact of antimicrobial stewardship in the ICU setting is essential.

Conclusions:  These and other fundamental questions need to be addressed over the next decade in order to better 
understand how to prevent, diagnose, and treat MDR bacterial infections. Clinical studies described in this research 
agenda provide a template and set priorities for investigations that should be performed in this field.
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Introduction
Antibiotic resistance has emerged as one of the most 
important determinants of outcome in patients with seri-
ous infections along with the virulence of the underly-
ing pathogen. More than 700,000 healthcare-associated 
infections, many caused by antibiotic-resistant bacteria, 
occur annually in the US with almost half in critically ill 

patients [1]. In Europe, prevalence of carbapenemase-
producing Enterobacteriaceae (CPE), in particular 
with the rapid spread of carbapenem-hydrolysing oxa-
cillinase-48 (OXA-48) and New Delhi metallo-beta-
lactamase (NDM)-producing Enterobacteriaceae is 
increasing [2]. Escalating rates of antibiotic resistance 
add substantially to the morbidity, mortality, and costs 
related to infection in hospitalized patients, especially 
those in the intensive care unit (ICU) setting [2, 3]. Both 
Gram-positive organisms, such as methicillin-resistant 
Staphylococcus aureus (MRSA) and vancomycin-resist-
ant enterococci (VRE), and Gram-negative bacteria, 
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including Pseudomonas aeruginosa, Acinetobacter spe-
cies, and CPE have contributed to the escalating rates of 
multidrug-resistant (MDR), extensively drug-resistant 
(XDR), and pandrug-resistant (PDR) bacteria causing 
healthcare-associated infections [3].

The rapid evolution of antibiotic resistance impedes 
efforts to insure that initial appropriate antibiotic 
therapy (IAAT) is delivered to critically ill infected 
patients. IAAT is a key determinant of outcome in 
severe infection [4, 5], and the Surviving Sepsis Guide-
lines strongly support initiatives to guarantee that 
patients receive timely appropriate antibiotic treat-
ment to reduce mortality [6]. Yet, because not all seri-
ous infections are due to MDR organisms, clinicians 
must have a strategy for determining which patients 
should be treated with broad-spectrum antibiotics. 
Minimizing the unnecessary use of antibiotics is a fun-
damental principle of antimicrobial stewardship that 
should be followed by all intensivists [7]. The chal-
lenge is how to best optimize antibiotic decision mak-
ing in the ICU balancing the need for IAAT, in order 
to improve patient outcomes, with the need for avoid-
ance of unnecessary antibiotics so as to reduce resist-
ance emergence.

The goal of this research agenda is to concisely describe 
the current standards of care, major recent advances, 
areas of uncertainty, and to identify clinical studies/tri-
als that need to be performed over the next decade in 
regards to the management of MDR bacteria, antibiotic 
use, and antimicrobial stewardship in the ICU.

Methods
A narrative review based on a systematic analysis of the 
medical literature was conducted with a timeline from 
2006 through 2016 searching PubMed by two authors 
for each of the three sections using the terms “steward-
ship, antibiotics, antibiotic resistance and multidrug 
resistance”. Searches were completed in December 2016. 
One author (M.H.K.) also manually screened reference 
lists of articles selected for inclusion to identify addi-
tional studies. To identify potential unpublished data, 
M.H.K. also (1) searched abstracts from the Society of 
Critical Care Medicine, European Society of Intensive 
Care Medicine, American Thoracic Society, CHEST, 
International Symposium on Intensive Care and Emer-
gency Medicine, and Pharmacotherapy from 2006 to 
2016, and (2) searched online for clinical trials registra-
tion (ClinicalTrials.gov). The selection of articles and 
topics for inclusion in this research agenda were based 
on their likely importance for yielding clinically impor-
tant practice changes over the next decade as deter-
mined by the writing committee.

New antibiotics and antibiotic delivery
Standard of care
IAAT for definite infections, such as sepsis, complicated 
intra-abdominal infection (cIAI), severe community-
acquired pneumonia (CAP) and hospital-acquired pneu-
monia/ventilator-associated pneumonia (HAP/VAP), is a 
critical aspect of care. Unfortunately, attempts to admin-
ister IAAT often lead to the administration of broad-
spectrum antibiotics for many non-resistant infections. 
Rapid provision of appropriate antibiotics is most impor-
tant in the presence of shock, since delays in therapy are 
associated with increased mortality [8]. When shock is 
not present, a more careful approach to the diagnosis of 
bacterial sepsis is warranted, as administration of broad 
spectrum antibiotics produces collateral damage and, in 
the presence of non-bacterial inflammatory conditions, 
selects for antibiotic-resistant bacteria [9].

Standard dosing regimens are often not adequate 
for critically ill patients. Two common differences in 
pharmacokinetic/pharmacodynamic (PK/PD) param-
eters encountered in the ICU that result in this are an 
increased volume of distribution and increased renal 
clearance of antibiotics [10]. Initial antibiotic doses 
should address the increased volume of distribution of 
antibiotics (particularly hydrophilic drugs) that often 
occurs in sepsis with fluid resuscitation [11], such that 
a large loading dose is required independent of subse-
quent clearances. Without this, time to achieve optimal 
bacterial killing is delayed due to under-dosing which 
also predisposes to the emergence of newly resistant bac-
terial overgrowth. After empirical broad spectrum and/
or combination treatments are prescribed, secondary 
re-evaluation and focused therapy following documenta-
tion of the etiology of infection is strongly recommended. 
Despite this basic tenet of antibiotic stewardship, con-
flicting results have been generated on the overall ben-
efits of antimicrobial de-escalation [12, 13].

The optimal duration of antibiotic therapy remains 
controversial but has significantly decreased over the 
past two decades. In VAP, a shorter treatment course of 
7–8 days has been validated, even though for some spe-
cific pathogens or clinical situations a longer treatment 
course may still be recommended [14, 15]. For cIAI, a 
treatment course of 4 days may also be acceptable when 
septic shock is not present [16]. Serial biomarkers such as 
procalcitonin can also help to accurately identify patients 
appropriate for shorter courses of antibiotics [17].

Major recent advances
When compared to the twentieth century, few new anti-
biotics have been recently marketed or even developed. 
Because of the importance of both antibiotic resistance 
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and emerging infectious diseases, the scientific commu-
nity and national governments have decided to support 
both discovery and research in the anti-infective field. 
Therefore, both large pharmaceutical and smaller biotech 
companies have re-invested in this endeavor.

Accordingly, a few antibiotics with some ICU indica-
tions (especially HAP/VAP and cIAI) have recently been 
approved and others should become available in the near 
future. Potentially interesting new options include broad-
spectrum antibiotics covering both resistant Gram-nega-
tive bacteria and MRSA which could be used as first-line 
empiric therapy in clinical situations where a high risk 
of antibiotic resistance is suspected or confirmed, espe-
cially with mixed infections. Additionally, options to 
cover MDR pathogens including CPE and NDM-produc-
ing Enterobacteriaceae have recently been approved or 
are forthcoming, including novel β-lactamase inhibitors 
(Table 1). The concern with these new antibiotics is that 
they may be utilized indiscriminately, especially in loca-
tions with suboptimal infection control and antimicrobial 
stewardship practices, thereby allowing resistance to rap-
idly arise.

Ceftolozane/tazobactam is a recently approved anti-
biotic that is especially active against Pseudomonas 
aeruginosa (from the intrinsic activity of ceftolozane), 
while the addition of tazobactam confers activity against 
most extended-spectrum β-lactamase (ESBL) produc-
ers. It is currently approved for the treatment of com-
plicated urinary tract infection (cUTI) and cIAI [18]. 
Avibactam is a novel β-lactamase inhibitor that inacti-
vates class A [including Klebsiella pneumoniae carbapen-
emase (KPC)], class C (AmpC), and some class D (OXA) 
β-lactamases. It is licensed in combination with ceftazi-
dime and approved for cUTI and cIAI. The REPROVE 
trial (NCT01808092) has assessed the efficacy of cef-
tazidime-avibactam compared to meropenem for the 
treatment of HAP/VAP. The results have not yet been 
published but preliminary data confirm that the primary 
objective of statistical non-inferiority, employed by regu-
latory agencies for drug approval, has been reached with 
crude mortality rates at day 28 being similar for both 
groups [19].

While developing new antimicrobials is an essential 
task, emphasizing the importance of proper antibiotic 

Table 1  Recently approved antibiotics and drugs in development

cIAI complicated intra-abdominal infection, cUTI complicated urinary tract infection, HAP/VAP hospital-acquired pneumonia/ventilator-associated pneumonia, CAP 
community-acquired pneumonia, BSI bloodstream infection

Drug name Drug class Potential indications

Recently approved Ceftazidine/
Avibactam

Cephalosporin/
β-Lactamase inhibitor

cIAI, cUTI, HAP/VAP

Ceftaroline Extended spectrum cephalosporin Pneumonia, skin infections

Solithromycin Macrolide (fluoroketolide) CAP

Tedizolid Oxazolidinone HAP/VAP, skin infections

Ceftolozane/
Tazobactam

Cephalosporin/
β-Lactamase inhibitor

HAP/VAP, cIAI, cUTI

In development Aztreonam/
Avibactam

Monobactam/
β-Lactamase inhibitor

cIAI

Cadazolid Quinolonyl-oxazolidinone C. difficile infection

Ceftaroline/
Avibactam

Cephalosporin/
β-Lactamase inhibitor

Bacterial infections

Delafloxacin Fluoroquinolone Skin infections, CAP, cUTI

Eravacycline Tetracycline cIAI, cUTI

Finafloxacin11 Fluoroquinolone cUTI, cIAI, skin infections

Iclaprim Dihydrofolate reductase inhibitor Skin infections, HAP/VAP

Imipenem/
Relebactam

Carbapenem/
β-Lactamase inhibitor

cUTI, cIAI, HAP/VAP

Meropenem/
Vaborbactam

Meropenem/boronic
β-Lactamase inhibitor

cUTI, cIAI, HAP/VAP, BSI

Nemonoxacin8 Quinolone CAP, skin infections

Omadacycline Tetracycline CAP, skin infections, cUTI

Plazomicin Aminoglycoside cUTI, BSI, HAP/VAP, cIAI

S-649266 Siderophore cephalosporin BSI, HAP/VAP, cUTI

Zabofloxacin Fluoroquinolone CAP
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dosing in order to optimize cures and prevent resistance 
is also paramount. Several studies have shown that sub-
therapeutic antibiotic concentrations are often achieved 
in critically ill patients when standard dosage regimens 
are administered, particularly when dealing with dif-
ficult-to-treat pathogens [20, 21]. β-Lactam antibiot-
ics have a large therapeutic ratio (i.e., toxicity is rare in 
usual therapeutic doses). However, β-lactam efficacy is 
now being questioned, with possible under-dosing in 
difficult-to-treat groups including ICU patients [22]. To 
improve PK/PD target attainment in critically ill patients, 
higher doses than those currently accepted by the regula-
tory agencies may be required. This may include the use 
of continuous or extended infusions with front-loading 
doses, as opposed to traditional intermittent bolus doses, 
for time-dependent antibiotics (e.g., β-lactams). For con-
centration-dependent antibiotics (e.g., aminoglycosides), 
once daily dosing to achieve high peak antibiotic con-
centrations is now accepted as the standard of care [23]. 
Increased awareness of these issues suggests the need 
for clinical trials of routine therapeutic dose monitor-
ing (TDM) for β-lactams and other antibiotic classes to 
assess whether clinical and microbiologic outcomes can 
be improved.

Common beliefs contradicted by recent trials
ICU patients are often considered as primarily having 
renal impairment requiring dose reduction of antibiotics 
especially with more severe renal dysfunction. Neverthe-
less, recent clinical studies have shown that supranormal 
renal clearances, especially in young patients, are associ-
ated with suboptimal plasma concentrations of antibiot-
ics and treatment failures [10, 14, 22].

In mechanically ventilated patients, antibiotic concen-
trations in the airways can be 100-fold higher when given 
through the aerosol route. Several studies have demon-
strated a reduction of bacterial load and an interesting 
safety profile with both aerosolized colistin and amino-
glycosides [24]. Accordingly, aerosolized antibiotics are 
now widely used, especially in Gram-negative VAP and 
more specifically with MDR pathogens. Despite the over-
all findings of the recent negative randomized trial of 
adjunctive aerosolized fosfomycin:amikacin for VAP, sub-
group analysis suggested that patients infected with PDR 
Acinetobacter might still benefit from aerosolized antibi-
otics [25].

In severe sepsis, because of their time-dependent activ-
ity, continuous or prolonged β-lactam infusion could 
improve outcome due to better PK/PD target attainment, 
and many physicians are using this approach as their 
standard of care. Nevertheless, in two large multicenter 
prospective trials, clinical outcomes were not different by 
type of infusion [14, 26]. However, a significant increase 

in clinical cure with prolonged antibiotic infusions in a 
recent trial keeps this as an open question [27, 28].

Remaining areas of uncertainty
Despite several improvements in the use of antibiotics 
in the ICU, numerous scientific questions remain to be 
addressed. The optimal duration of antibiotic therapy 
remains uncertain and, aside from 7–8  days therapy in 
HAP/VAP and 4 days therapy in cIAI, little is known, and 
“one duration size” may not fit all indications.

The need for combination antibiotic therapy in criti-
cally ill patients remains highly debated, and is often 
prescribed based on patient severity without taking into 
account other important factors including pathogen viru-
lence and resistance.

Nebulized antibiotics are currently used in critically 
ill patients with VAP and ventilator-associated tracheo-
bronchitis (VAT) due to the low penetration of systemic 
antibiotics into the lung compartment [29]. Nebulized 
antibiotics aim to increase antibiotic efficacy by deliver-
ing higher drug concentrations to the distal areas of the 
lung in order to reduce systemic drug toxicity and to 
minimize the risk of resistance. Several factors can influ-
ence the delivery of aerosolized antibiotics to the lungs, 
although aerosol particle size seems to be the most 
important factor [30]. Currently available nebulizers 
include jet, ultrasonic and vibrating mesh devices whose 
antibiotic delivery efficiency to the lung parenchyma 
ranges from 15 to 60% across this continuum of devices 
[31]. To date, the efficacy and safety of aerosolized antibi-
otics for VAP has been examined in heterogeneous stud-
ies and meta-analyses yielding conflicting results [24, 25, 
32].

Evolution of high-efficiency vibrating mesh nebulizers 
including the Pulmonary Drug Delivery System (PDDS) 
(NKTR-061) and the PARI eFlow® Inline rapid nebulizer 
are under development and could improve overall drug 
delivery to the lung. The PDDS system employs a new 
formulation of Amikacin Inhalation Solution (BAY41-
6551) and provides antibiotic delivery of up to 60% of 
the administered dose [33]. The PARI eFlow® system is 
a single-patient, multiple-use device developed to deliver 
uniform small particles of an amikacin:fosfomycin for-
mulation over a short time of nebulization. The observed 
mean values of tracheal concentrations with this sys-
tem are 12,985 and 9000  µg/g, respectively, for amika-
cin and fosfomycin [34]. Unfortunately, a phase 2 study 
of aerosolized amikacin:fosfomycin delivered via the 
eFlow® Inline system in mechanically ventilated patients 
with Gram-negative bacterial pneumonia (IASIS study, 
NCT01969799) demonstrated no overall outcome benefit 
compared to optimal standard of care parenteral antibi-
otic therapy [24].
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Mdr bacteria
Standard of care
MDR bacteria are now prevalent all over the world, 
with XDR and PDR pathogens also being increasingly 
encountered [1, 2]. Emergence of antimicrobial resist-
ance is largely attributed to the indiscriminate and often 
abusive use of antimicrobials, including inadequate dos-
ages and prolonged durations, both within hospitals and 
other healthcare settings such as nursing homes and the 
community. Moreover, there is also increasing spread 
of resistance genes between bacteria and of resistant 
bacteria between humans and the environment includ-
ing waterborne and agricultural sources. Even in areas 
hitherto known for having relatively minor resistance 
problems, 5–10% of hospitalized patients on a given day 
have been found to harbor ESBL-producing Enterobac-
teriaceae in their gut flora, as seen in a French ICU study 
[35].

The number of different mechanisms by which bac-
teria can become resistant to an antimicrobial agent is 
increasing, as is the variety of encountered resistance 
genes, the number of clones within a species which carry 
resistance, and the number of different species harbor-
ing resistance genes. This all contributes to accelerat-
ing antibiotic resistance development with spread of 
antibiotic-resistant pathogens leading to life-threaten-
ing diseases [36]. Local outbreaks of antibiotic resistant 
infections have been reported with MRSA, Escherichia 
coli, K. pneumoniae, Acinetobacter baumannii, P. aer-
uginosa and Enterococcus faecalis or faecium (the latter 

species being difficult to treat when glycopeptide resist-
ance is present). These outbreaks have typically occurred 
in highly specialized healthcare settings such as neonatal 
wards, ICUs, transplant units and hematology/oncol-
ogy areas. The rising incidence of MDR bacteria results 
in two important consequences: increase of initial inap-
propriate antibiotic therapy (IIAT) and greater overall 
consumption of broad-spectrum antibiotics [36]. Since 
no truly new antimicrobial classes have been approved 
recently for the treatment of resistant bacteria, interest 
in “rediscovered” older antimicrobials has also increased 
[37]. At present, the best current option for optimizing 
antibiotic use and minimizing further resistance is to 
select antibiotic regimens with the highest level of effec-
tiveness for the infection, while also minimizing collat-
eral damage in the form of colonization with resistant 
clones (Fig. 1).

Major recent advances
Several rapid microbiological identification methods 
are currently being developed for clinical use, such as 
PCR, PNA FISH, and mass spectrometry. Some of these 
techniques can potentially be brought “to the bedside”, 
with microbiological results being available within a 
few hours. This could completely change the landscape 
of bacterial species and susceptibility documentation, 
especially in bacteremia and VAP [38], and could even 
be considered as a companion diagnostic for specific tar-
geted therapies such as anti-infective monoclonal anti-
bodies (mAbs).

Essentials to Optimize Antibiotic Therapy

ICU 
Infection 
Outcome

Fig. 1  Schematic representing the essential factors needing to be considered in order to optimize antibiotic treatment and outcomes in critically ill 
patients. PK pharmacokinetic; PD pharmacodynamics; MIC minimum inhibitory concentration
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Anti-infective mAbs represent a promising class of 
infectious disease drugs in the ICU, with a very inno-
vative mechanism of action via one or several spe-
cific virulence targets. Several ICU studies have found 
encouraging preliminary results, especially when target-
ing P. aeruginosa [39]. With the current technological 
progress and the increasing need for alternative thera-
peutic options to standard antibiotics in critically ill 
infected patients, numerous anti-infective mAbs are 
being developed targeting the most frequent ICU patho-
gens including S. aureus, P. aeruginosa, K. pneumoniae, 
A. baumannii and E. coli [40].

Similarly, there has been growing interest in the use 
of bacterial viruses (i.e., bacteriophage therapy) to treat 
infections by MDR bacteria. Bacteriophage lysins are 
classified as peptidoglycan hydrolases, being able to 
cleave a variety of bonds in the bacterial peptidoglycan. 
Preliminary in vitro and in vivo studies suggest high effi-
ciency of such peptides to kill A. baumannii, supporting 
further clinical development [41].

Common beliefs contradicted by recent trials
In the recent era, characterized by the lack of novel 
antibiotic class development, several clinical trials have 
yielded frustrating results. New antimicrobials tar-
geting antibiotic-resistant pathogens (i.e. doripenem, 
tigecycline, ceftobiprole) have unfortunately failed to 
demonstrate non-inferiority for the primary endpoint of 
clinical cure in patients with VAP [14, 42, 43]. The pres-
ence of young adults with augmented creatinine clear-
ance enrolled in these studies combined with antibiotic 
under dosing, resulting in reduced antibiotic plasma 
concentrations, may partly explain these negative study 
results [44].

Remaining areas of uncertainty
Improved accuracy and timeliness to detect drug suscep-
tibility, including the ability to detect heteroresistance, 
inducible enzymes, and highly resistant subpopulations, 
is increasingly being desired to improve overall antibiotic 
therapy and outcomes. While PCR is now widely used in 
the ICU, and thus allows for a more rapid detection of 
antibiotic resistance genes, additional efforts are required 
to develop patient profiles with the use of these technolo-
gies in order to optimize antimicrobial stewardship in the 
ICU. Similarly, the development of a toolkit to accurately 
and objectively detect successful versus unsuccessful 
therapy in MDR/XDR/PDR infections, is clearly needed.

As suggested above, experiences with rapid diagnos-
tics for the evaluation of blood culture specimens sug-
gests that rapid diagnostics may play an important 
role in enhancing antimicrobial prescribing practices 
in hospitalized patients [45]. The benefits to this can 

be numerous, including optimizing clinical outcomes, 
reducing toxicity, and facilitating clinical trials for new 
anti-infective agents by stratifying patients eligible for 
the trial at the earliest possible opportunity. However, it 
is also important to understand the limitations of these 
new technologies, including that they cannot differenti-
ate colonization from infection, which could be highly 
problematic in mechanically ventilated patients, nor 
give us the true susceptibility patterns of the responsible 
pathogens. The latter is true with the exception of a few 
specific mechanisms of resistance provided by molecu-
lar techniques and automated microscopy which has the 
potential to provide real-time susceptibility data [46].

The potential role of rapid diagnostics in improving 
antimicrobial therapy and outcome when embedded in a 
well-organized antimicrobial stewardship program (ASP) 
is illustrated by the study by Huang et al. from the Uni-
versity of Michigan [47]. These investigators performed a 
study to analyze the impact of MALDI-TOF MS in con-
junction with an ASP in patients with bloodstream infec-
tions. The ASP provided antibiotic recommendations 
after receiving real-time notification following blood 
culture Gram stain, organism identification, and antimi-
crobial susceptibilities using conventional microbiology 
methods in the before-period and MALDI-TOF MS in 
the after-period. Use of MALDI-TOF MS significantly 
decreased time to organism identification, and improved 
time to optimal directed antibiotic therapy. Similarly, the 
PCR-based GeneXpert MRSA/SA diagnostic platform 
(Cepheid, Sunnyvale, CA, USA) for MRSA bacteremia 
has been shown to reduce the mean time to initiation 
of appropriate therapy and the duration of unnecessary 
MRSA drug therapy [48]. A recent systematic review also 
demonstrated that rapid diagnostic testing was associ-
ated with decreases in mortality risk in the presence of 
an ASP [49].

The use of rapid diagnostics may hold the key for 
achieving a proper balance between the need to provide 
timely appropriate antibiotic therapy while minimizing 
the unnecessary use of antibiotics in the ICU. There is an 
urgent need for clinical studies aimed at understanding 
how to best integrate the use of antibiotics in critically ill 
patients with the emerging rapid diagnostic technologies 
in a way that is cost-effective and sustainable for the long 
run [50].

Antibiotic stewardship
Standard of care
Antimicrobial stewardship involves a multifaceted and 
multidisciplinary approach to achieving the follow-
ing goals: (1) combating antimicrobial resistance, (2) 
improving clinical outcomes, and (3) controlling costs 
by improving antimicrobial use. As one of the largest 
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consumers of antibiotics in the hospital, ICUs are well 
situated to reap benefit from an effective ASP. Recent 
guidelines provide evidence-based criteria for implemen-
tation and self-evaluation of such a program [51]. ASPs 
are necessary and effective in critical care settings, result-
ing in reductions in drug-resistant pathogen infections, 
reduced broad-spectrum antimicrobial use, and reduced 
antimicrobial costs, all without increases in mortality [52, 
53].

All ASPs in ICUs should include prospective audit 
and feedback of antimicrobial prescriptions, therapeu-
tic drug monitoring, formulary restrictions, use of local 
antibiograms, and partnership with infection prevention 
services when available. Underlining the importance of a 
multidisciplinary approach to antimicrobial stewardship, 
a recent study showed the importance of infectious dis-
ease (ID) fellowship programs, full-time ID physicians, 
and clinical pharmacists with ID training in reducing 
antimicrobial use [54].

A recently performed systematic review found that 
the quality of evidence supporting specific antimicrobial 
stewardship interventions was low, but did recommend 
audit and feedback, guideline implementation, and deci-
sion support [55]. Additional strategies for ASPs have 
been tested in studies with poorly defined outcomes, 
resulting in low-quality evidence for their efficacy. Unfor-
tunately, this poor-quality evidence limits knowledge of 
the advantages and disadvantages of individual stew-
ardship strategiesthough ASP implementation does not 
seem to result in harm. Table 2 provides some strategies 
of plausible benefit in an ASP.

Major recent advances
Advances in molecular biology have paved the way for 
imminent revolutions in antimicrobial stewardship. 
Though not uniformly ready for routine clinical use, 
rapid diagnostics have the potential to dramatically alter 
the field of antimicrobial stewardship [56]. Rapid diag-
nostic tools have the potential to identify bacterial, fun-
gal, and viral causes of sepsis at a much earlier stage than 
traditional culture methods, which should reduce time to 
appropriate therapy, a known determinant of sepsis mor-
tality [4, 5, 57].

Emerging diagnostics can produce susceptibility results 
more rapidly than traditional methods [46]. Accelerated 
susceptibility testing will allow for appropriate antimi-
crobial choices to occur much earlier in the course of 
infection, with the potential for improvements in mortal-
ity, other clinical outcomes, and reduced usage of broad 
spectrum antimicrobials. Reduced broad spectrum anti-
microbial use will likely result in fewer Clostridium diffi-
cile infections, fewer gut microbiome disturbances, fewer 
MDR infections, and the preservation of the remaining 

antibiotics in our armamentarium for antibiotic-resistant 
infections. Similarly to local antibiograms, it is likely that 
rapid diagnostics will need to be tailored to each institu-
tion’s needs, as local prevalence of organisms varies [58]. 
For example, a rapid diagnostic aimed at detecting MRSA 
would likely be of little value in an area of low MRSA 
prevalence such as northern Europe.

Another growing area of research that could trans-
form empiric antimicrobial decision making is host 
gene expression analysis. Host transcriptome analy-
ses were able to differentiate non-infectious inflamma-
tory syndromes from sepsis with modest sensitivity and 
specificity [59, 60]. After distinguishing non-infectious 
inflammatory syndromes from sepsis, bacterial and viral 
infections were also differentiated using transcriptome 
analysis [60]. Host gene expression analysis requires 
clinical trial verification of predictive validity, further 
research on the host transcriptome profiles in mixed 
infections, fungal infections, mycobacterial infections, 
and more robust recognition of when infections are not 
present. Though not ready for clinical use, it is a prom-
ising area of research that will likely be more feasible as 
molecular technology continues to advance and become 
more affordable.

Common beliefs contradicted by recent trials
Physicians may continue to feel that ASPs are too intru-
sive and interfere with autonomy [61]. Yet, ASPs may 
result in reduced mortality [62, 63]. With continuously 
mounting evidence in support of improved patient out-
comes due to ASPs, physicians can be further convinced 

Table 2  Components to  be considered for  inclusion 
into  Antimicrobial Stewardship Programs (ASPs) in  the 
intensive care unit (ICU) (stratified by  likelihood of  effi-
cacy)

Requirements for ASPs in the ICU

 Prospective audit and feedback of antimicrobial prescriptions

 Therapeutic drug monitoring of vancomycin, aminoglycosides, and 
azole antifungals

 Formulary restrictions

 Use of local antibiograms

 Partnership with infection prevention services

 Partnership with infectious diseases fellows, faculty, pharmacists (when 
available)

Of likely benefit for ASPs in the ICU

 Stewardship education programs for all providers

 Guideline implementation

 Antimicrobial de-escalation strategies

 Use of rapid diagnostics, guided by institutional requirements

Unlikely to be of benefit for ASPs in the ICU

 Antibiotic cycling
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of the benefit of a multidisciplinary approach to antimi-
crobial stewardship.

Despite guidelines that place nominal emphasis on 
the importance of education in antimicrobial steward-
ship [51], there is still clearly a great need for education 
among providers who treat infections, as evidenced by 
several recent studies [64, 65].

Remaining areas of uncertainty
Due to the low quality of evidence in trials of antimicro-
bial stewardship, many areas of uncertainty remain. It is 
clear that ASPs do not result in harm and likely improve 
patient outcomes. However, which individual compo-
nents of ASPs provide the greatest benefits is less clear. 
Some ASP strategies also have potential harm, such as 

requiring ASP team approval for certain antibiotics for 
hypotensive patients at risk for MDR pathogens. These 
higher risk interventions should be prospectively studied. 
Funding limitations and variability in resources for ASPs 
at different institutions make it unlikely that each compo-
nent of an ASP will be systematically studied in a clinical 
trial.

For ICUs looking to implement ASPs, one major area 
of uncertainty is the concept of antimicrobial de-escala-
tion. Further research must be done to determine what 
defines antimicrobial de-escalation, when it is appropri-
ate, when to “re-escalate,” and how to transition antimi-
crobial decision making when patients move from the 
ICU to the hospital ward. Antimicrobial de-escalation is 
also uncertain in pathogen-negative sepsis, particularly 

Table 3  Top trials to be done in the future

ASP Antimicrobial stewardship program, HAP hospital-acquired pneumonia, ICU intensive care unit, mAbs monoclonal antibody, MDR multidrug-resistant, PK/PD 
pharmacokinetic/pharmacodynamics, PDR pandrug-resistant, TDM therapeutic drug monitoring, VAP ventilator-associated pneumonia, XDR extensively-drug resistant

New antibiotics and antibiotic delivery

 1. Novel trial designs assessing new antimicrobials targeting resistant bacteria are needed to determine their efficacy for specific infections and to 
insure that proper PK/PD targets are met. This is in contrast to the typical non-inferiority studies required by regulatory agencies that frequently do 
not have significant numbers of MDR/XDR/PDR bacteria.

 2. Clinical trials designed to determine the precise PK/PD targets to be reached in order to optimize bacterial killing for specific drug classes.

 3. Given that tissue levels of antibiotics can differ dramatically from blood targets, such as the lung in which penetration of systemic antibiotics is 
notoriously difficult, properly designed trials addressing this issue are required.

 4. Clinical trials assessing TDM of β-lactams versus standard dosing based on “optimal” PK/PD assessments are required. A better understanding of anti‑
biotic dosing along with more accurate target attainment of day-to-day antibiotic administration should prevent treatment failures, improve clinical 
outcome, and reduce toxicity from antibiotics.

 5. Given the experience of recent clinical trials, a careful evaluation of aerosolized antibiotics in patients with PDR VAP should be a priority. It is 
expected that increased microbiological cure and reduced resistance emergence will be observed, and that clinical outcomes, including both 
mortality and duration of mechanical ventilation, will be improved.

MDR bacteria

 1.Given the high mortality associated with PDR infections, alternative or adjunctive therapies should urgently be sought and subject to clinical trials, 
especially with the growing numbers of MDR/XDR/PDR pathogens and the inevitability of resistance emergence to new antibiotics in the future.

 2. Trials evaluating mAbs targeting virulence factors related to Staphylococcus aureus and Pseudomonas aeruginosa are needed. We anticipate that 
such studies will demonstrate that preemptive or adjunctive therapy with mAbs will reduce the overall need for antibiotics, the number of treat‑
ment failures and infection recurrence.

 3. The potential for rapid microbiologic diagnostics to provide etiologic identification of pathogens and their antibiotic susceptibility mandates that 
an evaluation of rapid diagnostic platforms compared to usual culture-based diagnosis of potential antibiotic-resistant infections be performed. It 
is expected that earlier targeted therapy is likely to have equal, if not superior, outcomes with a significant reduction of empirical broad spectrum 
antibiotic therapy.

 4. Future investigation in the development of non-traditional anti-infective agents such as bacteriophage and endolysins is needed to provide alterna‑
tive treatment pathways for antibiotic resistant bacteria.

Antibiotic stewardship

 1. With growing numbers of immunocompromised patients in ICUs, trials of ASPs to reduce unnecessary antibiotic use in this population will be criti‑
cal. Future trials should utilize antimicrobial stewardship to reduce unnecessary antimicrobial prophylaxis, reduce adverse drug events, and prove 
that ASPs are effective in hematology/oncology patients.

 2. Patients’ purported antibiotic allergies are known to alter antimicrobial prescribing and result in greater risk of adverse events [72]. Recently, it has 
been shown that interventions aimed at increasing test doses of alleged hypersensitivity-inducing antibiotics were effective at increasing β-lactam 
exposure without increased adverse drug reactions [73]. Future trials should seek to implement similar guideline-based interventions or protocols to 
improve appropriateness of therapy and minimize adverse reactions from non-preferred antimicrobials.

 3. Future clinical trials of ASPs in ICUs should incorporate antifungal stewardship and cost reduction as an outcome measure. Antifungal stewardship 
has great potential for reducing the costs associated with antifungal use [74]. Implementation of antifungal stewardship as part of an ICU ASP is 
likely to reduce costs without adverse outcomes, similar to stewardship outcomes with antibacterial agents.

 4. In general, cost-effectiveness of novel and traditional treatments, preventive approaches and stewardship programs should be carefully analyzed, 
also with respect to the presence of increasing resistance patterns.
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whether it is safe to de-escalate and the optimal dura-
tion of antimicrobials. With improving culture methods 
and rapid diagnostics, it is possible that the proportion of 
patients with pathogen-negative sepsis will diminish over 
time, resulting in fewer uncertainties.

Other areas of uncertainty include outpatient anti-
microbial stewardship, stewardship in immunocom-
promised patients, and agricultural stewardship. 
Stewardship in these areas will reduce the global burden 
of antimicrobial use with subsequent reductions in anti-
microbial resistance. With global reductions in antimi-
crobial resistance, patients will be at lower risk for IIAT 
when admitted to ICUs.

Limitations
Although this narrative review is based on a systematic 
analysis of the medical literature, the research agenda 
presented reflects the inherent biases of the writing com-
mittee. Moreover, this document does not reflect all pos-
sible novel interventions that could or should be explored 
over the next decade [66–68]. We attempted to layout 
the most compelling areas of future investigation based 
on the available literature and the experience of the writ-
ing committee. Certainly, as new clinical trial informa-
tion becomes available, modification in the priorities and 
direction of this research agenda should be considered.

Conclusion
Important fundamental studies examining questions 
regarding the development and use of new antibiot-
ics, novel strategies for the treatment and prevention of 
MDR/XDR/PDR bacterial infections, and optimizing 
antimicrobial stewardship in the ICU, as outlined in this 
document, should be carried out over the next decade 
(Table  3). The development of sustainable clinical trial 
networks represents an important operational goal to 
successfully carry out these investigations [69]. Moreo-
ver, advances in the design of clinical trials, biostatistics, 
electronic data collection, and randomization tools will 
enhance our ability to carry out such trials, as illustrated 
by recent antibiotic studies [25, 69]. The rising prevalence 
of infections due to MDR/XDR/PDR bacteria in the ICU 
emphasizes the urgent need to advance this research 
agenda over the next decade [70, 71].
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