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Abstract
Background  Antibiotic resistance has emerged as one of the most important factors influencing the outcomes of 
patients with life-threatening infections in the ICU. The increasing prevalence of antibiotic-resistant infections globally 
highlights the importance of this issue for all intensivists.

Main body  Antibiotic utilization in the ICU should be optimized to ensure that timely appropriate treatment is 
administered in a way that minimizes the subsequent emergence of antibiotic resistance. Antibiotic strategies have 
been developed to assist clinicians in achieving this important balance. Familiarity with local ICU pathogens and 
their antibiotic susceptibilities is at the forefront of optimizing ICU antibiotic practices. Moreover, timely antibiotic 
administration along with pharmacokinetic/pharmacodynamic (PK/PD) optimization, including ideal dosing and 
infusion duration, should be key components of all ICU antibiotic strategies. Microbiologic testing to include 
conventional pathogen identification and susceptibility testing as well as use of microbiologic rapid diagnostic tests 
can confirm the antibiotic regimen that is required to treat the causative pathogens while allowing de-escalation 
to occur if possible. Similarly, biomarkers such as procalcitonin can aid with avoiding unnecessary antibiotic use 
in the ICU and shortening their overall duration. ICUs should routinely employ formal programs for reviewing and 
optimizing antibiotic practices. These programs can include directed input from pharmacists and microbiologists 
during ICU rounds, the use of specialized order sets focusing on duration of treatment with stop as well as dosing 
optimization guidance, use of computerized decision support tools, incorporated protocols for the prevention of 
nosocomial infections, and the appropriate use of antibiotic prophylaxis regimens to include selective digestive 
decontamination (SDD). Tracking antibiotic practices in the ICU, as well as changing patterns of pathogens and 
antibiotic susceptibilities, mandate regular modification and updating of these practices over time. Antibiotic 
combination regimens can also be employed in some circumstances to increase the likelihood of treatment success 
with an appropriate initial regimen while also reducing the propensity for resistance emergence. Additionally artificial 
intelligence/machine learning (AI/ML) methods will increasingly serve to enhance antibiotic decision making in the 
future.

Conclusion  Antibiotic optimization strategies in the ICU should routinely be employed by a multi-specialty group 
including intensivists, microbiologists, pharmacists, infectious disease specialists, and infection control practitioners. 

Optimal antibiotic use in the intensive care 
unit
Scott T. Micek1, M. Cristina Vazquez Guillamet2, Daniel Reynolds3, Sarah Matuszak4, Lauren Kolodziej4 and  
Marin H. Kollef3*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13054-025-05653-8
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-025-05653-8&domain=pdf&date_stamp=2025-9-27


Page 2 of 16Micek et al. Critical Care          (2025) 29:434 

Background
Antimicrobial resistance is a growing healthcare prob-
lem globally. The Centers for Disease Control and Pre-
vention (CDC) 2019 Threats Report estimates that more 
than 2.8 million antibiotic-resistant infections occur 
each year, with More than 35,000 deaths resulting from 
antibiotic-resistant infections. Adding deaths from Clos-
tridiodes difficile increases the US toll of these threats to 
More than 3 million infections and 48,000 deaths. Simi-
lar data regarding the threat of antibiotic-resistant infec-
tions has been generated by the European Centre for 
Disease Prevention and Control (ECDC) and the World 
Health Organization (WHO). With these data in mind 
the aims of this review are to offer clinicians evidence-
based guidance concerning the optimal use of antibiotics 
in the ICU. Optimizing ICU antibiotic practices should 
improve patient outcomes while minimizing the emer-
gence of antibiotic resistance. The literature examined 
for this review came from a MEDLINE search focusing 
on the terms antibiotics, resistance, stewardship, inten-
sive care, de-escalation, bacteria, and infection. The main 
issue under discussion is optimization of antibiotic utili-
zation in the ICU setting.

Introduction
Antibiotics are commonly prescribed in the intensive 
care unit (ICU) setting (Table 1). The frequent use of 
antibiotics is largely driven by the high density of infec-
tions, often life-threatening infections, treated in ICUs. 
European Prevalence of Infection in Intensive Care 
(EPIC) III, an international point prevalence study of ICU 
infections, found that the proportion of patients with 
suspected or proven infection Ranged from 43% in Aus-
tralasia to 60% in Asia and the Middle East [1]. EPIC III 
also showed that infection with specific antibiotic-resis-
tant microorganisms was independently associated with 
a greater risk of hospital death [1]. Antibiotic exposure is 
known to promote the occurrence of healthcare-associ-
ated infections as well as the development of antibiotic 
resistance [2–5]. Moreover, critical illness alters patient 
antibiotic pharmacokinetic/pharmacodynamic (PK/PD) 
parameters and influences tissue drug levels at the infec-
tion site which impacts both the agents’ efficacy and the 
propensity for resistance to emerge [6, 7]. Lastly, it has 
been repeatedly shown that there is overutilization of 
antibiotics in hospitalized patients including within ICUs 
[8, 9].

The high prevalence of infections in ICUs, and the 
need to treat such infections with antibiotics in the 

critically ill, warrants a critical appraisal of such therapy 
to optimize patient outcomes and minimize subsequent 
resistance emergence. The rapidly increasing body of lit-
erature focusing on antibiotic utilization in the ICU set-
ting serves as the impetus for this sweeping review. We 
will not discuss antibiotic use outside of the ICU. How-
ever, we recognize that any prior antibiotic exposure may 
influence ICU patients by promoting patient colonization 
and infection with antibiotic resistant bacteria. Lastly, we 
hope to provide intensivists with a quality improvement 
framework for applying antibiotic stewardship (AS) prac-
tices in the ICU.

Initial empiric treatment and combination therapy
Given the high prevalence of sepsis and septic shock, 
intensivists frequently face the decision of initiating 
antibiotic therapy and selecting the appropriate regi-
men. Empiric therapy is started when an infection is sus-
pected before microbiology results are available. Once 
the pathogen has been identified and susceptibility test-
ing performed, the empiric regimen can be tailored to 
directed or definitive therapy. Concordant therapy refers 
to an antibiotic choice that is active against the isolated 
bacterium(a) based on in vitro susceptibility testing. In 
the ICU, recognizing an infectious process is crucial. No 
absolute constellation of signs and symptoms or tests can 
unequivocally diagnose sepsis, thus clinicians must rely 
on the available clinical information and decide under 
uncertainty if empiric antibiotics will be beneficial or 
harmful. Typical symptoms can suggest an infectious 
syndrome, but older patients with multiple comorbidi-
ties often present ambiguously, with a wider differential 
diagnosis and higher mortality absent appropriate treat-
ment. Up to a third of patients with presumed sepsis may 
ultimately have a sepsis mimic and potentially experience 
harm from broad-spectrum antibiotics [10–12]. Criti-
cally ill patients have higher sepsis prevalence than non-
ICU patients, therefore increasing the pretest probability 
of life-threatening infection.

The Surviving Sepsis Campaign and the Centers for 
Medicare and Medicaid Services (CMS) SEP-1 mea-
sures recommend immediate antibiotics—typically broad 
spectrum with MRSA and pseudomonal coverage —
within 1 to 3 hours of sepsis recognition [13, 14]. Kumar 
et al described that each hour of delay in starting antibi-
otics led to a 7.6% decrease in survival for patients with 
septic shock [15]. Other studies, examining timely antibi-
otic administration alone or as part of a sepsis care bun-
dle, supported these findings [16–20], with the greatest 

Regular review and updating of ICU antibiotic practices will help to safeguard their long-term use to optimize patient 
outcomes while minimizing resistance emergence.
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benefit of early antibiotic initiation in patients with septic 
shock. Seymour et al.’s study of 50,000 patients treated for 
sepsis found that the 7% increased hourly risk of death 
was not present in those not requiring vasopressors [16]. 
This differentiation led IDSA to caution against blanket 
recommendations for Rapid antibiotics in all sepsis cases, 
favoring a Rapid evaluation within the first 3−5 hours 
[21, 22]. This way, uninfected patients may be protected 
from the side effects of broad-spectrum antibiotics. Even 
in critically ill patients suspected of having a hospital-
acquired infection, too rapid initiation of antibiotics in 
the absence of shock can result in adverse consequences, 
including higher mortality [23].

Once infection probability warrants antibiotic ini-
tiation, clinicians must decide on the spectrum, hoping 
empiric choices will be concordant with culture results. 
This decision is complicated by increasing rates of resis-
tant bacteria, such as MRSA, VRE, resistant Enterobac-
terales, P. aeruginosa, and Acinetobacter spp., especially 
in the ICU. Many retrospective studies have emphasized 
the life-saving effect of concordant antibiotics in serious 
infections (even in the absence of sepsis) [24–27], and 
antimicrobial resistance is linked to discordant antibiot-
ics, affecting mortality. Adjusting for prevalence Rates 
among culture-positive severe sepsis and septic shock 
cases, our group found that 38 patients needed coverage 
for MRSA and P. aeruginosa to save one life [28].

Choosing an empiric regimen involves considering 
the infection site, likely bacteria, and estimating antimi-
crobial resistance based on patient characteristics and 
local epidemiology. Risk factors such as known coloniza-
tion and exposure to the healthcare system—particularly 
prior antibiotic administration and residing in long-term 
acute care facilities—have been consistently associated 
with AROs. Colonization with resistant GNB, such as 
ESBL and carbapenem-resistant Enterobacterales, is ris-
ing even among community dwellers and ICU admis-
sion is a risk factor for invasive infections in colonized 
patients [29, 30]. Local resistance rates, often summa-
rized in institution-specific antibiograms, determine the 
likelihood of resistant GNB and may even surpass patient 
comorbidities [31]. Prevalence rates extracted from cul-
ture-positive cases may overestimate ARO probability 
and not assist with sepsis uncertainty. Clinicians tend to 
overestimate the likelihood of resistant bacteria, espe-
cially in community-onset sepsis, leading to overly broad 
antibiotics, increasing antibiotic resistance risk and mor-
tality [32, 33].

A new, large retrospective study by Baghdadi et al 
used Win Ratio to compare mortality, readmission and 
adverse events between early anti-GNB antibiotics and 
delayed - patients started on narrow spectrum and later 
broadened [34]. While most analyses favored the delayed 
group, patients with septic shock benefitted, albeit not 

statistically significant, by early broad-spectrum antibiot-
ics. This study reflects real life overuse of antibiotics but 
does not diminish the real benefit of early antibiotic treat-
ment in true serious infections. Newer prediction tools 
using machine-learning try to predict resistance espe-
cially in GNB infections [35–41]. The focus has shifted 
from labeling patients at risk for resistant microbes to 
identifying true negatives that can safely be adminis-
tered narrow-spectrum antibiotics. Unfortunately, most 
tools are developed on culture-positive sepsis and their 
predictive performance greatly increases after certain 
microbes are identified, but this decreases their usabil-
ity in guiding empiric choices [35, 38, 41–44]. Machine-
learning-assisted antibiotic selection has shown modest 
to moderate improvement over physician performance 
in community and hospitalized patients, including criti-
cally ill patients [35, 44–46]. An analysis of 8,342 emer-
gency department infections showed that personalized 
antibiograms provided similar coverage while eliminating 
unnecessary MRSA coverage in 69% of cases [35].

As machine learning tools become prevalent, they 
must incorporate culture-negative cases and demonstrate 
generalizability, given the local resistance rates’ impact 
on model performance [31]. A significant step forward in 
selecting regimens that cover the current infections while 
minimizing future resistance will be combining whole-
genome sequencing of pre- and post-treatment bacterial 
isolates with machine learning [47]. Critically ill patients 
will benefit greatly from similar approaches given the 
significant risk of colonization and subsequent invasive 
infections with AROs.

Combination therapy with a beta-lactam and an ami-
noglycoside might also decrease the emergence of resis-
tant isolates during and post-treatment in patients with 
severe sepsis and septic shock [48]. Older trials using 
dated thrice-daily dosing regimens focused on initial 
isolate resistance and did not show a benefit [49]. Com-
bination therapy was initially considered a strategy to 
increase pathogen coverage in the face of rising resistance 
rates, but prospective trials and meta-analyses have not 
supported improved survival and indicated additional 
nephrotoxicity [50, 51]. Therefore, we would only recom-
mend the use of combination antibiotic therapy in several 
specific circumstances. First, as empiric coverage in life-
threatening infections where highly resistant GNB infec-
tion is suspected and combination therapy is thought to 
provide a greater likelihood of appropriate initial cover-
age until susceptibilities are available (e.g., aztreonam 
and ceftazidime-avibactam for suspected MBL infection). 
Second, for specific infections where combination anti-
biotic therapy is warranted to improve patient outcomes 
and provide treatment of mixed infections or infections 
associated with toxin production (e.g., endocarditis, nec-
rotizing fasciitis).
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Antibiotic Dosing Clearance Notes
Gram Positive Antibiotics
Vancomycin 15-20 mg/

kg IV
q8-12 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Check vancomycin trough levels or AUC/MIC, dose adjustments 
may be necessary. Goal trough is typically 15-20 mg/L. Goal AUC/
MIC is 400-600. Continuous infusions may be considered in patients 
who cannot achieve the AUC target with intermittent infusions.

Linezolid 600 mg 
IV or
PO q12 hr

No dosage adjustments 
necessary for renal or hepatic 
dysfunction.

Weak MAOI; risk of serotonin syndrome when used with concomi-
tant serotonergic drugs. May cause myelosuppression and periph-
eral and optic neuropathies, and lactic acidosis with prolonged use 
(typically >2 weeks). Considerable interindividual variability can 
occur with “standard dosing”. TDM may be used when available.

Ceftaroline 600 mg IV 
q12 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

In addition to MRSA activity, has activity similar to typical 3rd genera-
tion cephalosporins (e.g., ceftriaxone).

Daptomycin 4-10 mg/kg 
q24 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Inactivated by pulmonary surfactant. Not appropriate for treatment 
of pneumonia. May cause myopathies, so CK should be monitored 
at baseline and at least weekly. May also cause eosinophilic pneu-
monia with prolonged use.

Gram Negative Antibiotics#
Ceftriaxone 1-2 g IV 

q24 hr
Dosing adjustments not neces-
sary for renal or hepatic dysfunc-
tion, dose needs to be increased 
to q12 hr in CNS infections

Extensive activity against typical gram-negative bacteria (E coli, 
Klebsiella, Proteus, and Salmonella) with activity against gram posi-
tive bacteria like Streptococcus and Staphylococcus. No coverage of 
Pseudomonas.

Ampicillin-sulbactam 3 g IV q 6 hr Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Has activity against certain gram negative Enterobacterales (E 
coli, Klebsiella), excellent anaerobic coverage, and gram-positive 
coverage such as Streptococcus and Enterococcus faecalis. No 
Pseudomonas coverage. Does have coverage against Acinetobacter 
(sulbactam component only).

Cefepime 2 g IV q 8 hr Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Commonly used agent for empiric therapy in septic shock, broad 
Gram-negative coverage including Enterobacterales, and Pseudo-
monas. Active against AmpC beta-lactamases. No anaerobic cover-
age. May cause neurotoxicity such as encephalopathy and seizures.

Ceftobiprole 667 mg IV q 
8 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Extensive activity against typical gram-negative bacteria (E coli, 
Klebsiella, Proteus, and Salmonella) with activity against gram 
positive bacteria like Streptococcus and Staphylococcus (including 
MRSA). Also has some coverage against Pseudomonas.

Piperacillin-tazobactam 4.5 g IV q 
6 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Commonly used agent for empiric therapy in septic shock, has 
strong activity against Pseudomonas, Enterobacterales, anaerobes 
as well as gram positive bacteria such as MSSA, Streptococcus, and 
Enterococcus faecalis. Susceptible to degradation by AmpC and 
ESBL beta-lactamases.

Meropenem 1 g IV q 8 hr Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Commonly used agent in septic shock, has strong activity against 
Pseudomonas, Enterobacterales, anaerobes as well as gram positive 
bacteria such as MSSA and Streptococcus. Agent of choice in septic 
shock for patients at risk of ESBL-organisms. Increases risk of seizures.

Ceftolozane-tazobactam cUTI/cIAI 
1.5 g
q 8 hr
HABP/VABP 
3 g
q 8 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Strong activity against Enterobacterales, carbapenem-resistant 
Pseudomonas, and EBSL+ organisms. Limited anaerobic activity so 
must combine with metronidazole for cIAI.

Ceftazidime-avibactam 2.5 g IV q 
8 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Strong activity against carbapenem resistant Pseudomonas, car-
bapenem-resistant Enterobacterales, and EBSL+ organisms. Limited 
anaerobic activity, so must combine with metronidazole for cIAI.

Cefiderocol 2 g IV q 8 hr Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Strong activity against carbapenem resistant Pseudomonas and 
carbapenem-resistant Enterobacterales. Combine with metroni-
dazole for cIAI. Coverage for MBL producing organisms. Must add 
additional agent if concerned for gram positive organisms.

Table 1  Commonly utilized antibiotics in the ICU*
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In conclusion, empiric antibiotic therapy in critically ill 
patients suspected of having sepsis remains a challeng-
ing decision. Patients with septic shock should promptly 
receive broad-spectrum antibiotics targeting likely bac-
teria such as MRSA and resistant GNB based on patient 
characteristics and local resistance rates. However, 
threshold rates for empiric antibiotic coverage of specific 
pathogen types are not currently supported by research. 
Nevertheless, at our institution for potentially life-threat-
ening infections such as bacteremia and septic shock we 
recommend empiric coverage if the likely threshold rate 
is greater than ten percent. Another important issue 
influencing antibiotic selection and efficacy is source 
control which is beyond the scope of this review. Yet, 
we suggest that source control can be a decisive factor 
influencing patient outcomes with some infections (UTI, 
IAI, SSTI, etc.) and that clinicians need to always address 
this issue when dealing with infections in the CU setting. 
When patients present with severe sepsis, nearing sep-
tic shock, accelerated antibiotic administration may also 
be warranted. Overall, all infected patients likely ben-
efit from antibiotic treatment regardless of the severity 
of presentation and harm arises when patients without 
infections receive antibiotics. Future AI/ML methods and 
rapid diagnostics that increase the pretest probability of 
infection and differentiate sepsis from mimics have the 
potential to greatly improve outcomes in all patients.

Pharmacokinetic considerations
Alterations of antimicrobial PK in critically ill patients, 
most notably, those with septic shock has been an area 
of research focus for over two decades. A bedside view 

of patients receiving lifesaving supportive therapies such 
as circulatory support via pharmacologic or mechanical 
means, mechanical ventilatory support, renal replace-
ment therapies, and/or ECMO provide an outward 
reflection of in vivo variability of antimicrobial PK. When 
patient physiology returns to baseline functioning it is 
assumed that antimicrobial PK also normalizes. However, 
the fluctuations in antimicrobial absorption, distribu-
tion, metabolism, and elimination make dose optimiza-
tion (Table 2) a challenge for the most experienced and 
resourced clinician despite recommendations to do so in 
clinical practice guidelines [13].

PK research in ICU patients has focused primarily on 
anti-pseudomonal beta-lactams and anti-MRSA agents, 
most often vancomycin. For beta-lactams, the PK/PD 
parameter associated with bacterial killing or efficacy is 
the time above organism MIC, but the target varies by 
infusion strategy and β-lactam class [52–54]. Preclinical 
data suggest β-lactam kill rate is maximized when serum 
concentrations exceed the MIC (TFREE >MIC) for 40-70% 
of the dosing interval when administered by an inter-
mittent infusion and 100% of the administration time 
or interval when given by prolonged infusion, defined 
as 3-4 hours or continuous infusions [54]. Despite this, 
the PK/PD goal most often studied is a serum concen-
tration of four times the MIC at the end of the infusion 
interval (i.e., Cmin or trough concentration). Not surpris-
ingly, the percentage of antibiotic administrations achiev-
ing this target is consistently deemed to be insufficient 
in the early and subsequent treatment phases of sepsis 
when beta-lactams are administered via intermittent 
infusions [55, 56]. An important factor to be considered 

Antibiotic Dosing Clearance Notes
Imipenem-cilastin relebactam 1.25 g IV q 

8 hr
Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Activity against carbapenem-resistant Enterobacterales. May restore 
activity against some carbapenem-resistant Pseudomonas. Has 
anaerobic activity.

Meropenem-vaborbactam 4 g IV q 8 hr Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Strong activity against carbapenem resistant Enterobacterales. No 
additional activity against Pseudomonas compared to meropenem 
alone. Has anaerobic activity.

Aztreonam-avibactam 2.67 g load-
ing dose 
followed by
2 g q 6 hr

Renally cleared with dose 
reductions necessary in patients 
with renal dysfunction and in 
patients on dialysis.

Strong activity against carbapenem resistant Enterobacterales. 
Coverage for MBL and other carbapenemase producing organ-
isms (activity against all Ambler classes of beta-lactamases). Must 
add additional agent if concerned for gram positive organisms. No 
anaerobic coverage.

AUC, area under the curve; MIC, minimum inhibitory concentration; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible 
Staphylococcus aureus; g, grams; hr, hours; IV, intravenous; PO, oral administration; PK/PD, pharmacokinetic/pharmacodynamic; TDM, therapeutic drug monitoring; 
MAOI, monoamine oxidase inhibitor; CK, creatinine kinase; CNS, central nervous system; cUTI, complicated urinary tract infections; cIAI, complicated intraabdominal 
infection; HABP, hospital-associated bacterial pneumonia; VABP, ventilator-associated bacterial pneumonia; ESBL, extended-spectrum beta-lactamases; MBL, 
metallo-β -lactamase; KPC, Klebsiella pneumoniae carbapenemase. For renally cleared antibiotics it is important to note that upward appropriate dosing of the 
antibiotic is necessary as renal function improves to avoid treatment failures

* The PK variability of beta-lactams is well studied and dose reductions according to renal function based on the manufacturers´ recommendations may cause 
inadequate plasma concentrations. Furthermore, augmented renal clearance may occur altering plasma drug levels. Individualized dose optimization by TDM is a 
potential solution here for the PK variability

# The activity of all Gram Negative antibiotics is dependent on the underlying resistance mechanisms (OXA, MBL, KPC, etc.), which in turn are regionally variable

Table 1  (continued) 



Page 6 of 16Micek et al. Critical Care          (2025) 29:434 

when assessing PK/PD target attainment is the MIC used 
in the equation. When pathogen-specific MICs are not 
available, the default has been to utilize EUCAST MIC90 
or equivalent. This “worst case scenario” approach for 
missing MIC data biases the results toward a lower like-
lihood of PK/PD target attainment. As expected, when 
beta-lactam PK/PD targets are derived from actual MICs 
compared to EUCAST clinical breakpoints, higher target 
attainment rates are observed [57, 58]. This suggests that 
fewer critically ill patients with Gram negative infections 
would be categorized as underdosed when MIC-derived 
targets are applied. Nevertheless, the value of prolonged 
antibiotic infusions most likely occurs with high MIC 
isolates identified locally emphasizing the importance of 
local MIC surveillance.

To optimize beta-lactam PK/PD target attainment, the 
use of prolonged infusions, have been recommended 
in critically ill patients by the Surviving Sepsis Cam-
paign’s International guidelines (weak recommenda-
tion, moderate quality of evidence) and a multi-society 
International Consensus Recommendations (conditional 

recommendation, very low certainty of evidence) [13, 
59]. After the publication of these recommendations, two 
randomized controlled trials (MERCY (double-blind) 
and BLING III (open-label)) were reported, collectively 
enrolling over 7,600 patients. Both trials found no differ-
ence in Mortality between continuous infusion and inter-
mittent infusions of beta-lactams at 28 and 90 days [60, 
61]. Conversely, an individual patient data meta-analysis 
using a Bayesian Random-effects Model with vague pri-
ors, cumulated over 9000 patients from 17 randomized 
controlled trials (the MERCY and BLING III trials con-
tributed 55% of study weight and 84% of the subjects) 
reported patients treated with prolonged infusions had 
a statistically significant reduction in 90-day mortality 
compared to intermittent infusions of beta-lactams [62]. 
Curiously, all prespecified subgroup analyses revealed no 
differences in 90-day mortality between infusion strate-
gies, most notably in patients with septic shock (n = 5782 
total patients), a population in which beta-lactam PK/PD 
target attainment could theoretically be improved with 
prolonged infusion. It is important to note that MERCY 
and BLING III may have been negative trials due to the 
lack of pathogens in the trial with very elevated MICs.

In addition to prolonged infusions, beta-lactam thera-
peutic drug monitoring (TDM) has been advocated to 
ensure trough concentrations (Cmin) are greater than the 
pathogen MIC (100% TFree >MIC) [6]. It is recommended 
that the initial beta-lactam trough concentration should 
be measured 24-48 hours after the initiation of therapy, 
with incorporation of the result into dosing software to 
perform Bayesian estimation and regimen adjustment (if 
needed) followed by repeat TDM within 1-2 days. While 
TDM appears to improve beta-lactam PK/PD target 
attainment [63, 64], this has not translated to improved 
clinical outcomes in two recently published randomized 
controlled trials. The TARGET trial (n=249) found no dif-
ference in the primary outcome of mean SOFA score with 
and without TDM of piperacillin-tazobactam in patients 
with sepsis [65]. Likewise, secondary outcomes includ-
ing 28-day mortality as well as ICU and hospital length of 
stay were not significantly improved in the TDM group. 
The DOLPHIN trial (n=388) paired beta-lactam TDM 
with Model-informed precision dosing optimization on 
days 1, 3, and 5 of therapy in ICU patients compared to 
standard dosing [66]. There were no significant differ-
ences in the primary outcome of ICU length of stay or 
any secondary outcomes including 28-day mortality.

Despite widespread implementation of prolonged 
beta-lactam infusions and promotion of TDM to opti-
mize beta-lactam dosing in critically ill patients, results 
from the strongest quality of evidence don’t support 
either strategy over standard dosing and clinical moni-
toring. Identifying patients at greatest risk of subthera-
peutic beta-lactam concentrations, such as those with 

Table 2  Antibiotic dose optimization
Drug or Drug 
Class

PK/PD 
Parameter 
(Target)

Patient factors 
influencing PK/
PD

TDM

Beta-lactams fT>MIC
(Cmin >MIC)

Dose of IVFs 
administered 
during resuscita-
tion phase, renal 
function

Within first 
24-48 hours of 
initiation; with 
subsequent 
Bayesian 
estimation 
for dose 
adjustments.

Vancomycin AUC/MIC
(400-600)

Patient weight, 
renal function

Bayesian-
estimated AUC 
within first 
24-48 hours of 
initiation.

Aminoglycosides AUC (70-
100) or
Cmax/MIC 
(8-10)

Patient weight, 
renal function

Extended 
Interval Dos-
ing – Random 
level after the 
1st dose.
Traditional dos-
ing – Cmax 1 
hour after the 
start of the 3rd 
dose, Cmin im-
mediately prior 
to 3rd dose.

Fluoroquinolones AUC/MIC
(80-125)

Renal function, 
Drug interac-
tions with oral 
administration

Only recom-
mended 
when treating 
mycobacterial 
diseases.

PK/PD = pharmacokinetic/pharmacodynamic  TDM = therapeutic drug 
monitoring  fT>MIC = free time greater than the minimum inhibitory 
concentration  Cmin = minimum serum concentration  AUC = area under 
curve Cmax = maximum serum concentration IVFs = intravenous fluids
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augmented renal clearance and infecting organisms with 
high beta-lactam MICs should be the focus of clinical 
care and clinical trials moving forward [67, 68]. Addi-
tionally, TDM should be considered to avoid toxicities 
associated with certain antibiotic classes (glycopeptides, 
aminoglycosides).

Antibiotic de-escalation strategies and duration of 
treatment
ADE is the process of replacing broad-spectrum antibiot-
ics with narrower-spectrum agents, discontinuing part of 
therapy (i.e., discontinuing agents for which there are no 
organisms isolated in culture or discontinuing one agent 
used as a part of combination therapy), or discontinuing 
all antibiotics if infection is no longer of concern [69]. 
Given the frequency of broad-spectrum antibiotic pre-
scribing in the ICU, ADE is a core stewardship measure 
that should be routinely considered to prevent adverse 
drug events and mitigate the propagation of antimicro-
bial resistance, which is associated with over four million 
deaths annually and projected to increase by 70% by 2050 
[70].

Several observational studies and small RCTs have 
demonstrated that ADE is safe in the critically ill [71–75]. 
The DIANA study, a prospective observational study of 
152 ICUs in 28 countries, assessed the impact of ADE on 
mortality and clinical cure Rates in 1495 patients [71]. 
Although rates of ADE were low (16% of patients by day 
3), 28 and 7-day mortality did not differ, and clinical cure 
rates were higher in patients who received ADE. More-
over, systematic reviews and meta-analyses have not 
found an increased incidence of adverse consequences 
associated with ADE and one demonstrated that ADE 
was associated with reduced mortality (RR 0.68, 95% CI 
0.52-0.88) [76, 77].

In addition to the public health threats of AMR, anti-
microbials may cause several adverse effects including 
nephrotoxicity, neurotoxicity, and hematologic toxicity, 
among others [78]. Furthermore, these agents may have 
destructive impacts on the gut microbiome that aids in 
eliminating potential pathogens [79]. Alterations to the 
microbiome from anti-anaerobic antibiotics have been 
demonstrated to worsen clinical outcomes. In a sin-
gle-center retrospective study of over 3000 critically ill 
patients, the use of anti-anaerobic agents was associated 
with reduced survival (HR 1.14, 95% CI 1.02-1.28), VAP 
free days (HR 1.24, 95% CI 1.06-1.45), and infection-free 
days (HR 1.22, 95% CI 1.09-1.38) [80]. Additionally, the 
gut microbiome is a key defense against Clostridiodes 
difficile infections, which are associated with increased 
healthcare costs and hospital and ICU lengths of stay [81, 
82]. By de-escalating antimicrobials promptly and appro-
priately, institutional costs and potential patient harm 
may be mitigated.

ADE should take place as soon as possible to minimize 
the potential adverse effects of broad-spectrum antibiot-
ics [69, 77]. Current guidelines and consensus statements 
recommend daily assessment for ADE and de-escalating 
within 24 hours of definitive culture results. ADE can be 
performed by either the ICU treating clinicians or the 
antimicrobial stewardship team. Traditionally, ADE has 
only been possible after microbiologic cultures result, 
which take approximately 2 days for organism identifica-
tion and 3 days for antimicrobial susceptibilities [83]. In 
recent years, tools such as RDTs have allowed for ADE 
significantly earlier. For example, antibiotic recommen-
dations, including ADE, were provided just 5 hours after 
a multiplex bacterial PCR test was collected from bron-
choalveolar lavage samples in the Flagship II trial [84]. 
Many types of RDTs are available such as multiplex PCRs, 
next generation sequencing, immunochromatography, 
MALDI-TOF, and enzyme immunoassay [85]. Many 
RDTs can detect specific bacterial species and resistance 
genes from direct specimens within hours. High negative 
predictive values of 92% to greater than 99% have been 
reported for various multiplex PCR tests [86–89]. Given 
the ability to quickly rule out organisms with RDTs, these 
data should be continually assessed along with routine 
culture results, to facilitate ADE as efficiently as pos-
sible. Other tools that can be used for ADE include urine 
antigen testing and nasal swabs for specific organisms of 
concern as well as multidisciplinary antimicrobial stew-
ardship teams, CDS, and strategic language/reporting 
strategies of microbiologic results [90–93].

Figure 1 describes a proposed antimicrobial strategy 
for the ICU including ADE. When available, RDTs from 
the suspected site(s) of infection should be utilized for 
rapid ADE. For example, a patient with severe commu-
nity-acquired pneumonia initiated on vancomycin and 
cefepime can be rapidly de-escalated based on a multi-
plex PCR detecting only Haemophilus influenzae from a 
tracheal aspirate. Since the hospital’s antibiogram reports 
that 100% of H. influenzae isolates are susceptible to cef-
triaxone and no other organisms were detected on the 
multiplex PCR, ceftriaxone monotherapy may be utilized 
even in the presence of patient risk factors for MRSA and 
Pseudomonas. Therapy may be even further de-escalated 
in the following days based on susceptibilities from the 
culture. Although it is more challenging to perform ADE 
in culture-negative infections, retrospective trials sup-
port the safety of ADE of broad-spectrum coverage, such 
as anti-MRSA agents, when cultures are negative [94, 95]. 
Before performing ADE, it is critical for ICU practitio-
ners to consider the library of organisms the RDT detects 
as well as the clinical picture of the patient. Caution 
should be taken with ADE based on RDTs and cultures if 
concern exists for infection at other sites or if the patient 
is clinically worsening.
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Fig. 1  Algorithm for antimicrobial strategy in the ICU balancing appropriate initial antibiotic treatment with the need to minimize resistance emergence 
by employing stewardship practices. ICU, intensive care unit; RDTs, rapid diagnostic tests; MDR-GNB, multidrug resistant-Gram negative bacteria; MRSA, 
methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci
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Treating infections with the shortest course of anti-
microbials as clinically appropriate is another steward-
ship measure that can mitigate the risks associated with 
antibiotics. Multiple studies have confirmed that shorter 
durations of antimicrobials are as effective as longer 
durations for many types of infections [5, 96–101]. Table 
3 describes recommended durations of therapy by site 
of infection [102–118]. These data combined with clini-
cian assessment of clinical improvement/stability should 
be considered when deciding on the optimal antibiotic 
duration. This technique was employed in the recent 
REGARD-VAP Trial in which patients with VAP were 
randomized to individualized short-course treatment 
(≤7 days of therapy and as short as 3-5 days depending 
on defervescence, hemodynamic stability, and culture 
results) or usual care (≥8 days of therapy) [101]. The 
median durations of therapy were 6 days (IQR 5-7) and 
14 days (IQR 10-21) in the individualized short-course 
and usual care groups, respectively. Individualized short 
courses of antibiotics were non-inferior to usual care 
and resulted in fewer adverse effects attributed to anti-
microbials (risk difference −31%, 95% CI −37 to −25%). 
Shorter antibiotic courses have also been associated with 
reduced risk of developing antimicrobial resistance in 
observational studies, further demonstrating the impor-
tance of limiting antibiotic exposure [3, 119, 120]. While 
individualized care through clinical evaluation should be 
used as the primary means of determining duration of 

antibiotics, biomarkers such as procalcitonin may also 
aid clinicians in determining when to discontinue antibi-
otics and reduce antibiotic exposure [121, 122].

Antibiotics for infection prevention
One of the more prominent examples of antibiotic use 
to prevent nosocomial infection is SDD. Many ICU-
acquired respiratory infections result from colonization 
of the upper and lower digestive tract with organisms 
typical of ICU-acquired infections. SDD involves the 
application of nonabsorbable antibiotics which are typi-
cally combined with an intravenous antibiotic, with the 
goal being to limit ICU-acquired infections by elimina-
tion of colonized microbes at the time of ICU admis-
sion [123, 124]. SDD has been widely adopted in some 
countries such as the Netherlands but has been slow to 
become widely accepted elsewhere [123, 125, 126]. One 
of the main reasons for hesitation in the use of SDD 
resides in concerns about increasing antimicrobial resis-
tance by using antibiotics at the time of ICU admission, 
and whether use of SDD in areas with high antimicrobial 
resistance rates is feasible.

The SuDDICU trial in 2022 aimed to address these 
concerns, and was a cluster, Randomized, crossover 
trial of nearly 6000 mechanically ventilated patients 
across 19 ICUs in Australia. In this trial, ICUs were Ran-
domly assigned to adopt an SDD strategy for alternating 
12-month periods. 90-day Mortality was 27.0% in the 
group receiving SDD, compared to 29.1% of those receiv-
ing standard of care, which did not meet statistical signif-
icance [124]. A large systematic review and meta-analysis 
was also published in 2022 examining the effect of SDD 
in mechanically ventilated patients. This study included 
32 Randomized trials with nearly 25,000 patients and 
found that the relative risk for Mortality with SDD was 
0.91, suggesting a mortality benefit for the use of SDD in 
critically ill adults receiving mechanical ventilation [127]. 
However, questions remain regarding the use of SDD 
in ICUs with higher Rates of antimicrobial resistance. 
An RCT in 2018 looked at the effects of chlorhexidine, 
selective oral decontamination, and SDD on the subse-
quent development of blood stream infections in ICUs 
with higher rates of infections with ESBL–producing 
Enterobacterales, and found that the use of SDD was not 
associated with lower rates of bloodstream infections by 
MDR-GNB [128]. SDD therefore remains popular and 
in high use in certain countries with lower rates of MDR 
organisms but has not been adopted by ICUs in the US 
due to concerns for lack of efficacy and concerns regard-
ing worsening antimicrobial resistance.

The use of inhaled antibiotics to prevent nosocomial 
pneumonia, particularly VAP is another area of active 
research. A single center RCT in 2014 investigated neb-
ulized colistin in patients who had been mechanically 

Table 3  Suggested duration of therapy by site of infection
Infection site Suggested 

antibiotic 
duration

Pneumonia
Community-acquired [102–104]
Hospital-acquired, ventilator-acquired [105–107]

≤5-7 days#
≤8 days*

Urinary tract infection
Uncomplicated UTI [108, 109]
Complicated UTI, pyelonephritis [110, 111]

3-5 days
5-7 days¶

Intra-abdominal infection [96, 112, 113] 4-7 days¶

Skin and soft tissue infection [114–116] 5-7 days¶

Bloodstream infection [117, 118] 7-14 days†

UTI, urinary tract infection.

Antibiotic durations should always be individualized to the patient and their 
clinical status. Many studies have underrepresentation of critically ill patients.

#7 days is recommended in patients with community-acquired pneumonia 
caused by methicillin-resistant Staphylococcus aureus or Pseudomonas 
aeruginosa.
*Consider prolonged courses of 14 days with non-fermenting gram-negative 
bacilli due to an increased risk of relapse/recurrence with shorter courses.
¶After definitive source control.
†Trials excluded immunocompromised patients, patients with indwelling 
prostheses, infectious syndromes that required prolonged durations, or 
organisms that required prolonged durations of treatment (i.e., Staphylococcus 
aureus, Staphylococcus lugdunensis). Most evidence for shorter courses is in 
bacteremia from gram negative bacteria secondary to urinary tract infections. 
Control of the primary source and blood culture clearance should also be 
achieved.
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ventilated for longer than 48 hours and found that 30-day 
VAP rates did not differ significantly in the nebulized 
colistin group (16.7%) and the standard of care group 
(29.8%) [129]. A large RCT compared the use of a 3-day 
course of inhaled amikacin compared to standard of care 
in critically ill adults receiving mechanical ventilation 
for over 72 hours [130]. This was a multicenter trial that 
enrolled 850 patients and found that 28-day VAP Rates 
were 15% in the amikacin group compared to 22% in the 
control group [130]. It is important to note that the defi-
nition of VAP used in this trial included a positive culture 
from a respiratory sample, and it is therefore possible 
that the incidence of VAP could be underestimated in the 
group that received inhaled amikacin as a consequence 
of antibiotic exposure, Rather than lower Rates of true 
VAP. Further evidence for the use of prophylactic inhaled 
antibiotics was seen in a systematic review and network 
meta-analysis, which included seven RCTs, with 1445 
patients [131]. This study found that prophylactic antibi-
otics were associated with lower rates of VAP, and found 
particular benefit for inhaled aminoglycosides, but also 
found no difference in mortality, ICU length of stay, or 
duration of mechanical ventilation [131]. Further studies 
of nebulized antibiotics to prevent VAP are needed, given 
the lack of improvement in patient related outcomes. 
The decrease in rates of VAP seen in RCTs may be more 

representative of decreased microbiological diagnoses in 
the presence of antibiotic use.

The use of antibiotics to prevent infection has been 
investigated in patients with acute brain injury. The 
PROPHY-VAP trial investigated the use of a single dose 
of intravenous ceftriaxone in adult patients undergoing 
mechanical ventilation with a GCS of ≤ 12 [132]. The eti-
ologies for brain injury in this trial were brain trauma, 
subarachnoid hemorrhage, and hemorrhagic or isch-
emic strokes. Incidence of VAP was 14% in the ceftriax-
one group compared to 32% in the control group, which 
was associated with a statistically significant hazard Ratio 
of 0.60. Like the inhaled antibiotic trials, the definition 
of VAP in this study necessitated a positive culture, and 
thus the use of ceftriaxone may have influenced the abil-
ity to grow bacteria on culture and may underestimate 
true rates of VAP. This study did show improvements in 
ICU-free days, hospital free days, and there was a trend 
towards improvement in mortality [132]. Clinicians 
should balance the potential benefits of prophylactic 
antibiotic use in the ICU versus potential adverse effects 
including resistance emergence.

Recent studies also suggest that prophylactic antibiot-
ics used in the ICU were inappropriate up to 50% of the 
time and this was more likely to occur in surgical ICUs, 
mixed surgical ICUs, mixed medical ICUs, and mixed 
cardiac ICUs [133, 134]. Moreover, inappropriate pro-
phylactic antibiotics were often used more than two-fold 
longer in duration than nonprophylactic regimens [133]. 
The use of such inappropriate prophylactic antibiotic reg-
imens may represent an important area for stewardship 
interventions in the ICU.

Stewardship considerations
AS involves a comprehensive methodology striving to 
improve patient outcomes, combat the emergence of 
resistance, and control costs by improving antimicrobial 
use [135]. AS is a commonsense approach to antibiotic 
use that should be implemented in some manner within 
all ICUs [135, 136]. From a practical standpoint, AS aims 
to reduce unnecessary antibiotic exposure in the ICU, 
especially those agents with a broad-spectrum of activity. 
This overreaching aim is supported by evidence suggest-
ing that longer courses of antibiotic exposure can quanti-
tatively be linked to greater resistance emergence without 
a ceiling effect [3, 137]. Table 4 provides an overview of 
stewardship practices that have been successfully imple-
mented within ICUs that can be incorporated in locally 
developed AS programs. Foremost amongst these prac-
tices are reserving antibiotics for patients with bacterial 
infections likely to benefit from their use, de-escalating 
to the narrowest antibiotic regimen with intrinsic activ-
ity against the identified pathogens, and employing the 

Table 4  Potential antmicrobial stewardship practices for the icu*
1. Avoidance of Unnecessary Antibiotics
 a. Routine structured antibiotic review by pharmacists/microbiologists 
[138, 139]
 b. Use of microbiologic rapid diagnostic tests to direct antibiotic treat-
ment [143, 144]
 c. Antibiotic timeouts and automatic antibiotic stop orders [141, 142]
 d. Computerized antibiotic decision support guidance [151, 152]
2. Antibiotic De-escalation
 a. Use of microbiologic rapid diagnostic tests to narrow antibiotic 
spectrum [143, 144]
 b. Traditional microbiologic cultures and antibiotic susceptibilities for 
definitive antibiotic selection [138]
 c. Automated prescriber feedback/computerized decision support 
[151, 152]
 d. Routine structured antibiotic review by pharmacist/microbiologist 
[138, 139]
3. Employ Shortest Effective Antibiotic Regimen 
 a. Use of national/international guideline recommended antibiotic 
durations [96, 101, 138] 
 b. Optimize antibiotic pharmacokinetic/pharmacodynamic properties 
[62] 
 c. Biomarkers to guide antibiotic stoppage and shorten treatment 
courses [145, 147] 
 d. Routine structured antibiotic review by pharmacist/microbiologist 
[138, 139]
 e. Computerized antibiotic decision support guidance [151, 152] 
*Supporting references are provided as listed in the text
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shortest course of effective antibiotic treatment for the 
infected patient.

Effective AS programs rely on buy-in by all ICU stake-
holders regarding their clinical importance and necessary 
successful implementation. The use of antibiotic review 
practices to eliminate unnecessary antibiotic use, espe-
cially broad-spectrum agents, as well as reduce treatment 
durations is well described. Such review practices have 
employed designated stewards including pharmacists 
and microbiologists, while others have utilized prescriber 
education strategies and antibiotic timeouts or predeter-
mined stop orders [138–142]. Microbiologic RDTs imple-
mented as part of an AS program have also been used to 
exclude the presence of bacterial infections while allow-
ing for the identification of non-bacterial targets [84, 143, 
144]. Implementation of RDTs within an AS program 
has been associated with reduced hospital mortality in 
patients with bloodstream infections [143] and greater 
overall appropriate antibiotic use to include de-escalation 
[84]. Similarly, biomarkers such as procalcitonin have 
reduced the duration of empiric antibiotics within ICUs 
and have been associated with reduced patient mortality 
[145–147].

Antibiotic de-escalation based on the results of RDTs 
and conventional microbiology culture and susceptibili-
ties is a well-accepted, yet inconsistently applied practice 
[148]. Antibiotic de-escalation has been associated with 
significant reduction in the subsequent emergence of 
resistant bacterial infections without any demonstrable 
harm [149, 150]. The unrecognized ill effects of antibi-
otics on patient and environmental outcomes have been 
proposed as a reason for the lack of routine uptake of 

de-escalation practices [140, 148]. A systematic review of 
antibiotic de-escalation was able to identify factors asso-
ciated with its successful implementation and demon-
strated that the pooled effect of antibiotic de-escalation 
on mortality was protective (relative risk, 0.68; 95% con-
fidence interval, 0.52-0.88) [76]. Antibiotic de-escalation 
should be a routine measure employed in all AS pro-
grams within ICUs [148, 149].

CDS utilizing automated medical records represents a 
potential solution for improving antimicrobial prescrib-
ing practices and containing antimicrobial resistance by 
enhancing clinical decision making [151]. Most success-
ful attempts at CDS have been employed outside of the 
ICU setting [152]. The hope is that with improvements 
in computational abilities and refined algorithms, the 
success of CDS can be extended into ICUs as well [153]. 
Unfortunately, not all resource intensive AS programs 
applied in the ICU have been successful [154]. For this 
reason it is important to develop and implement individ-
ualized AS programs customized to match unit-specific 
populations, resource availability, workflow, and local 
culture [135, 136, 155]. Utilizing the recently developed 
CDC tool for assessing antibiotic appropriateness in 
the inpatient setting may help to develop individualized 
AS programs [156]. Antibiotic stewardship programs 
must ensure that improving overall antibiotic use, not 
simply reducing antibiotic acquisition costs or increas-
ing de-escalation alone, is the primary focus. Increasing 
awareness of the importance of AS in the ICU, greater 
availability of artificial intelligence support of clinical 
decision making, and more limited availability of new 
antimicrobial agents should drive routine acceptance and 

Fig. 2  A quality improvement implementation strategy for introducing and evaluating stewardship practices in the ICU. AS, antimicrobial stewardship; 
ICU, intensive care unit
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implementation of AS programs in the ICU as a quality 
improvement initiative (Fig. 2) [153, 157].

Conclusions
Antibiotics are among the most commonly prescribed 
drugs in the ICU having effects on the treated patient as 
well as on future patients due to resistance emergence. 
Strategies aimed at optimizing the use of antibiotics in 
the ICU should routinely be employed and supported by 
ICU practitioners. Multifaceted strategies using antibi-
otic optimization practices noted above will be the most 
likely to optimize patient outcomes while safeguarding 
antibiotics for the long-term by minimizing resistance 
emergence.

Abbreviations
ADE	� Antibiotic de-escalation
ARO	� Antibiotic-resistant organism
AMR	� Antimicrobial resistance
AS	� Antimicrobial stewardship
CDC	� Centers for Disease Control and Prevention
CDS	� Computerized decision support
CMS	� Centers for Medicare and Medicaid Services
ECDC	� European Centre for Disease Prevention and Control
ECMO	� Extracorporeal membrane oxygenation
EPIC III	� European Prevalence of Infection in Intensive Care
ESBL	� Extended-spectrum beta-lactamase
EUCAST	� European Committee on Antimicrobial Susceptibility Testing
GCS	� Glasgow Come Scale
GNB	� Gram negative bacteria
IAI	� Intraabdominal infection
ICU	� Intensive care unit
IDSA	� Infectious Diseases Society of America
MALDI-TOF	� Matrix-associated laser desorption/ionization time-of-flight
MBL	� Metallo-β-lactam
MDR-GNB	� Multidrug resistant-Gram negative bacteria
MIC	� Minimum inhibitory concentration
MRSA	� Methicillin-resistant Staphylococcus aureus
PCR	� Polymerase chain reaction
PK/PD	� Pharmacokinetic/pharmacodynamic
RCT	� Randomized controlled trial
RDTs	� Rapid diagnostic tests
SDD	� Selective decontamination of the digestive tract
SSTI	� Skin and skin structure infection
TDM	� Therapeutic drug monitoring
US	� United States
UT	� Urinary tract infecton
VAP	� Ventilator-associated pneumonia
VRE	� Vancomycin-resistant enterococci
WHO	� World Health Organization

Acknowledgements
This review was supported by the Foundation for Barnes-Jewish Hospital.

Author contributions
Initial draft, STM, MCVG, DR, SSM, LK, MHK; literature review, STM, MCVG, DR, 
SSM, LK, MHK; final manuscript preparation, STM, MCVG, DR, SSM, LK, MHK; All 
authors approve final manuscript, corresponding author, MHK.

Funding
Dr. Kollef is supported by the Foundation for Barnes-Jewish Hospital.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Division of Pharmacy Practice, University of Health Sciences and 
Pharmacy, St. Louis, MO, USA
2Division of Infectious Diseases, Washington University School of 
Medicine, St. Louis, MO, USA
3Division of Pulmonary and Critical Care Medicine, Washington University 
School of Medicine, 660 South Euclid Avenue, MSC 8052-43-14, St. Louis, 
MO 63110, USA
4Department of Pharmacy, Barnes-Jewish Hospital, St. Louis, MO, USA

Received: 16 July 2025 / Accepted: 3 September 2025

References
1.	 Vincent J, Sakr Y, Singer M, Martin-Loeches I, Machado FR, Marshall JC, et al. 

Prevalence and outcomes of infection among patients in intensive care units 
in 2017. JAMA. 2020;323(15):1478–87.

2.	 Kollef MH. Ventilator-associated pneumonia: a multivariate analysis. JAMA. 
1993;270(16):1965–70.

3.	 Teshome BF, Vouri SM, Hampton N, Kollef MH, Micek ST. Duration of exposure 
to antipseudomonal β-lactam antibiotics in the critically ill and development 
of new resistance. Pharmacotherapy. 2019;39(3):261–70.

4.	 Ray MJ, Strnad LC, Tucker KJ, Furuno JP, Lofgren ET, McCracken CM, et al. 
Influence of antibiotic exposure intensity on the risk of Clostridioides difficile 
infection. Clin Infect Dis. 2024;79(5):1129–35.

5.	 Chastre J, Wolff M, Fagon J, Cjevret S, WermertD, TF, et al. Comparison of 8 vs 
15 days of antibiotic therapy for ventilator-associated pneumonia in adults: a 
randomized trial. JAMA. 2003;290(19):2588–98.

6.	 Abdul-Aziz MH, Alffenaar JC, Bassetti M, Bracht H, Dimopoulos G, Marriott D, 
et al. Antimicrobial therapeutic drug monitoring in critically ill adult patients: 
A position paper. Intensive Care Med. 2020;46(6):1127–53.

7.	 Adembri C, Novelli A, Nobili S. Some suggestions from PK/PD principles to 
contain resistance in the clinical setting-focus on ICU patients and gram-
negative strains. Antibiotics. 2020;9(10):676.

8.	 Bergen SP, Coles A, Calvert SB, Farly J, Powers JH, Zervos MJ, et al. PROPHETIC: 
Prospective identification of pneumonia in hospitalized patients in the ICU. 
Chest. 2020;158(6):2370–80.

9.	 Denny KJ, De Wale J, Laupland KB, Harris PNA, Lipman J. When not to start 
antibiotics: avoiding antibiotic overuse in the intensive care unit. Clin Micro-
biol Infect. 2020;26(1):35–40.

10.	 Heffner AC, Horton JM, Marchick MR, Jones AE. Etiology of illness in patients 
with severe sepsis admitted to the hospital from the emergency department. 
Clin Infect Dis. 2010;50:814–20.

11.	 Klein Klouwenberg PMC, Cremer OL, van Vught LA, Ong DSY, Frencken JF, 
Schultz MJ, et al. Likelihood of infection in patients with presumed sepsis 
at the time of intensive care unit admission: a cohort study. Crit Care. 
2015;19:319.

12.	 Filbin MR, Lynch J, Gillingham TD, Thorsen JE, Pasakarnis CL, Nepal S, et al. 
Presenting symptoms independently predict mortality in septic shock: 
importance of a previously unmeasured confounder. Crit Care Med. 
2018;46:1592–9.

13.	 Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et 
al. Surviving sepsis campaign: International guidelines for management of 
sepsis and septic shock 2021. Crit Care Med. 2021;49(11):e1063–143.

14.	 QualityNet Home [Internet]. [cited 2025 Jul 5]. Available from: ​h​t​t​p​s​:​/​/​q​u​a​l​i​t​y​n​
e​t​.​c​m​s​.​g​o​v​/​​​​​​​

15.	 Kumar A, Roberts D, Wood KE, Light B, Parrillo JE, Sharma S, et al. Dura-
tion of hypotension before initiation of effective antimicrobial therapy is 

https://qualitynet.cms.gov/
https://qualitynet.cms.gov/


Page 13 of 16Micek et al. Critical Care          (2025) 29:434 

the critical determinant of survival in human septic shock. Crit Care Med. 
2006;34:1589–96.

16.	 Seymour CW, Gesten F, Prescott HC, Friedrich ME, Iwashyna TJ, Phillips GS, et 
al. Time to treatment and mortality during mandated emergency care for 
sepsis. N Engl J Med. 2017;376:2235–44.

17.	 Liu VX, Fielding-Singh V, Greene JD, Baker JM, Iwashyna TJ, Bhattacharya J, et 
al. The timing of early antibiotics and hospital mortality in sepsis. Am J Respir 
Crit Care Med. 2017;196:856–63.

18.	 Ferrer R, Martin-Loeches I, Phillips G, Osborn TM, Townsend S, Dellinger RP, 
et al. Empiric antibiotic treatment reduces mortality in severe sepsis and 
septic shock from the first hour: results from a guideline-based performance 
improvement program. Crit Care Med. 2014;42:1749–55.

19.	 Peltan ID, Brown SM, Bledsoe JR, Sorensen J, Samore MH, Allen TL, et 
al. ED door-to-antibiotic time and long-term mortality in sepsis. Chest. 
2019;155:938–46.

20.	 Ko BS, Choi S-H, Kang GH, Shin TG, Kim K, Jo YH, et al. Time to antibiotics and 
the outcome of patients with septic shock: A propensity score analysis. Am J 
Med. 2020;133:485-491.e4.

21.	 Infectious Diseases Society of America (IDSA). Position statement: why IDSA 
did not endorse the surviving sepsis campaign guidelines. Clin Infect Dis. 
2018;66:1631–5.

22.	 Rhee C, Chiotos K, Cosgrove SE, Heil EL, Kadri SS, Kalil AC, et al. Infectious 
diseases society of America position paper: recommended revisions to the 
national severe sepsis and septic shock early management bundle (SEP-1) 
sepsis quality measure. Clin Infect Dis. 2020;72:541–52.

23.	 Hranjec T, Rosenberger LH, Swenson B, Metzger R, Flohr TR, Politano AD, et 
al. Aggressive versus conservative initiation of antimicrobial treatment in 
critically ill surgical patients with suspected intensive-care-unit-acquired 
infection: a quasi-experimental, before and after observational cohort study. 
Lancet Infect Dis. 2012;12:774–80.

24.	 Kadri SS, Lai YL, Warner S, Strich JR, Babiker A, Ricotta EE, et al. Inappropriate 
empirical antibiotic therapy for bloodstream infections based on discordant 
in-vitro susceptibilities: a retrospective cohort analysis of prevalence, predic-
tors, and mortality risk in US hospitals. Lancet Infect Dis. 2021;21:241–51.

25.	 Ohnuma T, Chihara S, Costin B, Treggiari MM, Bartz RR, Raghunathan K, et al. 
Association of appropriate empirical antimicrobial therapy with in-hospital 
mortality in patients with bloodstream infections in the US. JAMA Netw 
Open. 2023;6:e2249353.

26.	 Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, et al. Initiation of inap-
propriate antimicrobial therapy results in a fivefold reduction of survival in 
human septic shock. Chest. 2009;136:1237–48.

27.	 Gaieski DF, Mikkelsen ME, Band RA, Pines JM, Massone R, Furia FF, et al. Impact 
of time to antibiotics on survival in patients with severe sepsis or septic shock 
in whom early goal-directed therapy was initiated in the emergency depart-
ment. Crit Care Med. 2010;38:1045–53.

28.	 Vazquez-Guillamet C, Scolari M, Zilberberg MD, Shorr AF, Micek ST, Kollef 
M. Using the number needed to treat to assess appropriate antimicrobial 
therapy as a determinant of outcome in severe sepsis and septic shock. Crit 
Care Med. 2014;42:2342–9.

29.	 Karanika S, Karantanos T, Arvanitis M, Grigoras C, Mylonakis E. Fecal coloniza-
tion with extended-spectrum beta-lactamase-producing Enterobacteriaceae 
and risk factors among healthy individuals: a systematic review and meta-
analysis. Clin Infect Dis. 2016;63(3):310–8.

30.	 Giannella M, Trecarichi EM, De Rosa FG, Del Bono V, Bassetti M, Lewis RE, et 
al. Risk factors for carbapenem-resistant Klebsiella pneumoniae bloodstream 
infection among rectal carriers: a prospective observational multicentre 
study. Clin Microbiol Infect. 2014;20:1357–62.

31.	 Vazquez Guillamet MC, Liu H, Atkinson A, Fraser VJ, Lu C, Kollef MH. Per-
formance of risk models for antimicrobial resistance in adult patients with 
sepsis. JAMA Netw Open. 2024;7:e2443658.

32.	 Rhee C, Kadri SS, Dekker JP, Danner RL, Chen H-C, Fram D, et al. Prevalence of 
antibiotic-resistant pathogens in culture-proven sepsis and outcomes associ-
ated with inadequate and broad-spectrum empiric antibiotic use. JAMA 
Netw Open. 2020;3:e202899.

33.	 Webb BJ, Sorensen J, Jephson A, Mecham I, Dean NC. Broad-spectrum 
antibiotic use and poor outcomes in community-onset pneumonia: a cohort 
study. Eur Respir J. 2019;54:1900057.

34.	 Baghdadi JD, Goodman KE, Magder LS, Claeys KC, Sutherland ME, Harris AD. 
Association between delayed broad-spectrum gram-negative antibiotics and 
clinical outcomes: how much does getting it right with empiric antibiotics 
matter? Clin Infect Dis. 2025;80:949–58.

35.	 Corbin CK, Sung L, Chattopadhyay A, Noshad M, Chang A, Deresinksi S, et al. 
Personalized antibiograms for machine learning driven antibiotic selection. 
Commun Med. 2022;2:38.

36.	 Feretzakis G, Loupelis E, Sakagianni A, Kalles D, Martsoukou M, Lada M, et al. 
Using machine learning techniques to aid empirical antibiotic therapy deci-
sions in the intensive care unit of a general hospital in Greece. Antibiotics. 
2020;9:50.

37.	 Feretzakis G, Loupelis E, Sakagianni A, Kalles D, Lada M, Christopoulos C, et al. 
Using machine learning algorithms to predict antimicrobial resistance and 
assist empirical treatment. Stud Health Technol Inform. 2020;272:75–8.

38.	 Martínez-Agüero S, Mora-Jiménez I, Lérida-García J, Álvarez-Rodríguez J, 
Soguero-Ruiz C. Machine learning techniques to identify antimicrobial resis-
tance in the intensive care unit. Entropy. 2019;21:603.

39.	 McGuire RJ, Yu SC, Payne PRO, Lai AM, Vazquez-Guillamet MC, Kollef MH, et 
al. A pragmatic machine learning model to predict carbapenem resistance. 
Antimicrob Agents Chemother. 2021. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​2​8​​/​a​​a​c​.​0​0​0​6​3​-​2​1.

40.	 Pascual-Sánchez L, Mora-Jiménez I, Martínez-Agüero S, Álvarez-Rodríguez 
J, Soguero-Ruiz C. Predicting Multidrug Resistance Using Temporal Clinical 
Data and Machine Learning Methods. 2021 IEEE International Conference on 
Bioinformatics and Biomedicine (BIBM) [Internet]. 2021 [cited 2025 Jul 5]. p. 
2826–33. Available from: ​h​t​t​p​​s​:​/​​/​i​e​e​​e​x​​p​l​o​​r​e​.​​i​e​e​e​​.​o​​r​g​/​​a​b​s​​t​r​a​c​​t​/​​d​o​c​u​m​e​n​t​/​9​6​6​
9​8​2​9

41.	 Sakagianni A, Feretzakis G, Kalles D, Loupelis E, Rakopoulou Z, Dalainas I, et al. 
Discovering association rules in antimicrobial resistance in intensive care unit. 
Stud Health Technol Inform. 2022;295:430–3.

42.	 Moran E, Robinson E, Green C, Keeling M, Collyer B. Towards personalized 
guidelines: using machine-learning algorithms to guide antimicrobial selec-
tion. J Antimicrob Chemother. 2020;75:2677–80.

43.	 Feretzakis G, Sakagianni A, Loupelis E, Kalles D, Martsoukou M, Skarmoutsou 
N, et al. Using machine learning to predict antimicrobial resistance of Acineto-
bacter baumannii, Klebsiella pneumoniae and Pseudomonas aeruginosa strains. 
Stud Health Technol Inform. 2021;281:43–7.

44.	 Lewin-Epstein O, Baruch S, Hadany L, Stein GY, Obolski U. Predicting antibiotic 
resistance in hospitalized patients by applying machine learning to electronic 
medical records. Clin Infect Dis. 2021;72:e848-55.

45.	 Hebert C, Gao Y, Rahman P, Dewart C, Lustberg M, Pancholi P, et al. Prediction 
of antibiotic susceptibility for urinary tract infection in a hospital setting. 
Antimicrob Agents Chemother. 2020;64:e02236-19.

46.	 Rawson TM, Hernandez B, Moore LSP, Herrero P, Charani E, Ming D, et al. A 
real-world evaluation of a case-based reasoning algorithm to support antimi-
crobial prescribing decisions in acute care. Clin Infect Dis. 2021;72:2103–11.

47.	 Stracy M, Snitser O, Yelin I, Amer Y, Parizade M, Katz R, et al. Minimizing 
treatment-induced emergence of antibiotic resistance in bacterial infections. 
Science. 2022;375:889–94.

48.	 Guillamet MCV, Damulira C, Atkinson A, Fraser VJ, Micek S, Kollef MH. Addition 
of aminoglycosides reduces recurrence of infections with multidrug-resistant 
gram-negative bacilli in patients with sepsis and septic shock. Int J Antimi-
crob Agents. 2023;62:106913.

49.	 Bliziotis IA, Samonis G, Vardakas KZ, Chrysanthopoulou S, Falagas ME. Effect 
of aminoglycoside and beta-lactam combination therapy versus beta-lactam 
monotherapy on the emergence of antimicrobial resistance: a meta-analysis 
of randomized, controlled trials. Clin Infect Dis. 2005;41:149–58.

50.	 Paul M, Lador A, Grozinsky-Glasberg S, Leibovici L. Beta lactam antibiotic 
monotherapy versus beta lactam-aminoglycoside antibiotic combination 
therapy for sepsis. Cochrane Database Syst Rev. 2014;2014:CD003344.

51.	 Fish DN, Piscitelli SC, Danziger LH. Development of resistance during antimi-
crobial therapy: a review of antibiotic classes and patient characteristics in 
173 studies. Pharmacotherapy. 1995;15:279–91.

52.	 Craig WA. Pharmacokinetic/pharmacodynamic parameters: rationale for 
antibacterial dosing of mice and men. Clin Infect Dis. 1998;26(1):1–10.

53.	 Felton TW, Goodwin J, O’Connor L, Sharp A, Gregson L, Livermore J, et 
al. Impact of bolus dosing versus continuous infusion of piperacillin and 
tazobactam on the development of antimicrobial resistance in Pseudomonas 
aeruginosa. Antimicrob Agents Chemother. 2013;57(12):5811–9.

54.	 Dhaese S, Heffernan A, Liu D, Abdul-Aziz MH, Stove V, Tam VH, et al. Pro-
longed versus intermittent infusion of β-lactam antibiotics: a systematic 
review and meta-regression of bacterial killing in preclinical infection models. 
Clin Pharmacokinet. 2020;59:1237–50.

55.	 Taccone FS, Laterre PF, Dugernier T, Spapen H, Delattre I, Wittebole X, et al. 
Insufficient β-lactam concentrations in the early phase of severe sepsis and 
septic shock. Crit Care. 2010;14(4):R126.

https://doi.org/10.1128/aac.00063-21
https://ieeexplore.ieee.org/abstract/document/9669829
https://ieeexplore.ieee.org/abstract/document/9669829


Page 14 of 16Micek et al. Critical Care          (2025) 29:434 

56.	 Roberts JA, Paul SK, Akova M, Bassetti M, De Waele JJ, Dimopoulos G, et al. 
DALI: defining antibiotic levels in intensive care unit patients: are current 
β-lactam antibiotic doses sufficient for critically ill patients? Clin Infect Dis. 
2014;58(8):1072–83.

57.	 Smekal AK, Furebring M, Lipcsey M, Giske CG. Swedish multicentre study of 
target attainments with β-lactams in the ICU: which MIC parameter should 
be used? J Antimicrob Chemother. 2023;78(12):2895–901.

58.	 Lejbman IA, Torisson G, Resman F, Sjövall F. Higher target attainment for 
B-lactam antibiotics in patients with Gram-negative bloodstream infections 
when four times actual minimum inhibitory concentrations and epidemio-
logical cutoff values are applied compared to clinical breakpoints. Eur J Clin 
Microbiol Infect Dis. 2025;44(5):1129–37.

59.	 Hong LT, Downes KJ, FakhriRavari A, Abdul-Mutakabbir JC, Kuti JL, Jorgensen 
S, et al. International consensus recommendations for the use of prolonged-
infusion beta-lactam antibiotics: endorsed by the American College of 
Clinical Pharmacy, British Society for Antimicrobial Chemotherapy, Cystic 
Fibrosis Foundation, European Society of Clinical Microbiology and Infectious 
Diseases, Infectious Diseases Society of America, Society of Critical Care Medi-
cine, and Society of Infectious Diseases Pharmacists: an executive summary. 
Pharmacotherapy. 2023;43(8):736–9.

60.	 Monti G, Bradic N, Marzaroli M, Konkayev A, Fominskiy E, Kotani Y, et al. 
Continuous vs intermittent meropenem administration in critically Ill patients 
with sepsis: The MERCY randomized clinical trial. JAMA. 2023;330(2):141–51.

61.	 Dulhunty JM, Brett SJ, De Waele JJ, et al. Continuous vs intermittent β-lactam 
antibiotic infusions in critically ill patients with sepsis: the BLING III random-
ized clinical trial. JAMA. 2024;332(8):629–37.

62.	 Abdul-Aziz MH, Hammond NE, Brett SJ, Cotta MO, De Awele JJ, Devaux A, 
et al. Prolonged vs intermittent infusions of β-lactam antibiotics in adults 
with sepsis or septic shock: A systematic review and meta-analysis. JAMA. 
2024;332(8):638–48.

63.	 Wong G, Briscoe S, McWhinney B, Ally M, Ungerer J, Lipman J, et al. Thera-
peutic drug monitoring of β-lactam antibiotics in the critically ill: direct 
measurement of unbound drug concentrations to achieve appropriate drug 
exposures. J Antimicrob Chemother. 2018;73(11):3087–94.

64.	 De Waele JJ, Carrette S, Carlier M, Stove V, Boelens J, Claeys G, et al. Therapeu-
tic drug monitoring-based dose optimisation of piperacillin and meropenem: 
a randomised controlled trial. Intensive Care Med. 2014;40(3):380–7.

65.	 Hagel S, Bach F, Brenner T, Bracht H, Brinkmann A, Annecke T, et al. Effect 
of therapeutic drug monitoring-based dose optimization of piperacillin/
tazobactam on sepsis-related organ dysfunction in patients with sepsis: a 
randomized controlled trial. Intensive Care Med. 2022;48(3):311–21.

66.	 Ewoldt TMJ, Abdulla A, Rietdijk WJR, Muller AE, de Winter BCM, Hunfeld 
NGM, et al. Model-informed precision dosing of beta-lactam antibiotics and 
ciprofloxacin in critically ill patients: a multicentre randomised clinical trial. 
Intensive Care Med. 2022;48(12):1760–71.

67.	 Dilworth TJ, Schulz LT, Micek ST, Kollef MH, Rose WE. β-Lactam therapeutic 
drug monitoring in critically ill patients: weighing the challenges and oppor-
tunities to assess clinical value. Crit Care Explor. 2022;4(7):e0726.

68.	 Tilanus AM, Shields RK, Lodise TP, Drusano GL. Translating PK-PD principles 
into improved methodology for clinical trials which compare intermit-
tent with prolonged infusion of beta-lactam antibiotics. Clin Infect Dis. 
2025:ciaf038. Epub ahead of print.

69.	 Tabah A, Bassetti M, Kollef MH, Zahar JR, Paiva JA, Timsit JF, et al. Antimicrobial 
de-escalation in critically ill patients: a position statement from a task force 
of the European Society of Intensive Care Medicine (ESICM) and European 
Society of Clinical Microbiology and Infectious Diseases (ESCMID) critically ill 
patients study group (ESGCIP). Intensive Care Med. 2020;46(2):245–65.

70.	 Naghavi M, Vollset SE, Ikuta KS, Swetschinski LR, Gray AP, Wool EE, et al. Global 
burden of bacterial antimicrobial resistance 1990–2021: a systematic analysis 
with forecasts to 2050. Lancet. 2024;404(10459):1199–226.

71.	 De Bus L, Depuydt P, Steen J, Dhaese S, De Smet K, Tabah A, et al. Antimicro-
bial de-escalation in the critically ill patient and assessment of clinical cure: 
the DIANA study. Intensive Care Med. 2020;46(7):1404–17.

72.	 Garnacho-Montero J, Gutiérrez-Pizarraya A, Escoresca-Ortega A, Corcia-
Palomo Y, Fernández-Delgado E, Herrera-Melero I, et al. De-escalation of 
empirical therapy is associated with lower mortality in patients with severe 
sepsis and septic shock. Intensive Care Med. 2014;40(1):32–40.

73.	 Leone M, Bechis C, Baumstarck K, Lefrant J-Y, Albanèse J, Jaber S, et al. De-
escalation versus continuation of empirical antimicrobial treatment in severe 
sepsis: a multicenter non-blinded randomized noninferiority trial. Intensive 
Care Med. 2014;40(10):1399–408.

74.	 Mokart D, Slehofer G, Lambert J, Sannini A, Chow-Chine L, Brun JP, et al. 
De-escalation of antimicrobial treatment in neutropenic patients with 
severe sepsis: results from an observational study. Intensive Care Med. 
2014;40(1):41–9.

75.	 Routsi C, Gkoufa A, Arvaniti K, Kokkoris S, Tourtoglou A, Theodorou V, et al. 
De-escalation of antimicrobial therapy in ICU settings with high prevalence 
of multidrug-resistant bacteria: a multicentre prospective observational 
cohort study in patients with sepsis or septic shock. J Antimicrob Chemother. 
2020;75(12):3665–74.

76.	 Tabah A, Osbert Cota M, Garnacho-Montero J, Schouten J, Roberts JA, Lip-
man J, et al. A systematic review of the definitions, determinants, and clinical 
outcomes of antimicrobial de-escalation in the intensive care unit. Clin Infect 
Dis. 2016;62(8):1009–17.

77.	 Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et 
al. Surviving sepsis campaign: international guidelines for management of 
sepsis and septic shock 2021. Intensive Care Med. 2021;47(11):1181–247.

78.	 Campbell RE, Chen CH, Edelstein CL. Overview of antibiotic-induced nephro-
toxicity. Kidney Int Rep. 2023;8(11):2211–25.

79.	 Bhalodi AA, Van Engelen TSR, Virk HS, Wiersinga WJ. Impact of antimicrobial 
therapy on the gut microbiome. J Antimicrob Chemother. 2019;74(Suppl 
1):i6–15.

80.	 Chanderraj R, Baker JM, Kay SG, Brown CA, Hinkle KJ, Fergle DJ, et al. In criti-
cally ill patients, anti-anaerobic antibiotics increase risk of adverse clinical 
outcomes. Eur Respir J. 2023;61(2):2200910.

81.	 Karanika S, Paudel S, Zervou FN, Grigoras C, Zacharioudakis IM, Mylonakis 
E. Prevalence and clinical outcomes of Clostridium difficile infection in the 
intensive care unit: a systematic review and meta-analysis. Open Forum Infect 
Dis. 2016;3(1):ofv186.

82.	 Riddle DJ, Dubberke ER. Clostridium difficile infection in the intensive care 
unit. Infect Dis Clin North Am. 2009;727(3):727–43.

83.	 Tabak YP, Vankeepuram L, Ye G, Jeffers K, Gupta V, Murray PR. Blood culture 
turnaround time in U.S. acute care hospitals and implications for laboratory 
process optimization. J Clin Microbiol. 2018;56(12):e00500-e518.

84.	 Darie AM, Khanna N, Jahn K, Osthoff M, Bassetti S, Osthoff M, et al. Fast 
multiplex bacterial PCR of bronchoalveolar lavage for antibiotic stewardship 
in hospitalised patients with pneumonia at risk of Gram-negative bacterial 
infection (Flagship II): a multicentre, randomised controlled trial. Lancet 
Respir Med. 2022;10(9):877–87.

85.	 Pickens CI, Wunderink RG. Novel and rapid diagnostics for common infec-
tions in the critically ill patient. Infect Dis Clin North Am. 2024;38(1):51–63.

86.	 Rhoads DD, Pournaras S, Leber A, Balada-Llasat J-M, Harrington A, Sambri 
V, et al. Multicenter evaluation of the BIOFIRE blood culture identification 2 
panel for detection of bacteria, yeasts, and antimicrobial resistance genes in 
positive blood culture samples. J Clin Microbiol. 2023;61(6):e0189122.

87.	 Falsey AR, Branche AR, Croft DP, Formica MA, Peasley MR, Walsh EE. Real-life 
assessment of BioFire FilmArray pneumonia panel in adults hospitalized with 
respiratory illness. J Infect Dis. 2024;229(1):214–22.

88.	 Pogue JM, Heil EL, Lephart P, Johnson JK, Mynatt RP, Salimnia H, et al. An 
antibiotic stewardship program blueprint for optimizing verigene BC-GN 
within an institution: a tale of two cities. Antimicrob Agents Chemother. 
2018;62(5):e02538-e2617.

89.	 Cojuc-Konigsberg G, Moscona-Nissan A, Guijosa A, Mireles Dávalos CD, 
Martínez MEJ, Mújica Sánchez MA, et al. Diagnostic accuracy of the biofire® 
filmarray® pneumonia panel in COVID-19 patients with ventilator-associated 
pneumonia. BMC Infect Dis. 2023;23(1):524.

90.	 Akrami K, Sweeney DA, Malhotra A. Antibiotic stewardship in the intensive 
care unit: tools for de-escalation from the American Thoracic Society Meeting 
2016. J Thorac Dis. 2016;8(Suppl 7):S533–5.

91.	 Pierce VM, Bhowmick T, Simner PJ. Guiding antimicrobial stewardship 
through thoughtful antimicrobial susceptibility testing and reporting strate-
gies: an updated approach in 2023. J Clin Microbiol. 2023;61(11):e0007422.

92.	 Guillot P, Delamaire F, Gacouin A, Painvin B, Piau C, Reizine F, et al. Early 
discontinuation of combination antibiotic therapy in severe community-
acquired pneumonia: a retrospective cohort study. BMC Infect Dis. 
2023;23(1):611.

93.	 Parente DM, Cunha CB, Mylonakis E, Timbrook TT. The clinical utility of 
methicillin-resistant Staphylococcus aureus (MRSA) nasal screening to rule out 
MRSA pneumonia: a diagnostic meta-analysis with antimicrobial stewardship 
implications. Clin Infect Dis. 2018;67(1):1–7.

94.	 Roper S, Wingler MJB, Cretella DA. Antibiotic de-escalation in critically ill 
patients with negative clinical cultures. Pharmacy (Basel). 2023;11(3):104.



Page 15 of 16Micek et al. Critical Care          (2025) 29:434 

95.	 Cowley MC, Ritchie DJ, Hampton N, Kollef MH, Micek ST. Outcomes associ-
ated with de-escalating therapy for methicillin-resistant Staphylococcus 
aureus in culture-negative nosocomial pneumonia. Chest. 2019;155(1):53–9.

96.	 Sawyer RG, Claridge JA, Nathens AB, Rotstein OD, Duane TM, Evans HL, et al. 
Trial of short-course antimicrobial therapy for intraabdominal infection. N 
Engl J Med. 2015;372(21):1996–2005.

97.	 Drekonja DM, Trautner B, Amundson C, Kuskowski M, Johnson JR. Effect 
of 7 vs 14 days of antibiotic therapy on resolution of symptoms among 
afebrile men with urinary tract infection: a randomized clinical trial. JAMA. 
2021;326(4):324–31.

98.	 Non LR. Antibiotic treatment for 7 versus 14 days in patients with blood-
stream infections. N Engl J Med. 2025;392(11):1065–78.

99.	 Uranga A, Espana PP, Bilbao A, Quintana JM, Arriaga I, Intxausti M, et al. 
Duration of antibiotic treatment in community-acquired pneumonia: a 
multicenter randomized clinical trial. JAMA Intern Med. 2016;176(9):1257–65.

100.	 Yahav D, Franceschini E, Koppel F, Turjeman A, Babich T, Bitterman R, et al. 
Seven versus 14 days of antibiotic therapy for uncomplicated gram-negative 
bacteremia: a noninferiority randomized controlled trial. Clin Infect Dis. 
2019;69(7):1091–8.

101.	 Mo Y, Booraphun S, Li AY, Domthong P, Kayastha G, Lau YH, et al. Individual-
ised, short-course antibiotic treatment versus usual long-course treat-
ment for ventilator-associated pneumonia (REGARD-VAP): a multicentre, 
individually randomised, open-label, non-inferiority trial. Lancet Respir Med. 
2024;12(5):399–408.

102.	 Tansarli GS, Mylonakis E. Systematic review and meta-analysis of the efficacy 
of short-course antibiotic treatments for community-acquired pneumonia in 
adults. Antimicrob Agents Chemother. 2018;62(9):e00635-e718.

103.	 Furukawa Y, Luo Y, Funada S, Onishi A, Ostinelli E, Hamza T, et al. Optimal 
duration of antibiotic treatment for community-acquired pneumonia in 
adults: a systematic review and duration-effect meta-analysis. BMJ Open. 
2023;13(3):e061023.

104.	 Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diag-
nosis and treatment of adults with community-acquired pneumonia. Am J 
Respir Crit Care Med. 2019;200(7):E45-67.

105.	 Cheema HA, Ellahi A, Hussain HU, Kashif H, Adil M, Kumar D, et al. Short-
course versus prolonged-course antibiotic regimens for ventilator-associated 
pneumonia: a systematic review and meta-analysis of randomized controlled 
trials. J Crit Care. 2023;78:154346.

106.	 Daghmouri MA, Dudoignon E, Chaouch MA, Baekgaard J, Bougle A, Leone 
M, et al. Comparison of a short versus long-course antibiotic therapy for 
ventilator-associated pneumonia: a systematic review and meta-analysis of 
randomized controlled trials. eClinicalMedicine. 2023;58:101880.

107.	 Kalil AC, Metersky ML, Klompas M, Muscedere J, Sweeney DA, Palmer LB, et 
al. management of adults with hospital-acquired and ventilator-associated 
pneumonia: 2016 clinical practice guidelines by the Infectious Diseases 
Society of America and the American Thoracic Society. Clin Infect Dis. 
2016;63(5):e61-111.

108.	 Elajouz B, Dumkow LE, Worden LJ, VanLangen KM, Jameson AP. Three-day 
ceftriaxone versus longer durations of therapy for inpatient treatment of 
uncomplicated urinary tract infection. Antimicrob Steward Healthc Epide-
miol. 2022;2(1):e171.

109.	 Kim DK, Kim JH, Lee JY, Ku NS, Lee HS, Park JY, et al. Reappraisal of the 
treatment duration of antibiotic regimens for acute uncomplicated cystitis 
in adult women: a systematic review and network meta-analysis of 61 ran-
domised clinical trials. Lancet Infect Dis. 2020;20(9):1080–8.

110.	 Eliakim-Raz N, Yahav D, Paul M, Leibovici L. Duration of antibiotic treatment 
for acute pyelonephritis and septic urinary tract infection– 7 days or less 
versus longer treatment: systematic review and meta-analysis of randomized 
controlled trials. J Antimicrob Chemother. 2013;68(10):2183–91.

111.	 Zahavi I, Kunwar D, Olchowski J, Dallasheh H, Paul M. Short vs. long antibiotic 
treatment for pyelonephritis and complicated urinary tract infections: a living 
systematic review and meta-analysis of randomized controlled trials. Clin 
Microbiol Infect. 2025;12:S1198-743X(25)00171-5.

112.	 Ra JH, Rattan R, Patel NJ, Bhattacharya B, Butts CA, Gupta S, et al. Duration 
of antimicrobial treatment for complicated intra-abdominal infections after 
definitive source control: a systematic review, meta-analysis, and practice 
management guideline from the Eastern Association for the Surgery of 
Trauma. J Trauma Acute Care Surg. 2023;95(4):603–12.

113.	 Smith SE, Rumbaugh KA, May AK. Evaluation of a short course of antimicro-
bial therapy for complicated intra-abdominal infections in critically ill surgical 
patients. Surg Infect (Larchmt). 2017;18(6):742–50.

114.	 Lyons NB, Cohen BL, O’Neil CF, Ramsey WA, Proctor KG, Namias N, et al. Short 
versus long antibiotic duration for necrotizing soft tissue infection: A system-
atic review and meta-analysis. Surg Infect (Larchmt). 2023;24(5):425–32.

115.	 Stevens DL, Bisno AL, Chambers HF, Dellinger EP, Goldstein EJC, Gorbach SL, 
et al. Practice guidelines for the diagnosis and management of skin and soft 
tissue infections: 2014 update by the Infectious Diseases Society of America. 
Clin Infect Dis. 2014;59(2):e10-52.

116.	 Sartelli M, Coccolini F, Kluger Y, Agastra E, Abu-Zidan FM, Abbas AES, et al. 
WSES/GAIS/WSIS/SIS-E/AAST global clinical pathways for patients with skin 
and soft tissue infections. World J Emerg Surg. 2022;17(1):3.

117.	 Lee TC, Prosty CJ, Fralick M, Huttner A, McDonald EG, Molina J, et al. Seven 
vs fourteen days of antibiotics for gram-negative bloodstream infection: 
a systematic review and noninferiority meta-analysis. JAMA Netw Open. 
2025;8:e251421.

118.	 Prager M, Bergmann F, Pracher L, Copic D, Zessner-Spitzenberg J, Gelbeneg-
ger G, et al. Antimicrobial treatment for 7 versus 14 days in patients with 
bacteremia: a meta-analysis of randomized controlled trials. Infection. 2025. 
Online ahead of print.

119.	 Yusuf E, Van Herendael B, Verbrugghe W, Ieven M, Goovaerts E, Bergs K, et 
al. Emergence of antimicrobial resistance to Pseudomonas aeruginosa in the 
intensive care unit: association with the duration of antibiotic exposure and 
mode of administration. Ann Intensive Care. 2017;7(1):72.

120.	 Bell BG, Schellevis F, Stobberingh E, Goossens H, Pringle M. A systematic 
review and meta-analysis of the effects of antibiotic consumption on antibi-
otic resistance. BMC Infect Dis. 2014;14:13.

121.	 Dark P, Hossain A, McAuley DF, Brealey D, Carlson G, Clayton JC, et al. Bio-
marker-guided antibiotic duration for hospitalized patients with suspected 
sepsis: the ADAPT-sepsis randomized clinical trial. JAMA. 2025;333(8):682–93.

122.	 Bouadma L, Luyt C-E, Tubach F, Cracco C, Alvarez A, Schwebel C, et al. Use 
of procalcitonin to reduce patients’ exposure to antibiotics in intensive care 
units (PRORATA trial): a multicentre randomised controlled trial. Lancet. 
2010;375(9713):463–74.

123.	 Bonten M. Selective decontamination of the digestive tract: an answer at 
last? JAMA. 2022;328(23):2310–1.

124.	 SuDDICU Investigators, Myburgh JA, Seppelt IM, Goodman F, Billot L, Correa 
M, et al. Effect of selective decontamination of the digestive tract on hospital 
mortality in critically ill patients receiving mechanical ventilation: a random-
ized clinical trial. JAMA. 2022;328(19):1911–21.

125.	 De Waele JJ, Leroux-Roels I, Depuydt P. Selective digestive decontamination - 
Pro. Intensive Care Med. 2023;49(8):979–81.

126.	 Wiersinga WJ. Selective digestive decontamination- not sure. Intensive Care 
Med. 2023;49(8):984–6.

127.	 Hammond NE, Myburgh J, Seppelt I, Garside T, Vlok R, Mahendran S, et al. 
Association between selective decontamination of the digestive tract and 
in-hospital mortality in intensive care unit patients receiving mechanical ven-
tilation: a systematic review and meta-analysis. JAMA. 2022;328(19):1922–34.

128.	 Wittekamp BH, Plantinga NL, Cooper BS, Lopez-Contreras J, Coll P, Mancebo J, 
et al. Decontamination strategies and bloodstream infections with antibiotic-
resistant microorganisms in ventilated patients: a randomized clinical trial. 
JAMA. 2018;320(20):2087–98.

129.	 Karvouniaris M, Makris D, Zygoulis P, Triantaris A, Xitsas S, Mantzarlis K, et al. 
Nebulised colistin for ventilator-associated pneumonia prevention. Eur Respir 
J. 2015;46(6):1732–9.

130.	 Ehrmann S, Barbier F, Demiselle J, Quenot JP, Herrecht JE, Roux D, et al. 
Inhaled amikacin to prevent ventilator-associated pneumonia. N Engl J Med. 
2023;389(22):2052–627.

131.	 Li J, Lyu S, Luo J, Liu P, Albuainain FA, Alamoudi OA, et al. Prophylactic 
antibiotics delivered via the respiratory tract to reduce ventilator-associated 
pneumonia: a systematic review, network meta-analysis, and trial sequential 
analysis of randomized controlled trials. Crit Care Med. 2024;52(10):1612–23.

132.	 Dahyot-Fizelier C, Lasocki S, Kerforne T, Perrigault PF, GeeraertsAsehnoune, 
T, et al. Ceftriaxone to prevent early ventilator-associated pneumonia in 
patients with acute brain injury: A multicentre, randomised, double-blind, 
placebo-controlled, assessor-masked superiority trial. Lancet Respir Med. 
2024;12(5):375–85.

133.	 Trivedi KK, Bartash R, Letourneau AR, Abbo L, Fleisher J, Gagliardo C, et al. 
Opportunities to improve antibiotic appropriateness in U.S. ICUs: a multi-
center evaluation. Crit Care Med. 2020;48(7):968–76.

134.	 Cosgrove SE, Seo SK, Bolon MK, Sepkowitz KA, Climo MW, Diekema DJ, et al. 
CDC prevention epicenter program: Evaluation of postprescription review 
and feedback as a method of promoting rational antimicrobial use: A multi-
center intervention. Infect Control Hosp Epidemiol. 2012;33(4):374–80.



Page 16 of 16Micek et al. Critical Care          (2025) 29:434 

135.	 Lawrence KL, Kollef MH. Antimicrobial stewardship in the intensive care unit: 
advances and obstacles. Am J Respir Crit Care Med. 2009;179(6):434–8.

136.	 Wunderink RG, Srinivasan A, Barie PS, Chastre J, Dela Cruz CS, Douglas IS, 
et al. Antibiotic stewardship in the intensive care unit. An official American 
Thoracic Society workshop report in collaboration with the AACN, CHEST, 
CDC, and SCCM. Ann Am Thorac Soc. 2020;17(5):531–40.

137.	 Teshome BF, Vouri SM, Hampton NB, Kollef MH, Micek ST. Evaluation of a 
ceiling effect on the association of new resistance development to antip-
seudomonal beta-lactam exposure in the critically ill. Infect Control Hosp 
Epidemiol. 2020;41(4):484–5.

138.	 Micek ST, Ward S, Fraser VJ, Kollef MH. A randomized controlled trial of an 
antibiotic discontinuation policy for clinically suspected ventilator-associated 
pneumonia. Chest. 2004;125(5):1791–9.

139.	 Arena F, Scolletta S, Marchetti L, Galano A, Maglioni E, Giani T, et al. Impact of 
a clinical microbiology-intensive care consulting program in a cardiothoracic 
intensive care unit. Am J Infect Control. 2015;43(9):1018–21.

140.	 Ture Z, Güner R, Alp E. Antimicrobial stewardship in the intensive care unit. J 
Intensive Med. 2023;3(3):244–53.

141.	 Astorga MC, Piscitello KJ, Menda N, Ebert AM, Ebert SC, Porte MA, et al. 
Antibiotic stewardship in the neonatal intensive care unit: effects of an 
automatic 48-hour antibiotic stop order on antibiotic use. J Pediatr Infect Dis 
Soc. 2019;8(4):310–6.

142.	 Adams SM, Ngo L, Morphew T, Babbitt CJ. Does an antimicrobial time-out 
impact the duration of therapy of antimicrobials in the PICU. Pediatr Crit Care 
Med. 2019;20(6):560–7.

143.	 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(1):15–23.

144.	 Wichmann S, Christensen DØ, Jensen CAJ, Bangsborg J, Kolpen M, 
Bestle MH. Antibiotic stewardship with multiplex PCR for pneumonia in 
intensive care patients: a retrospective study. Acta Anaesthesiol Scand. 
2024;68(10):1456–62.

145.	 Papp M, Kiss N, Baka M, Trásy D, Zubek L, Fehérvári P, et al. Procalcitonin-
guided antibiotic therapy may shorten length of treatment and may improve 
survival—a systematic review and meta-analysis. Crit Care. 2023;27:394.

146.	 de Jong E, van Oers JA, Beishuizen A, Vos P, Vermeijden WJ, Haas LE, et al. 
Efficacy and safety of procalcitonin guidance in reducing the duration of 
antibiotic treatment in critically ill patients: a randomised, controlled, open-
label trial. Lancet Infect Dis. 2016;16(7):819–27.

147.	 Kyriazopoulou E, Liaskou-Antoniou L, Adamis G, Panagaki A, Melachro-
inopoulos N, Drakou E, et al. Procalcitonin to reduce long-term infection-
associated adverse events in sepsis. A randomized trial. Am J Respir Crit Care 
Med. 2021;203(2):202–10.

148.	 Kam KQ, Chen T, Kadri SS, Lawandi L, Yek C, Walker M, et al. Epidemiology and 
outcomes of antibiotic de-escalation in patients with suspected sepsis in us 
hospitals. Clin Infect Dis. 2025;80(1):108–17.

149.	 Teshome BF, Park T, Arackal J, Hampton N, Kollef MH, Micek ST. Prevent-
ing new gram-negative resistance through beta-lactam de-escalation in 
hospitalized patients with sepsis: a retrospective cohort study. Clin Infect Dis. 
2024;79(4):826–33.

150.	 Tanzarella ES, Cutuli SL, Lombardi G, Cammarota F, Caroli A, Franchini E, et al. 
Antimicrobial de-escalation in critically ill patients. Antibiotics. 2024;13(4):375.

151.	 Curtis CE, Al Bahar F, Marriott JF. The effectiveness of computerised deci-
sion support on antibiotic use in hospitals: a systematic review. PLoS ONE. 
2017;12(8):e0183062.

152.	 Ng TM, Heng ST, Chua BH, Ang LW, Tan SH, Tay HL, et al. Sustaining antimi-
crobial stewardship in a high-antibiotic resistance setting. JAMA Netw Open. 
2022;5(5):e2210180.

153.	 Cesaro A, Hoffman SC, Das P, de la Fuente-Nunez C. Challenges and 
applications of artificial intelligence in infectious diseases and antimicrobial 
resistance. NPJ Antimicrob Resist. 2025;3:2.

154.	 Seidelman JL, Turner NA, Wrenn RH, Sarubbi C, Anderson DJ, Sexton DJ, 
et al. Impact of antibiotic stewardship rounds in the intensive care set-
ting: a prospective cluster-randomized crossover study. Clin Infect Dis. 
2022;74(11):1986–92.

155.	 Mokrani D, Chommeloux J, Pineton de Chambrun M, Hékimian G, Luyt CE, 
et al. Antibiotic stewardship in the ICU: time to shift into overdrive. Ann Inten-
sive Care. 2023;13(1):39.

156.	 New tool for assessing antibiotic stewardship in global inpatient healthcare 
facilities. ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​c​d​​c​​.​g​​o​​v​/​i​​n​t​​e​r​n​​a​t​i​o​​n​​a​l​​-​i​​n​f​e​​c​t​​i​​o​n​-​​c​o​​n​t​​r​​o​l​​/​​p​h​p​​/​s​​t​o​​r​i​e​​s​/​a​
m​s​​-​t​o​o​l​.​h​t​m​l (accessed 18 July 2025).

157.	 McGregor JC, Fitzpatrick MA, Suda KJ. Expanding antimicrobial stewardship 
through quality improvement. JAMA Netw Open. 2021;4(2):e211072.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.cdc.gov/international-infection-control/php/stories/ams-tool.html
https://www.cdc.gov/international-infection-control/php/stories/ams-tool.html

	﻿Optimal antibiotic use in the intensive care unit
	﻿Abstract
	﻿Background
	﻿Introduction
	﻿Initial empiric treatment and combination therapy
	﻿Pharmacokinetic considerations
	﻿Antibiotic de-escalation strategies and duration of treatment
	﻿Antibiotics for infection prevention
	﻿Stewardship considerations
	﻿Conclusions
	﻿References


