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Abstract

Sepsis is a common consequence of infection, associated with a mortality rate > 25%. Although community-acquired
sepsis is more common, hospital-acquired infection is more lethal. The most common site of infection is the lung, fol-
lowed by abdominal infection, catheter-associated blood steam infection and urinary tract infection. Gram-negative
sepsis is more common than gram-positive infection, but sepsis can also be due to fungal and viral pathogens. To
reduce mortality, it is necessary to give immediate, empiric, broad-spectrum therapy to those with severe sepsis and/
or shock, but this approach can drive antimicrobial overuse and resistance and should be accompanied by a commit-
ment to de-escalation and antimicrobial stewardship. Biomarkers such a procalcitonin can provide decision support
for antibiotic use, and may identify patients with a low likelihood of infection, and in some settings, can guide dura-

newer antimicrobial agents.

Pharmacokinetics, Bacteremia, Biomarkers

tion of antibiotic therapy. Sepsis can involve drug-resistant pathogens, and this often necessitates consideration of
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Background

Sepsis is a common and life-threatening illness in the
ICU, requiring timely and effective antimicrobial therapy.
The aims of this review are to identify the most com-
mon sites of sepsis, the likely pathogens, and the optimal
approach to antimicrobial therapy. Effective therapy must
be balanced by the need to avoid overuse of broad spec-
trum agents and thus must be accompanied by a commit-
ment to antimicrobial stewardship. Using experts in this
topic, we reviewed the literature relevant to antimicrobial
management of sepsis and recommend key principles for
management.

Sepsis epidemiology, infection site and pathogens

Sepsis is a life-threatening organ dysfunction syndrome
caused by a dysregulated host response to infection,
associated with a mortality rate over 25%, that has been
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designated a global health priority [1-3]. The majority
of sepsis is community-acquired, and progression can
be insidious, making diagnosis difficult [3, 4]. Prognosis
depends on early administration of broad-spectrum anti-
biotics and effective source control [5, 6].

Sepsis affects 1.7 million adults in the USA annually,
with nearly 270,000 deaths [7], and between 19.4 and 31.5
million episodes annually, worldwide, with 5.3 million
deaths [8]. A global study reported a decrease of 18.8% in
sepsis incidence worldwide from 60 million cases in 1990
to 49 million cases in 2017 [9]. However, sepsis-related
Medicare hospital admissions increased from 811,644 to
1,136,889 from 2012 to 2018, with an associated increase
in hospital and subsequent skilled nursing care cost from
$27.7 to $41.5 billion [10]. Mortality at 6 months remains
high for septic shock at 60% and severe sepsis at 36% [10].

Bacterial infections are the most common cause, but
viruses and fungi may occur in patients with comorbid
conditions and immunosuppression. The most common
foci in hospitalized patients are infections of the lower
respiratory tract, followed by intra-abdominal, blood-
stream, intravascular line infections, and urinary tract
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infections [11]. Major bloodstream isolates include S.
aureus, E. coli, Klebsiella spp., Pseudomonas aeruginosa,
Enterococci, Streptococci and coagulase-negative staphy-
lococci [12]. In the Extended Prevalence of Infection in
Intensive Care (EPIC III) study including 15,000 ICU
patients from 88 countries, 65% of patients had at least
1 positive microbiological culture with gram-negative
pathogens being most common (67%, n=3540), includ-
ing Klebsiella species, E. coli, Pseudomonas species,
Enterobacteraceae, Proteus, Stenotrophomonas, Serratia
and Acinetobacter species. Of the gram-positive microor-
ganisms (37%, n=1946)—S. aureus, S. pneumoniae, and
Enterococcus were most common, and Candida species
and Aspergillus were the common fungal microorgan-
isms (16%, n=2864) [13]. Infection with specific multi
drug resistant pathogens in the ICU [vancomycin-resist-
ant Enterococcus(OR=2.41), Klebsiella resistant to
B-lactam antibiotics (OR=1.29), carbapenem-resistant
Acinetobacter species (OR=1.40)] was independently
associated with a higher risk of mortality compared to
infection with other microorganisms [13].

In a study of 1072 patients with mostly community-
onset sepsis, 61% had some health care exposure, includ-
ing recent antibiotics, chemotherapy, wound care,
dialysis, or surgery in the 30 days before sepsis onset, with
a pathogen defined in 57% [4]. There was an increased
30-day mortality in those with underlying co-morbid
conditions such as cirrhosis (OR=3.59), immunosup-
pression (OR=2.52), vascular disease (OR=1.54) [4].
In another study including 2.2 million hospitalizations,
Rhee and colleagues reported community-onset sepsis to
be more common (87.9%, n = 83,620) than hospital-onset
sepsis (12.1%, n=11,534), but with a higher mortality in
hospital-onset sepsis (OR=2.1; 95% CI, 2.0-2.2) [14]. In
a meta-analysis of 51 studies from both developing and
developed countries, including neonatal ICUs, mortality
was 52.3% (95% CI: 43.4-61.1%) in those with hospital-
acquired sepsis [15]. Worldwide, age-standardized sep-
sis-related mortality is higher among males than females
(164.2 vs.134.1 perl00,000) and diarrheal illness and
lower respiratory tract infections ranked 1 and 2 among
the most common cause of sepsis-related mortality [9].

The importance of early appropriate and timely
therapy

Timely administration of appropriate antibiotic therapy
(i.e., with activity in vitro against the causative patho-
gens) is the cornerstone of the management of seri-
ous ICU infections [1]. Observational, prospective and
retrospective studies support the use of appropriate
empiric antibiotic therapy in sepsis and septic shock
[16—19]. Administration of inappropriate initial antibi-
otic therapy has been associated with greater mortality
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dating back to a prospective study in 1999, evaluating
2000 ICU patients [20]. These findings have been con-
firmed in a meta-analysis demonstrating reduced mor-
tality (OR 0.44, 95% CI 0.38-0.50), and significantly
shorter hospital lengths of stay, with corresponding
reductions in hospital costs, in patients receiving early
appropriate versus inappropriate antibiotic therapy in
severe bacterial infection [21]. Similar associations for
antifungal therapy in Candida bloodstream infections
have been shown [22-24].

A retrospective cohort study of 21,608 adults with
bloodstream infections from 131 US hospitals found that
4165 (19%) received discordant empiric antibiotic ther-
apy (based on in vitro testing of blood culture isolates),
which was independently associated with increased mor-
tality risk (adjusted odds ratio 1.46 [95% CI, 1.28-1.66])
[25]. A retrospective cohort analysis of bloodstream
infection with severe sepsis and septic shock found
that the number needed to treat (NNT) with appropri-
ate initial antimicrobial therapy to prevent one patient
death was 4.0 (95% CI, 3.7-4.3) [26]. The prevalence-
adjusted pathogen-specific NNT for appropriate therapy
to prevent one death was lowest for multidrug-resistant
(MDR) bacteria (NNT =20), and higher for Candida spp.
(NNT =34), methicillin-resistant Staphylococcus aureus
(MRSA; NNT=38), and Pseudomonas aeruginosa
(NNT =38) [26].

The randomized prospective MERINO trial, that com-
pared therapy with piperacillin-tazobactam to merope-
nem in patients with severe bloodstream infection caused
by ceftriaxone-nonsusceptible E coli or K pneumoniae,
supported early appropriate therapy [27]. Non-inferiority
of the piperacillin-tazobactam arm could not be estab-
lished with 23 of 187 patients (12.3%) randomized to
piperacillin-tazobactam dying at 30 days compared with
7 of 191 patients (3.7%) randomized to meropenem (risk
difference, 8.6%) [27].

Delayed administration of appropriate therapy can
be due to both delays in recognition of infection and
administration of the antibiotics, but the optimal tim-
ing of therapy depends on the population studied [28].
A recent review suggested that a reasonable timeframe
would be no later than three to five hours after infection
onset, but immediately for patients with septic shock
[29]. The administration of early appropriate therapy
must be balanced against the unnecessary use of antibiot-
ics, especially broad-spectrum agents, in the absence of
proven infection, with excess mortality associated with
this practice, and an increased risk of colonization and
infection with antibiotic-resistant pathogens [30-33].
Thus, the use of rapid, broad-spectrum empiric therapy,
especially in emergency settings, must come with a com-
mitment to de-escalation, meaning shorter duration, less
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broad-spectrum therapy and fewer drugs, once clinical
and microbiologic data become available (Fig. 1).

Biomarkers to guide sepsis therapy

Clinical and biological signs of sepsis are neither sensi-
tive nor specific, particularly in older patients and the
immunocompromised, making decisions about start-
ing and stopping antibiotics challenging in ICU patients
[5]. Intensivists have sought biological markers to define
when to safely postpone antibiotic therapy in those with
possible infection. In 1998, a biomarker was defined as
“a characteristic that is objectively measured and evalu-
ated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a
therapeutic intervention” [34]. Ideally, a sepsis biomarker
should differentiate true sepsis from other inflammatory
conditions in a timely and cost-effective manner, and be
able to monitor the response to treatment, guiding both
when to start and safely stop therapy. Sepsis activates
multiple biochemical and immunological pathways, and
the release of various molecules that could potentially
serve as biomarkers [35]. Numerous promising biomark-
ers have been evaluated, but C-reactive protein (CRP)
and procalcitonin are the most widely evaluated, in
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randomized controlled studies of antibiotic stewardship
[35].

Given the heterogeneity and complexity of sepsis, no
biomarker has sufficient accuracy to differentiate sepsis
from other non-infectious causes of systemic inflam-
mation, and biomarkers can only be used as adjuncts to
clinical judgment, in defining when to start antibiotics
[36]. However, combining information collected from
several biomarkers could be valuable [37]. Development
of molecular biology including “omics” could allow the
development of better sepsis biomarkers [38], whose
usefulness will be increased by their integration into bio-
logical scores [38]. Several host response gene-expression
assays have been developed. SeptiCyteTM LB, (Immun-
express, Seattle, WA) has been cleared by the FDA in the
United States, for discriminating sepsis from non-infec-
tious systemic inflammation, among a heterogeneous
cohort of 249 adult critical care patients [39].

Individualizing antibiotic treatment duration using
biomarker guidance seems more intuitive than fixed
duration in patients with sepsis. In a patient-level meta-
analysis focusing on procalcitonin-guided antibiotic
management (11 trials), using serial measurements,
early discontinuation of antibiotics with a reduction in

Empiric Broad-Spectrum Therapy, Risk for Driving
Resistance and The Need for De-escalation

Empiric Broad —Spectrum
Antibiotics for Suspected
Sepsis: Immediate if
severe illness and/or
shock.

Pressure Driving Antibiotic Resistance

—)

De-Escalation (Based on clinical
course, culture data, serial
biomarker measurements).

Reduce duration, spectrum and

number of drugs.

=

Pressure Driving Antibiotic Resistance
Fig. 1 The need forimmediate broad-spectrum empiric antimicrobial therapy for selected patients with severe sepsis may be life-saving, but may
also put pressure to overuse antibiotics and drive antibiotic resistance. Thus, this approach comes with the obligation to try to control resistance by
de-escalating therapy once serial clinical, microbiologic and laboratory data become available. De-escalation can be in the form of shorter duration
of therapy, less broad-spectrum agents, fewer drugs, or a combination of these interventions
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treatment duration was facilitated (9.3 days in 2252 pro-
calcitonin guided patients vs. 10.4 days in 2230 control
patients; p<0.001), with significantly lower mortality
with procalcitonin-guidance [40]. Importantly, CRP has
been shown to be as useful as procalcitonin in reducing
antibiotic use in a predominantly medical population of
septic patients. Biomarkers decision support for sepsis
management is more valuable to guide duration of ther-
apy than to determine when to start antibiotic therapy.
However, biomarkers with a high negative predictive
value, along with clinical assessment, can help rule out
infection and the need for immediate antibiotic therapy.

Antibiotic therapy: principles of use and new
agents

While appropriate therapy refers to the use of an antimi-
crobial agent to which the etiologic pathogen is sensitive,
it is also necessary to administer the right dose, at the
optimal time, that penetrates into the site of infection.
This must be done without overuse that could drive anti-
microbial resistance at a global level, as well as within the
individual’s own bowel flora, which is often the source of
ICU-acquired infections [41].

Optimal antibiotic usage involves avoidance of under-
dosing, while preventing adverse effects associated with
overdosing. An initial large loading dose is required to
“fill” the higher than usual volume of distribution in
severe sepsis—roughly 1.5 times the standard dose [42].
Then dosing should occur according to drug clearance
[42, 43]. Level 1 and 2 evidence suggests that double cov-
erage for gram-negative infections is unnecessary [44,
45]. Still, some give one large initial dose of an amino-
glycoside in ICU-infected patients, along with another
agent, to assure broad enough coverage and to optimize
rapid killing of the organism [42].

The Kkill characteristics of commonly used ICU antibi-
otics differ [43, 46]. For beta-lactams, the best effect is
related to time above minimum inhibitory concentration
(MIC) of the target pathogen; high daily doses are best
administered by using continuous or extended infusions.
While this could improve outcomes by keeping trough
concentrations high especially in presence of resistance
[47], not all data are supportive [48]. For aminoglycosides
(a dose, or concentration-dependent antibiotic) therapy
should be with large single daily doses (or extended inter-
val in renal dysfunction) [49]. Quinolones, which also
have dose-dependent killing, should also have higher,
albeit spaced out, dosing.

Augmented renal clearance commonly occurs in
younger patients without renal dysfunction [50] and
necessitates higher than standard daily dosing to avoid
subtherapeutic concentrations. With renal replacement
therapy, underdosing and overdosing can occur, but
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higher doses of beta-lactams are probably a better option
to prevent underdosing [46]. Therapeutic drug monitor-
ing could be used as an aid to dosing most antibiotics
[51]. When choosing antibiotics, the site of infection is
important. Lipophilic antibiotics (e.g., quinolones) pro-
vide high concentrations in all tissues [49]. Hydrophilic
antibiotics (eg aminoglycosides) do not penetrate well
into tissues (lung, etc.) but stay in extravascular spaces,
although beta-lactams penetrate better than aminoglyco-
sides [49].

Previous antibiotic use predisposes patients to coloni-
zation with bacteria that are resistant to those drugs, and
travel to areas with high prevalence of resistant organ-
isms can lead to gut colonization with those endemic
bacteria [52]. In addition, treatment in an ICU with high
rates of local resistance can predispose to resistant path-
ogen infections.

A few new antibiotics can be used to treat severe
infection due to resistant gram-positive and gram-neg-
ative bacteria [53, 54]. Ceftolozane-tazobactam is active
against multidrug-resistant (MDR) Pseudomonas aer-
uginosa. Other newer agents, ceftazidime-avibactam,
imipenem-relebactam, meropenem-vaborbactam, and
cefiderocol can be used in patients with risk factors for
resistant pathogens that are particularly susceptible
to these agents. For those with carbapenem-resistant
Enterobacteriaceae, ceftazidime-avibactam, imipenem-
relebactam, and meropenem-vaborbactam may be most
effective. For organisms that produce metallo-beta-lacta-
mases ceftazidime-avibactam and cefiderocol would be
good options [53, 54]. In the future, phage therapy may
be a therapeutic option that needs study in sepsis [55].

Pneumonia: initial empiric therapy for CAP, HAP,
VAP

Severe community acquired pneumonia (CAP) [56-59].
For patients without risk factors for MRSA or Pseu-
domonas aeruginosa (PSA) infection, the currently rec-
ommended initial empiric therapy is (a) beta-lactam plus
a macrolide or (b) beta-lactam plus a respiratory fluoro-
quinolone (FQ), both of which are acceptable, although
more evidence favors a beta-lactam/macrolide. While
evidence supporting these recommendations is based
upon observational studies, a meta-analysis and system-
atic review found improved mortality for treatment with
beta-lactam/macrolide over a beta -lactam/FQ, especially
with severe CAP [60, 61]. There are not sufficient data to
recommend treatment with FQ monotherapy or a beta-
lactam plus doxycycline in severe CAP.

Patients with risk factors for MRSA or PSA might
have been characterized as healthcare-associated
pneumonia (HCAP) in the past, but his term has been
abandoned [56]. Multiple studies demonstrated that
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HCAP risk factors did not necessarily predict the pres-
ence of resistant organisms and that coverage for these
organisms did not improve clinical outcomes [62—-64].
The 2019 ATS/IDSA guideline recommends empiric
MRSA and/or PSA coverage for CAP patients with risk
factors for these pathogens, followed by de-escalation
of therapy, if cultures are negative. The best risk fac-
tors for MRSA and PSA infection are previous growth
of these pathogens [65-67], as well as recent hospi-
talization and parenteral antibiotic exposure (within
90 days) [68—70]. The development of validated scor-
ing systems that accurately predict risk for these path-
ogens has proven difficult, as have efforts to develop
locally validated risk factors. Empiric MRSA and/
or PSA coverage in severe CAP, with de-escalation,
has proven to be a safe strategy [71-73]. However, a
recent study found a low overall rate of de-escala-
tion in the setting of negative cultures, providing an
opportunity to improve antibiotic use [74]. Possible
empiric regimens recommended for MRSA pneumonia
include vancomycin or linezolid [75]. Therapy for PSA
includes piperacillin/tazobactam, cefepime, ceftazi-
dime, aztreonam, meropenem, or imipenem. Newer
agents may also have a role.

Hospital- and ventilator-acquired pneumonia (HAD,
VAP). Local antibiograms are recommended to guide
empiric antibiotic coverage [76]. All VAP patients
should receive S. aureus and PSA/gram-negative cov-
erage empirically, with additional consideration of
resistant organisms in those with risk factors. These
include prior antibiotic use within 90 days, septic
shock or ARDS, at least 5 days of hospitalization in the
past 90 days, and requirement of acute renal replace-
ment therapy, although not all studies have validated
these risk factors. MRSA coverage for VAP is recom-
mended for patients with at least 1 of these risk factors
and where local prevalence of MRSA is not known, or
is >10-20% of S. aureus isolates. Two anti-pseudomonal
agents from different classes are recommended for VAP
patients with at least 1 risk factor for resistant organ-
isms and where the local prevalence of gram-negative
resistance to a single anti-pseudomonal agent is not
known, or is>10% of gram-negative isolates. Treat-
ment is identical in HAP as in VAP. Guidelines support
empiric coverage for drug-resistant pathogens in at
risk patients, with subsequent de-escalation if cultures
are negative [76-79]. For all at-risk patients, the initial
empiric regimen should include coverage for methicil-
lin-sensitive S. aureus and PSA/gram-negatives (e.g.,
piperacillin/tazobactam, cefepime, imipenem, mero-
penem, ceftolozane/tazobactam). Recommended regi-
mens for MRSA and resistant PSA are similar to those
described above for severe CAP.
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Intra-abdominal infections

Complicated intra-abdominal infections (cIAI)—which
refers to the extension of the disease process beyond
the initial focus of infection, e.g., diffuse peritonitis after
diverticulitis—are typically diagnosed before ICU admis-
sion but may also develop during ICU stay, often after
surgery (80). cIAl is typically polymicrobial, with both
aerobic and anaerobic bacteria. Among gram-negative
pathogens, Enterobacterales are most common, and
non-fermenting pathogens such as Pseudomonas or Aci-
netobacter spp. are not as frequent as in respiratory or
bloodstream infections [13, 81]. Enterococci are par-
ticularly prevalent in critically ill patients with cIAI—
they represent roughly half of the gram-positive isolates
[13, 81]. However, anaerobic bacteria may be difficult to
culture.

While sampling the source of infection is only done at
a later stage during a procedure to control the source of
infection (either percutaneous drainage or open surgical
approach), empirical antimicrobial therapy should not
be delayed. Blood cultures should be taken, but the rel-
evance of sampling abdominal drains is limited. Empiric
therapy should cover a wide spectrum of pathogens, e.g.,
a broad-spectrum beta-lactam/beta-lactamase inhibitor
combination or a carbapenem, adapted to the local ecol-
ogy. However, in the therapy of Enterococci, some strains
may not be susceptible to beta-lactam antibiotics, par-
ticularly after recent exposure to drugs from this class,
and empirical therapy with glycopeptides or oxazolidi-
nones should be considered. When using empiric carbap-
enem treatment, it is essential to confirm enterococcus
susceptibility.

Critically patients with cIAI often have multiple risk
factors for invasive candidiasis, and empirical antifungal
therapy is generally recommended for the most severely
ill [82]. In a recent global study, fungi were involved in
13% of the patients, with Candida albicans isolated in
two-thirds of those patients. Either azoles or echinocan-
dins can be used empirically, based on the severity of
illness, local epidemiology and previous exposure to anti-
fungal drugs.

Controlling the source of the infection is essential, and
should be pursued as soon as logistically possible [5, 80].
Percutaneous drainage is preferred if the infection is
localized and no ongoing contamination of the abdomen
is present.

Empiric therapy for bacteremia

Among patients admitted with sepsis, nearly half
remain culture-negative [83, 84]. However, among
culture positive patients, microbiologic data from
the bloodstream offers an important opportunity to
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modify therapy. In bacteremic infection, there are
three empiric windows prior to definitive susceptibil-
ity results: (1) syndrome-guided therapy, (2) gram stain
morphology-guided therapy, and (3) pathogen-guided
therapy [85].

The hospital antibiogram, for each specific drug-bug
combination, can aid in selecting empiric antibiotic treat-
ments prior to the availability of susceptibility results, in
pathogen-guided therapy (empiric window 3). Recently,
this window has expanded to earlier time points, due to
rapid pathogen identification methods such as matrix
absorption laser desorption/ionization time of flight
(MALDI-TOF), which have outstripped rapid suscepti-
bility testing methods [85]. Prior to window 3, a weighted
incidence hospital antibiogram can provide the over-
all susceptibility rates among all gram-negative bacte-
remias, that can be used to guide treatment in empiric
window 2. Pulling together historic susceptibility infor-
mation by syndrome is more challenging, but is worth-
while to inform local guidelines for empiric treatment
of syndromes (window 1) such as central line associated
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bloodstream infection (CLBSI) [86], and intra-abdomi-
nal/hepatobiliary infections [87].

To operationalize the antibiogram, we need to know
what threshold of coverage to target with empiric treat-
ment. In one physician survey, the median preferred
thresholds for adequate coverage were 80% for mild sep-
sis and 90% for severe sepsis [88]. Using a 90% minimum
threshold, for infections like VAP and CLABSI, we will
potentially need to recommend toxic (e.g., aminoglyco-
side), reserved (e.g., carbapenem), or toxic and reserved
(e.g., colistin) combinations of antibiotics for almost
every patient, further driving antibiotic resistance. The
solution is to use known predictors of antimicrobial
resistance to individualize empiric antibiotic treatment
so that we can use narrower spectrum monotherapy regi-
mens when they will suffice, and limit broader spectrum
combination therapy regimens to those who most need
them (Fig. 2). Decision support models for empiric treat-
ment of gram-negative bacteremia can incorporate risk
factors for resistance (patient demographics, recent hos-
pital exposure, recent antibiotic use, prior microbiology

FACTORS GUIDING CHOICE AND RAPIDITY
OF ANTIMICROBIAL USE IN SEPSIS

Local
Microbiology:
Are>25%
pathogens in ICU
are MDR?

Severity of

Common
Sources:

Lung, Abdomen,

Intravascular line,
Urinary

Common
Pathogens: Gram
Negatives (67%):
Klebsiella spp, E.

Coli, Pseudomonas
aeruginosa ,
Enterobacteriacea,
Gram-Posivitives
(37%)

Fungi (16%)

lliness : shock,
respiratory
failure;
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Biomarkers
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Fig. 2 The rapidity of empiric therapy and the choice of specific agents are determined by the clinical scenario of the patient with suspected
sepsis. Immediate therapy is given to those with a high likelihood of infection, and severe iliness and or shock. If biomarkers like procalcitonin are
not elevated, and the patient is not severely ill,immediate therapy is not necessary, and some patients may not even have infection. Specific agents
are chosen with a consideration of the most common site of infection (lung >abdomen > catheter-associated infection > urinary tract infection).
Each site has a group of likely pathogens, but these can vary, depending on patient-specific risk factors for resistance, and local ICU patterns of
drug-resistant organisms. In sepsis, gram-negatives are more common than gram-positive, but some patients may also have fungal infection




Niederman et al. Crit Care (2021) 25:307

culture results) and promote rapid de-escalation of anti-
biotics without compromising time-to-adequate treat-
ment [89, 90]. As discussed for pneumonia, patient’s
prior microbiology results provide powerful information
to predict resistance for current infections [91, 92]. With
Staphylococcus aureus bacteremia, a prior positive MRSA
surveillance swab result necessitates use of anti-MRSA
empiric treatment [93]. With gram-negative bacteremia,
identification of a prior gram-negative organism resistant
to a specific drug within the last year should preclude use
of that antibiotic [91].

The approach to fungal sepsis

Invasive fungal infections (IFI) are rising as a cause of
ICU sepsis and are associated with a mortality of 40% to
60% [94]. Epidemiological data, risk factors, prediction
rules, scores, microbiological data and biomarkers can
help identify patients with fungal sepsis.

Fungi account for around 5% of all cases of sepsis.
Candida, the main etiological agent, is the sixth to tenth
most common agent of bloodstream infections and often
presents as candidemia or deep-seated candidiasis [95,
96]. One-third of all candidemia occurs in the ICU and
25% to 35% of candidemic patients present with sepsis
or septic shock [95, 97]. Pneumocystosis, cryptococco-
sis, histoplasmosis, invasive aspergillosis, mucormycosis,
fusariosis, penicilliosis and scedosporiosis may occasion-
ally also present with disseminated infection and sepsis.

Table 1 Summary and Key recommendations
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Candida is a normal constituent of the microbiota of
the skin, the gastrointestinal tract, the urethra and the
vagina, making it difficult to distinguish colonization
from infection when isolated from non-sterile body sites.
As an opportunistic pathogen, Candida is unlikely to
cause infections without either a profound alteration of
the microbiota, the integrity of the skin or the mucous
membranes, or of host defenses [94, 98]. In immunocom-
petent ventilated ICU patients, isolation of Candida from
lower respiratory tract specimens nearly always indicates
colonization rather than infection [99]. A Candida colo-
nization index of 0.5 or greater, defined as the ratio of
positive to negative screening cultures of body sites, may
increase the likelihood of invasive candidiasis, and may
trigger preemptive or empiric therapy [100, 101].

Risk factors for invasive candidiasis are non-specific
and similar to bacterial infections, (prior colonization,
broad-spectrum antibiotic therapy, intravenous access
devices, parenteral nutrition, diabetes, renal insufficiency,
hemodialysis, abdominal surgery, pancreatitis, neutro
penia, solid organ transplantation and immunosuppres-
sive therapy) [94]. Scoring systems based on combina-
tions of risk factors, underlying conditions and clinical
characteristics exhibit high (>90%) negative predictive
values for IFI and may assist in ruling out invasive can-
didiasis [102-104].

Culture-based diagnostic tests for IFI are not sensitive
and have a long turnaround time, resulting in delayed ini-
tiation of targeted antifungal therapy. Blood cultures are

1 Sepsis mandates prompt antibiotic therapy and source control

2 Bacteria are the most common cause of sepsis, but viruses and fungi can also be responsible. Gram-negative organisms are more common than
gram-positives, but many bacteria are multidrug resistant (MDR), which should be considered when choosing empiric therapy

3 Use of initial appropriate therapy leads to reduced mortality, length of stay and cost, and should be selected based on the suspected source of infec-
tion, the likelihood of MDR pathogen infection, and consideration of local microbial susceptibility patterns. Initial therapy should be no later than
three to five hours after infection onset, but immediately for patients with septic shock, and for those with severe illness and a high likelihood of infection

4 Biomarkers such as procalcitonin and C-reactive protein may have a role in antimicrobial stewardship, but should not be used alone to determine

whether to start antibiotic therapy in patients with sepsis

5 Even with appropriate antibiotic therapy, it is necessary to use the correct dose, often higher than usual in septic patients, who can have augmented renal
clearance of antibiotics, along with alterations in volume of distribution, cardiac output and penetration to the site of infection

6 Empiric therapy for septic patients with pneumonia (CAP, HAP, VAP) should never be with a single agent, and is based on risk factors for MDR patho-
gens, with a focus on initially broad spectrum therapy, followed to de-escalation if MDR pathogens are not present on culture. The most important
risk factors to consider when choosing empiric therapy are local microbiology, recent use of broad spectrum antibiotics in the past 90 days, recent
hospitalization for at least 5 days in the past 90 days, and prior colonization or infection by MRSA or Pseudomonas aeruginosa

7 Complicated intra-abdominal infection (clAl) is often polymicrobial, involving gram-negatives, anaerobes and enterococci. Initial empiric therapy of
septic patients should be with a beta-lactam/beta-lactamase inhibitor or a carbapenem, and in some patients, Candida species should be targeted with
added coverage. Management also includes source control with percutaneous or surgical drainage, which can also obtain material for culture

8 Empiric therapy of bacteremia begins on a syndromic basis prior to the positive blood culture result, and then can be modified when gram stain
and then pathogen identity are known. The latter window is becoming possible at earlier time points, due to the advent of rapid microbiologic
testing. Therapy choices should be based on individual patient risk factors for specific pathogens, local microbiology, and done with a goal of covering the

etiologic pathogen at least 90% of the time

9 Fungal infection accounts for 5% of sepsis, is most commonly due to Candida spp. and can be predicted by prediction scores, epidemiologic data,
microbiologic data and biomarkers. Risk factors overlap with those for other causes of ICU sepsis. Pre-emptive and empiric therapy are often neces-
sary and echinocandins are preferred for Candida, but some strains are becoming resistant
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negative in 30% to 50% of candidemia patients and in 80%
to 90% of patients with primary deep-seated candidi-
asis [105]. Sensitivities and specificities of non-culture
based tests are in the range of 75% to 95% for mannan/
anti-mannan antibody, p-D-glucan and polymerase chain
reaction and 45% to 95% for Candida albicans germ tube
assay [105-107]. The T2Candida panel looks promising
in early clinical trials [108].

Given the high mortality associated with IFI, especially
in immunocompromised patients, prompt initiation of
pre-emptive or empirical antifungal therapy is critical
[94, 98]. The clinical conditions (primary site of infec-
tion, immune status of the host), local epidemiology,
microbiology and fungal biomarker data, prior expo-
sure to antifungal agents and potential drug interactions
will guide the choice of antifungal therapy. Echinocan-
dins are the preferred agents for the treatment of inva-
sive candidiasis [109-111]. However, the emergence of
echinocandin-resistant C. albicans, C. glabrata and C.
auris is a concern [112, 113]. Triazoles or lipid formula-
tions of amphotericin B are the preferred agents for mold
infections [114]. Step-down therapy will depend on the
response to initial therapy and culture results. Appropri-
ate source control (drainage of collections, removal of
catheters or of prosthetic devices, whenever possible) is a
critical component of management.

Conclusions

The management of suspected sepsis requires thoughtful
and individualized care. Initial empiric therapy should be
immediate for those with a high likelihood of infection,
severe illness and/or shock. Specific empiric antimicro-
bial therapy should be chosen with consideration of the
likely site of infection, common pathogens for these sites,
and with modification made by consideration of patient-
specific risk factors for resistance and knowledge of local
microbiology. While timely and appropriate therapy is
necessary to reduce mortality, it must be accompanied
by a commitment to de-escalate once we get culture and
serial clinical and laboratory data, since indiscriminate
use of broad-spectrum empiric therapy is a driving force
for antimicrobial resistance. Key recommendations for
management are summarized in Table 1.

Acknowledgements

We thank Ms. Colleen Devoti and Michelle LoPiccolo for assistance with
preparing this manuscript. We thank Dr. Jean-Louis Vincent for critical input in
the content of this manuscript.

Authors’ contributions

All authors have contributed to the content of this manuscript and have
reviewed and approved it for accuracy and completeness. MSN developed the
plan for the topics to cover, invited all the authors, reviewed and organized
the manuscript, edited the manuscript and prepared the Table and Figures.
GN prepared the section on Sepsis Epidemiology. MK prepared the section on

Page 8 of 11

Appropriate Antibiotic Therapy. LB prepared the section on Biomarkers in Sep-
sis. JL prepared the section on Antibiotic Therapy. RB prepared the section on
Pneumonia Therapy. JD prepared the section on Intra-abdominal Infections.
ND prepared the section on Empiric Therapy of Bacteremia. TC prepared the
section on Fungal Sepsis. All authors read and approved the final manuscript.

Funding
None.

Availability of data and material
Not applicable.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
All authors have provided consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Pulmonary and Critical Care Medicine, New York Presbyterian/Weill Cornell
Medical Center, 425 East 61st St, New York, NY 10065, USA. “Harvard Medical
School; Division of Pulmonary and Critical Care Medicine, Brigham and Wom-
en’s Hospital, Boston, MA 02115, USA. >AP-HP, Bichat Claude Bernard, Medical
and Infectious Diseas ICU, University of Paris, Paris, France. *Infectious Diseases
Service, Department of Medicine, Lusanne University Hospital, University

of Lusanne, Lusanne, Switzerland. °Division of Infectious Diseases, Sunnybrook
Health Sciences Centre, University of Toronto, Toronto, Canada. °Department
of Critical Care Medicine, Surgical Intensive Care Unit, Ghent University, Ghent,
Belgium. ’Division of Pulmonary and Critical Care Medicine, Washington
University School of Medicine, St. Louis, MO, USA. 8Royal Brisbane and Wom-
en’s Hospital and Jamieson Trauma Institute, The University of Queensland,
Brisbane, Australia. “Nimes University Hospital, University of Montpelier, Nimes,
France. '°Oakland University William Beaumont School of Medicine, Royal Oak,
MI, USA.

Received: 16 August 2021 Accepted: 18 August 2021
Published online: 26 August 2021

References

1. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al.
Surviving sepsis campaign: international guidelines for management of
sepsis and septic shock: 2016. Crit Care Med. 2017;45(3):486-552.

2. Seymour CW, Liu VX, lwashyna TJ, Brunkhorst FM, Rea TD, Scherag A,
et al. Assessment of clinical criteria for sepsis: for the third international
consensus definitions for sepsis and septic shock (sepsis-3). JAMA.
2016;315(8):762-74.

3. Reinhart K, Daniels R, Kissoon N, Machado FR, Schachter RD, Finfer S.
recognizing sepsis as a global health priority—a WHO resolution. N
Engl J Med. 2017,377(5):414-7.

4. Fay K, Sapiano MRP, Gokhale R, Dantes R, Thompson N, Katz DE, et al.
Assessment of health care exposures and outcomes in adult patients
with sepsis and septic shock. JAMA Netw Open 2020;3(7):e206004.

5. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al.
Surviving sepsis campaign: international guidelines for management of
sepsis and septic shock: 2016. Intensive Care Med. 2017;43(3):304-77.

6. Martinez ML, Ferrer R, Torrents E, Guillamat-Prats R, Goma G, Suarez D,
et al. Impact of source control in patients with severe sepsis and septic
shock. Crit Care Med. 2017;45(1):11-9.

7. @CDCgov. Clinical Information | Sepsis | CDC. 2021.

8. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlatt-
mann P, et al. Assessment of global incidence and mortality of hospital-
treated sepsis. Current estimates and limitations. Am J Respir Crit Care
Med. 2016;193(3):259-72.



Niederman et al. Crit Care

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2021) 25:307

Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR,

et al. Global, regional, and national sepsis incidence and mortality,
1990-2017: analysis for the Global Burden of Disease Study. Lancet.
2020;395(10219):200-11.

Buchman TG, Simpson SQ, Sciarretta KL, Finne KP, Sowers N, Collier M,
et al. Sepsis among medicare beneficiaries: 1. The burdens of sepsis,
2012-2018. Crit Care Med. 2020;48(3):276-88.

Llewelyn MJ, Cohen J. Tracking the microbes in sepsis: advancements in
treatment bring challenges for microbial epidemiology. Clin Infect Dis.
2007;44(10):1343-8.

Kern WV, Rieg S. Burden of bacterial bloodstream infection—a brief
update on epidemiology and significance of multidrug-resistant patho-
gens. Clin Microbiol Infect. 2020,26(2):151-7.

Vincent JL, SakrY, Singer M, Martin-Loeches |, 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.

Rhee C,Wang R, Zhang Z, Fram D, Kadri SS, Klompas M, et al. Epidemiol-
ogy of hospital-onset versus community-onset Sepsis in U.S. hospitals
and association with mortality: a retrospective analysis using electronic
clinical data. Crit Care Med. 2019:47(9):1169-76.

Markwart R, Saito H, Harder T, Tomczyk S, Cassini A, Fleischmann-Stru-
zek C, et al. Epidemiology and burden of sepsis acquired in hospitals
and intensive care units: a systematic review and meta-analysis. Inten-
sive Care Med. 2020;46(8):1536-51.

Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, et al. Initiation of
inappropriate antimicrobial therapy results in a fivefold reduction of
survival in human septic shock. Chest. 2009;136(5):1237-48.

Zhang D, Micek ST, Kollef MH. Time to appropriate antibiotic therapy is
an independent determinant of postinfection ICU and hospital lengths
of stay in patients with sepsis. Crit Care Med. 2015;43(10):2133-40.
Ibrahim EH, Sherman G, Ward S, Fraser VJ, Kollef MH. The influence

of inadequate antimicrobial treatment of bloodstream infections on
patient outcomes in the ICU setting. Chest. 2000;118(1):146-55.

Paul M, ShaniV, Muchtar E, Kariv G, Robenshtok E, Leibovici L.
Systematic review and meta-analysis of the efficacy of appropriate
empiric antibiotic therapy for sepsis. Antimicrob Agents Chemother.
2010;54(11):4851-63.

Kollef MH, Sherman G, Ward S, Fraser VJ. Inadequate antimicrobial treat-
ment of infections: a risk factor for hospital mortality among critically ill
patients. Chest. 1999;115(2):462-74.

Bassetti M, Rello J, Blasi F, Goossens H, Sotgiu G, Tavoschi L, et al.
Systematic review of the impact of appropriate versus inappropriate
initial antibiotic therapy on outcomes of patients with severe bacterial
infections. Int J Antimicrob Agents. 2020;56(6):106184.
Garnacho-Montero J, Diaz-Martin A, Canton-Bulnes L, Ramirez P, Sierra
R, Arias-Verdu D, et al. Initial antifungal strategy reduces mortality in
critically Ill patients with candidemia: a propensity score-adjusted
analysis of a multicenter study. Crit Care Med. 2018;46(3):384-93.
Bassetti M, Righi E, Ansaldi F, Merelli M, Trucchi C, De Pascale G, et al. A
multicenter study of septic shock due to candidemia: outcomes and
predictors of mortality. Intensive Care Med. 2014;40(6):839-45.

Kollef M, Micek S, Hampton N, Doherty JA, Kumar A. Septic shock attrib-
uted to Candida infection: importance of empiric therapy and source
control. Clin Infect Dis. 2012;54(12):1739-46.

Kadri SS, Lai YL, Warner S, Strich JR, Babiker A, Ricotta EE, et al. Inap-
propriate empirical antibiotic therapy for bloodstream infections based
on discordant in-vitro susceptibilities: a retrospective cohort analysis of
prevalence, predictors, and mortality risk in US hospitals. Lancet Infect
Dis. 2021;21(2):241-51.

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(11):2342-9.

Harris PNA, Tambyah PA, Lye DC, Mo Y, Lee TH, Yilmaz M, et al. Effect

of piperacillin-tazobactam vs meropenem on 30-day mortality for
patients with E. coli or klebsiella pneumoniae bloodstream infec-

tion and ceftriaxone resistance: a randomized clinical trial. JAMA.
2018;320(10):984-94.

Taylor SP, Anderson WE, Beam K, Taylor B, Ellerman J, Kowalkowski

MA. The association between antibiotic delay intervals and hospital

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 9 of 11

mortality among patients treated in the emergency department for
suspected sepsis. Crit Care Med. 2021;49(5):741-7.

Weinberger J, Rhee C, Klompas M. A critical analysis of the literature

on time-to-antibiotics in suspected sepsis. J Infect Dis. 2020;222(Suppl
2):5110-8.

Rhee C, Kadri SS, Dekker JP, Danner RL, Chen HC, Fram D, et al. Preva-
lence of antibiotic-resistant pathogens in culture-proven sepsis and
outcomes associated with inadequate and broad-spectrum empiric
antibiotic use. JAMA Netw Open. 2020;3(4):202899.

Asner SA, Desgranges F, Schrijver IT, Calandra T. Impact of the timeliness
of antibiotic therapy on the outcome of patients with sepsis and septic
shock. J Infect. 2021;82(5):125-34.

Teshome BF, Vouri SM, Hampton N, Kollef MH, Micek ST. Duration

of exposure to antipseudomonal beta-lactam antibiotics in the
critically Il and development of new resistance. Pharmacotherapy.
2019;39(3):261-70.

Teshome BF, Vouri SM, Hampton NB, Kollef MH, Micek ST. Evaluation

of a ceiling effect on the association of new resistance development
to antipseudomonal beta-lactam exposure in the critically ill. Infect
Control Hosp Epidemiol. 2020;41(4):484-5.

Biomarkers Definitions Working G. Biomarkers and surrogate endpoints:
preferred definitions and conceptual framework. Clin Pharmacol Ther.
2001;69(3):89-95.

Pierrakos C, Velissaris D, Bisdorff M, Marshall JC, Vincent JL. Biomarkers
of sepsis: time for a reappraisal. Crit Care. 2020;24(1):287.

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

Kofoed K, Andersen O, Kronborg G, Tvede M, Petersen J, Eugen-Olsen

J, et al. Use of plasma C-reactive protein, procalcitonin, neutrophils,
macrophage migration inhibitory factor, soluble urokinase-type plas-
minogen activator receptor, and soluble triggering receptor expressed
on myeloid cells-1 in combination to diagnose infections: a prospective
study. Crit Care. 2007;11(2):R38.

Skibsted S, Bhasin MK, Aird WC, Shapiro NI. Bench-to-bedside review:
future novel diagnostics for sepsis—a systems biology approach. Crit
Care. 2013;17(5):231.

Miller RR 3rd, Lopansri BK, Burke JP, Levy M, Opal S, Rothman RE, et al.
Validation of a host response assay, SeptiCyte LAB, for discriminating
sepsis from systemic inflammatory response syndrome in the ICU. Am J
Respir Crit Care Med. 2018;198(7):903-13.

WirzY, Meier MA, Bouadma L, Luyt CE, Wolff M, Chastre J, et al. Effect

of procalcitonin-guided antibiotic treatment on clinical outcomes in
intensive care unit patients with infection and sepsis patients: a patient-
level meta-analysis of randomized trials. Crit Care. 2018;22(1):191.
Arulkumaran N, Routledge M, Schlebusch S, Lipman J, Conway MA.
Antimicrobial-associated harm in critical care: a narrative review. Inten-
sive Care Med. 2020;46(2):225-35.

De Backer D, Cecconi M, Lipman J, Machado F, Myatra SN, Ostermann
M, et al. Challenges in the management of septic shock: a narrative
review. Intensive Care Med. 2019:45(4):420-33.

Roberts JA, Taccone FS, Lipman J. Understanding PK/PD. Intensive Care
Med. 2016;42(11):1797-800.

Paul M, Benuri-Silbiger |, Soares-Weiser K, Leibovici L. Beta lactam
monotherapy versus beta lactam-aminoglycoside combination therapy
for sepsis in immunocompetent patients: systematic review and meta-
analysis of randomised trials. BMJ. 2004,328(7441):668.

Marcus R, Paul M, Elphick H, Leibovici L. Clinical implications of beta-
lactam-aminoglycoside synergism: systematic review of randomised
trials. Int J Antimicrob Agents. 2011;37(6):491-503.

Blot S, Lipman J, Roberts DM, Roberts JA. The influence of acute kidney
injury on antimicrobial dosing in critically ill patients: are dose reduc-
tions always necessary? Diagn Microbiol Infect Dis. 2014,79(1):77-84.
Roberts JA, Kruger P, Paterson DL, Lipman J. Antibiotic resistance—-
what's dosing got to do with it? Crit Care Med. 2008;36(8):2433-40.
Dulhunty JM, Roberts JA, Davis JS, Webb SA, Bellomo R, Gomersall C,

et al. A multicenter randomized trial of continuous versus intermit-
tent beta-lactam infusion in severe sepsis. Am J Respir Crit Care Med.
2015;192(11):1298-305.



Niederman et al. Crit Care

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

(2021) 25:307

Blot SI, Pea F, Lipman J. The effect of pathophysiology on pharmacoki-
netics in the critically ill patient-concepts appraised by the example of
antimicrobial agents. Adv Drug Deliv Rev. 2014;77:3-11.

Udy AA, Baptista JP, Lim NL, Joynt GM, Jarrett P, Wockner L, et al. Aug-
mented renal clearance in the ICU: results of a multicenter observa-
tional study of renal function in critically ill patients with normal plasma
creatinine concentrations®. Crit Care Med. 2014;42(3):520-7.

Huttner A, Harbarth S, Hope WW, Lipman J, Roberts JA. Therapeutic
drug monitoring of the beta-lactam antibiotics: what is the evidence
and which patients should we be using it for? J Antimicrob Chemother.
2015;70(12):3178-83.

Armand-Lefevre L, Ruppe E, Andremont A. ESBL-producing Enterobac-
teriaceae in travellers: doctors beware. Lancet Infect Dis. 2017;17(1):8-9.
Hites M. Minireview on novel anti-infectious treatment options

and optimized drug regimens for sepsis. Front Med (Lausanne).
2021;8:640740.

Butler MS, Paterson DL. Antibiotics in the clinical pipeline in October
2019. J Antibiot (Tokyo). 2020;73(6):329-64.

Kakasis A, Panitsa G. Bacteriophage therapy as an alternative treatment
for human infections. A comprehensive review. Int J Antimicrob Agents.
2019;53(1):16-21.

Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al.
Diagnosis and treatment of adults with community-acquired pneu-
monia. An Official Clinical Practice Guideline of the American Thoracic
Society and Infectious Diseases Society of America. Am J Respir Crit
Care Med. 2019;200(7):e45-67.

Carugati M, Aliberti S, Sotgiu G, Blasi F, Gori A, Menendez R, et al. Bacte-
rial etiology of community-acquired pneumonia in immunocompetent
hospitalized patients and appropriateness of empirical treatment
recommendations: an international point-prevalence study. Eur J Clin
Microbiol Infect Dis. 2020;39(8):1513-25.

Pletz MW, Blasi F, Chalmers JD, Dela Cruz CS, Feldman C, Luna CM, et al.
International perspective on the new 2019 American Thoracic Society/
infectious diseases society of america community-acquired pneu-
monia guideline: a critical appraisal by a global expert panel. Chest.
2020;158(5):1912-8.

Nair GB, Niederman MS. Updates on community acquired pneumonia
management in the ICU. Pharmacol Ther. 2021;217:107663.

Vardakas KZ, Trigkidis KK, Falagas ME. Fluoroguinolones or macrolides
in combination with beta-lactams in adult patients hospitalized with
community acquired pneumonia: a systematic review and meta-analy-
sis. Clin Microbiol Infect. 2017;23(4):234-41.

Sligl WI, Asadi L, Eurich DT, Tjosvold L, Marrie TJ, Majumdar SR. Mac-
rolides and mortality in critically ill patients with community-acquired
pneumonia: a systematic review and meta-analysis. Crit Care Med.
2014,42(2):420-32.

Jones BE, Jones MM, Huttner B, Stoddard G, Brown KA, Stevens VW,

et al. Trends in antibiotic use and nosocomial pathogens in hospital-
ized veterans with pneumonia at 128 medical centers, 2006-2010. Clin
Infect Dis. 2015;61(9):1403-10.

Chalmers JD, Rother C, Salih W, Ewig S. Healthcare-associated pneu-
monia does not accurately identify potentially resistant pathogens: a
systematic review and meta-analysis. Clin Infect Dis. 2014;58(3):330-9.
Attridge RT, Frei CR, Pugh MJ, Lawson KA, Ryan L, Anzueto A, et al.
Health care-associated pneumonia in the intensive care unit: guideline-
concordant antibiotics and outcomes. J Crit Care. 2016;36:265-71.
Minejima E, Lou M, Nieberg P, Wong-Beringer A. Patients presenting to
the hospital with MRSA pneumonia: differentiating characteristics and
outcomes with empiric treatment. BMC Infect Dis. 2014;14:252.

Aliberti S, Reyes LF, Faverio P, Sotgiu G, Dore S, Rodriguez AH, et al.
Global initiative for meticillin-resistant Staphylococcus aureus pneumo-
nia (GLIMP): an international, observational cohort study. Lancet Infect
Dis. 2016;16(12):1364-76.

Jung WJ, Kang YA, Park MS, Park SC, Leem AY, Kim EY, et al. Prediction of
methicillin-resistant Staphylococcus aureus in patients with non-noso-
comial pneumonia. BMC Infect Dis. 2013;13:370.

Prina E, Ranzani OT, Polverino E, Cilloniz C, Ferrer M, Fernandez L,

et al. Risk factors associated with potentially antibiotic-resistant
pathogens in community-acquired pneumonia. Ann Am Thorac Soc.
2015;12(2):153-60.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 10 of 11

von Baum H, Welte T, Marre R, Suttorp N, Ewig S, Group Cs. Community-
acquired pneumonia through Enterobacteriaceae and Pseudomonas
aeruginosa: diagnosis, incidence and predictors. Eur Respir J.
2010;35(3):598-605.

Shindo Y, Ito R, Kobayashi D, Ando M, Ichikawa M, Shiraki A, et al.

Risk factors for drug-resistant pathogens in community-acquired

and healthcare-associated pneumonia. Am J Respir Crit Care Med.
2013;188(8):985-95.

Morel J, Casoetto J, Jospe R, Aubert G, Terrana R, Dumont A, et al.
De-escalation as part of a global strategy of empiric antibiotherapy
management. A retrospective study in a medico-surgical intensive care
unit. Crit Care. 2010;14(6):R225.

Leone M, Bechis C, Baumstarck K, Lefrant JY, Albanese 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.

Buckel WR, Stenehjem E, Sorensen J, Dean N, Webb B. Broad- versus
narrow-spectrum oral antibiotic transition and outcomes in health
care-associated pneumonia. Ann Am Thorac Soc. 2017;14(2):200-5.
Deshpande A, Richter SS, Haessler S, Lindenauer PK, Yu PC, Zilberberg
MD, et al. De-escalation of empiric antibiotics following negative
cultures in hospitalized patients with pneumonia: rates and outcomes.
Clin Infect Dis. 2021;72(8):1314-22.

Kato H, Hagihara M, Asai N, Shibata Y, Koizumi Y, Yamagishi Y, et al. Meta-
analysis of vancomycin versus linezolid in pneumonia with proven
methicillin-resistant Staphylococcus aureus. J Glob Antimicrob Resist.
2021,24:98-105.

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 Infec-
tious Diseases Society of America and the American Thoracic Society.
Clin Infect Dis. 2016;63(5):e61-111.

Luna CM, Aruj P, Niederman MS, Garzon J, Violi D, Prignoni A, et al.
Appropriateness and delay to initiate therapy in ventilator-associated
pneumonia. Eur Respir J. 2006;27(1):158-64.

Kuti EL, Patel AA, Coleman Cl. Impact of inappropriate antibiotic ther-
apy on mortality in patients with ventilator-associated pneumonia and
blood stream infection: a meta-analysis. J Crit Care. 2008;23(1):91-100.
Muscedere JG, Shorr AF, Jiang X, Day A, Heyland DK, Canadian Critical
Care Trials G. The adequacy of timely empiric antibiotic therapy for
ventilator-associated pneumonia: an important determinant of out-
come. J Crit Care. 2012;27(3):322 e7-14.

Martin-Loeches |, Timsit JF, Leone M, de Waele J, Sartelli M, Kerrigan S,
et al. Clinical controversies in abdominal sepsis. Insights for critical care
settings. J Crit Care. 2019;53:53-8.

Blot S, Antonelli M, Arvaniti K, Blot K, Creagh-Brown B, de Lange D, et al.
Epidemiology of intra-abdominal infection and sepsis in critically ill
patients: "AbSeS’, a multinational observational cohort study and ESICM
Trials Group Project. Intensive Care Med. 2019;45(12):1703-17.
Martin-Loeches |, Antonelli M, Cuenca-Estrella M, Dimopoulos G, Einav
S, De Waele JJ, et al. ESICM/ESCMID task force on practical manage-
ment of invasive candidiasis in critically ill patients. Intensive Care Med.
2019;45(6):789-805.

Phua J, Ngerng W, See K, Tay C, Kiong T, Lim H, et al. Characteristics and
outcomes of culture-negative versus culture-positive severe sepsis. Crit
Care. 2013;17(5):R202.

Gupta S, Sakhuja A, Kumar G, McGrath E, Nanchal RS, Kashani KB.
Culture-negative severe sepsis: nationwide trends and outcomes.
Chest. 2016;150(6):1251-9.

MacFadden DR, Leis JA, Mubareka S, Daneman N. The opening and
closing of empiric windows: the impact of rapid microbiologic diagnos-
tics. Clin Infect Dis. 2014;59(8):1199-200.

Randhawa V, Sarwar S, Walker S, Elligsen M, Palmay L, Daneman N.
Weighted-incidence syndromic combination antibiograms to guide
empiric treatment of critical care infections: a retrospective cohort
study. Crit Care. 2014;18(3):R112.

Hebert C, Ridgway J, Vekhter B, Brown EC, Weber SG, Robicsek A.
Demonstration of the weighted-incidence syndromic combination
antibiogram: an empiric prescribing decision aid. Infect Control Hosp
Epidemiol. 2012;33(4):381-8.



Niederman et al. Crit Care

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

(2021) 25:307

Cressman AM, MacFadden DR, Verma AA, Razak F, Daneman N. Empiric
antibiotic treatment thresholds for serious bacterial infections: a
scenario-based survey study. Clin Infect Dis. 2019;69(6):930-7.
MacFadden DR, Coburn B, Shah N, Robicsek A, Savage R, Elligsen M,

et al. Decision-support models for empiric antibiotic selection in Gram-
negative bloodstream infections. Clin Microbiol Infect. 2019;25(1):108
el-7.

Elligsen M, Pinto R, Leis JA, Walker SAN, Daneman N, MacFadden DR.
Improving decision-making in empiric antibiotic selection (IDEAS)

for gram-negative bacteremia: a prospective clinical implementation
study. Clin Infect Dis. 2020.

MacFadden DR, Coburn B, Shah N, Robicsek A, Savage R, Elligsen

M, et al. Utility of prior cultures in predicting antibiotic resistance of
bloodstream infections due to Gram-negative pathogens: a multicentre
observational cohort study. Clin Microbiol Infect. 2018;24(5):493-9.
Elligsen M, Pinto R, Leis JA, Walker SAN, MacFadden DR, Daneman

N. Using prior culture results to improve initial empiric antibiotic
prescribing: an evaluation of a simple clinical heuristic. Clin Infect Dis.
2021;72(10):e630-8.

MacFadden DR, Elligsen M, Robicsek A, Ricciuto DR, Daneman N. Utility
of prior screening for methicillin-resistant Staphylococcus aureus in pre-
dicting resistance of S. aureus infections. CMAJ. 2013;185(15):E725-30.
Delaloye J, CalandraT. Invasive candidiasis as a cause of sepsis in the
critically ill patient. Virulence. 2014;5(1):161-9.

Marchetti O, Bille J, Fluckiger U, Eggimann P, Ruef C, Garbino J, et al.
Epidemiology of candidemia in Swiss tertiary care hospitals: secular
trends, 1991-2000. Clin Infect Dis. 2004;38(3):311-20.

Pfaller MA, Carvalhaes CG, Smith CJ, Diekema DJ, Castanheira M. Bacte-
rial and fungal pathogens isolated from patients with bloodstream
infection: frequency of occurrence and antimicrobial susceptibility pat-
terns from the SENTRY Antimicrobial Surveillance Program (2012-2017).
Diagn Microbiol Infect Dis. 2020;97(2):115016.

Bassetti M, Vena A, Meroi M, Cardozo C, Cuervo G, Giacobbe DR, et al.
Factors associated with the development of septic shock in patients
with candidemia: a post hoc analysis from two prospective cohorts. Crit
Care. 2020;24(1):117.

Pappas PG, Lionakis MS, Arendrup MC, Ostrosky-Zeichner L, Kullberg BJ.
Invasive candidiasis. Nat Rev Dis Primers. 2018;4:18026.

Meersseman W, Lagrou K, Spriet |, Maertens J, Verbeken E, Peetermans
WE, et al. Significance of the isolation of Candida species from airway
samples in critically ill patients: a prospective, autopsy study. Intensive
Care Med. 2009;35(9):1526-31.

Pittet D, Monod M, Suter PM, Frenk E, Auckenthaler R. Candida coloniza-
tion and subsequent infections in critically ill surgical patients. Ann
Surg. 1994,220(6):751-8.

Charles PE, Doise JM, Quenot JP, Aube H, Dalle F, Chavanet P, et al. Can-
didemia in critically ill patients: difference of outcome between medical
and surgical patients. Intensive Care Med. 2003;29(12):2162-9.

Paphitou NI, Ostrosky-Zeichner L, Rex JH. Rules for identifying patients
atincreased risk for candidal infections in the surgical intensive care

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

Page 11 of 11

unit: approach to developing practical criteria for systematic use in
antifungal prophylaxis trials. Med Mycol. 2005;43(3):235-43.

Leon C, Ruiz-Santana S, Saavedra P, Almirante B, Nolla-Salas J, Alvarez-
Lerma F, et al. A bedside scoring system (“Candida score”) for early anti-
fungal treatment in nonneutropenic critically ill patients with Candida
colonization. Crit Care Med. 2006;34(3):730-7.

Ostrosky-Zeichner L, Pappas PG, Shoham S, Reboli A, Barron MA, Sims
C, et al. Improvement of a clinical prediction rule for clinical trials on
prophylaxis for invasive candidiasis in the intensive care unit. Mycoses.
2011;54(1):46-51.

Clancy CJ, Nguyen MH. Diagnosing invasive candidiasis. J Clin Micro-
biol. 2018;56(5).

Mikulska M, Calandra T, Sanguinetti M, Poulain D, Viscoli C, Third
European Conference on Infections in Leukemia G. The use of man-
nan antigen and anti-mannan antibodies in the diagnosis of invasive
candidiasis: recommendations from the Third European Conference on
Infections in Leukemia. Crit Care. 2010;14(6):R222.

Lamoth F, Akan H, Andes D, Cruciani M, Marchetti O, Ostrosky-
Zeichner L, et al. Assessment of the role of 1,3-beta-d-glucan testing
for the diagnosis of invasive fungal infections in adults. Clin Infect Dis.
2021;72(Suppl 2):5102-8.

Monday LM, Parraga Acosta T, Alangaden G. T2Candida for the diag-
nosis and management of invasive candida infections. J Fungi (Basel).
2021;7(3).

Mora-Duarte J, Betts R, Rotstein C, Colombo AL, Thompson-Moya L,
Smietana J, et al. Comparison of caspofungin and amphotericin B for
invasive candidiasis. N Engl J Med. 2002;347(25):2020-9.

Reboli AC, Rotstein C, Pappas PG, Chapman SW, Kett DH, Kumar D, et al.
Anidulafungin versus fluconazole for invasive candidiasis. N Engl J Med.
2007,356(24):2472-82.

Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-
Zeichner L, et al. Clinical practice guideline for the management of
candidiasis: 2016 update by the infectious diseases society of America.
Clin Infect Dis. 2016;62(4):e1-50.

Pristov KE, Ghannoum MA. Resistance of Candida to azoles and echino-
candins worldwide. Clin Microbiol Infect. 2019;25(7):792-8.

Du H, Bing J, Hu T, Ennis CL, Nobile CJ, Huang G. Candida auris: Epide-
miology, biology, antifungal resistance, and virulence. PLoS Pathog.
2020;16(10):21008921.

Patterson TF, Thompson GR 3rd, Denning DW, Fishman JA, Hadley S,
Herbrecht R, et al. Practice guidelines for the diagnosis and manage-
ment of aspergillosis: 2016 update by the infectious diseases Society of
America. Clin Infect Dis. 2016;63(4):e 1-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.




	Initial antimicrobial management of sepsis
	Abstract 
	Background
	Sepsis epidemiology, infection site and pathogens
	The importance of early appropriate and timely therapy
	Biomarkers to guide sepsis therapy
	Antibiotic therapy: principles of use and new agents
	Pneumonia: initial empiric therapy for CAP, HAP, VAP
	Intra-abdominal infections
	Empiric therapy for bacteremia
	The approach to fungal sepsis
	Conclusions
	Acknowledgements
	References


