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Principles

Diagnostic criteria

Early diagnosis and rapid initiation
of treatment are crucial factors in the
treatment of sepsis and septic shock.
Despite detailed criteria, establishment
of diagnosis based on the classical sys-
temic inflammatory response syndrome
(SIRS) concept was associated with rel-
evant problems and gray areas, which
led to an underestimation of the dis-
ease [1]. For example, the retrospective
analysis conducted by Kaukonen et al.
[2], including a total of 109,663 patients,
revealed that 12.5% of patients—despite
severe infection and new-onset organ
disfunction—did not fulfil the necessary
SIRS criteria (according to SEPSIS-1 [3])
and the “sepsis” diagnosis was not estab-
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Bacterial sepsis

Diagnostics and calculated antibiotic

therapy

lished. Vice versa, an array of patients
fulfilled the SIRS criteria at some point
during their period of hospitalization,
without ever developing a relevant infec-
tion or showing an associated increased
mortality [4, 5]. Due to the poor validity
of the SIRS concept (SEPSIS-1/2) and the
demand for more sensitive diagnostic
criteria, during The Third International
Consensus Conference on the Definition
of Sepsis and Septic Shock (SEPSIS-3),
simplified and (presumably) more feasi-
ble diagnostic criteria were established.
According to the SEPSIS-3 task force,
high-risk patients can be identified (e. g.,
in an outpatient setting and the emer-
gency department) by applying a simple
modified quick SOFA score (qSOFA,
SOFA: sequential organ failure assess-
ment; [5]). The objective of qSOFA
screening is identification of patients
with probable sepsis, who then undergo
further diagnostic tests and intensive
monitoring. In patients fulfilling two
of the three qSOFA criteria (respiratory
rate >22/min, altered mentation, systolic
blood pressure <100 mm Hg), intensive

medical care and further diagnostic tests
are indicated (including measurement
of lactate levels). During the subsequent
course, the classical SOFA score and
new-onset organ dysfunction form the
basis of a definitive “sepsis” diagnosis
(SOFA score =2). Organ dysfunction is
thus as of now the decisive diagnostic
requirement.

Alongside hemodynamic, symp-
tomatic treatment, the proclaimed goals
of SEPSIS-3 are also rapid identification
of the source of sepsis (and treatment of
the infection) and earliest possible initia-
tion of a calculated anti-infective therapy
[5-7]. Whether or not SEPSIS-3 can ful-
fil all expectations remains questionable.
On a critical note, the introduction of
organ dysfunction as an obligatory di-
agnostic criterium may, under certain
circumstances, delay definitive diagnosis
until a later, possibly more severe disease
stage [8]. A consequence of this would
be, e.g., a delayed (and potentially less
effective) initiation of treatment. More-
over, diagnosis of sepsis based on the
SOFA score is not undisputed. For in-
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Table 1  Typical pathogens of selected intensive care medicine infections

CAP HAP/VAP Skin/soft tissue  Catheter-asso- Intestine (sec-
ciated BSI ondary/tertiary
peritonitis)
Streptococcus pneu- Enterobacteri-  Streptococcus CoNS Enterobacteriaceae
moniae aceae pyogenes
Mycoplasma pneu-  Haemophilus ~ Staphylococcus S. aureus Anaerobes
moniae influenzae aureus
H. influenzae MSSA Anaerobes Gram-negative Enterococci
bacilli
S. aureus S. pneumoniae  Enterobacteriaceae Corynebacterium  Nosocomial/
(+ Clostridiaceae)  jeikeium postoperative
Rarer CAP Common Pseudomoas Propionibacteria
pathogens MDR aeruginosa
pathogens Nosocomial/ Candida species  Enterobacteriaceae
pretreatment (ESBL)
Enterobacteriaceae  MRSA Nosocomial/ Enterococci (VRE)
Chlamydophila Enterobacteri-  MRSA [P T MRSA
species aceae (ESBL)
Legionella species  Pseudomonas  MRGN MRSA Anaerobes
aeruginosa
- Acinetobacter - MRGN Pseudomonas
baumannii species
Stenotropho- Enterococci (VRE) Candida species
monas mal-
tophilia

BSI bloodstream infection (bacteremia), CAP community-acquired pneumonia, ESBL extend-
ed-spectrum B-lactamases, HAP hospital-acquired pneumonia (nosocomial pneumonia), CoNS co-
agulase-negative staphylococci, MDR multidrug-resistant pathogens, MRSA multiresistant/
methicillin-resistant Staphylococcus aureus, MRGN multiresistant gram-negative pathogens,
MSSA multisensitive Staphylococcus aureus, VAP ventilator-associated pneumonia, VRE van-

comycin-resistant enterococci

stance, patients with chronic diseases
affecting one or more axes (e.g., ter-
minal renal failure; chronic obstructive
pulmonary disease, COPD; hepatic in-
sufficiency) already have a high SOFA
score at baseline, which can hardly be
increased by the presence of sepsis.

Conclusion. Sepsis is a life-threatening
organ dysfunction caused by an infec-
tion. Diagnosis is established according
to the SEPSIS-3 criteria. As of now, the
newly introduced qSOFA score serves to
identify high-risk patients outside of the
intensive care unit (ICU); subsequently,
definitive diagnosis is established using
the SOFA score and the additional cri-
terium of new-onset organ dysfunction.
The objective is an increased sepsis de-
tection rate.

Epidemiology

Pathophysiologically, sepsis is a dysreg-
ulated host response to infection [5, 9,
10]. Septic shock is a particularly se-
rious course of sepsis with most severe
cellular-metabolic and cardiocirculatory
problems, as well as an associated very
high rate of patient mortality (up to 50%;
[9, 11]). Similar to the situation in stroke,
myocardial infarction, and very severely
injured patients (polytrauma), early di-
agnosis and treatment play a crucial role
in sepsis. Increasing incidences during
the past decade [12-14] have rendered
sepsis a medical challenge in intensive
care medicine [15]. Solid epidemiologic
data on sepsis differ according to geog-
raphy and due to the diversity of studies
on the topic. For example, in retrospec-
tive works by Fleischmann et al. [12]
between 2007 and 2013, an annual in-
crease in sepsis incidence of 5.7% was ob-
served. Patient mortality was very high,

up to 55% (47% without and 62% with
shock; [12, 13, 16]). The multicentric
prospective Incidence of Severe Sepsis
and Septic Shock in German Intensive
Care Units (INSEP; [17]) trial published
in 2016 delivered similar results: 12.6%
of participants had severe sepsis or sep-
tic shock (1503 from 11,883 patients).
The calculated incidence rate of severe
sepsis and septic shock reached 11.64%
per 1000 treatment days (95% confidence
interval, 95%CI, 10.51-12.86) in INSEP
[17]. Mortality in this collective was
34.3% during the stay in the ICU and
40.4% for the hospital stay. Data from
international studies vary within a com-
parable range [14, 18-22]. Whereas sep-
sis is the third most common cause of
death in non-surgical ICUs [23, 24], it
is the primary cause of death in surgical
ICUs [15]. However, in addition to the
high mortality rates and still poor ther-
apeutic outcomes, sepsis also generates
relevant costs for the health care system
every year [21].

Sepsis begins with an initial infectious
stimulus and a dysregulated immune re-
sponse to this infection. From an infec-
tious diseases (ID) perspective, nosoco-
mial infections play a special role. In
INSEP [17], 57.2% of the detected infec-
tions were of nosocomial origin; in 25.7%
of these nosocomial infections, infection
occurred in the ICU. Upon considering
the entire ICU population, the infection
is in the region of the airways in about
60-63% of patients, is intraabdominal in
25-30%, and affects skin and soft tissues
in up to 10% [24-26]. In surgical inten-
sive medicine, intraabdominal and soft
tissue infections are the primary start-
ing points for sepsis. Important and fre-
quently occurring “problem pathogens”
causing selected diseases are presented
in @ Table 1.

The spectrum of pathogens includes
both gram-positive cocci such as Staphy-
lococcus aureus and Streptococcus pneu-
moniae, as well as gram-negative bacilli,
e.g., the Enterobacteriaceae Escherichia
coli and Klebsiella pneumoniae, and Pseu-
domonas aeruginosa [27-29]. Since the
number of infections with multidrug-
resistant (MDR) pathogens has increased
significantly during recent years, these
are now also more frequently the trigger
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Abstract

The mortality of patients with sepsis and
septic shock is still unacceptably high. An
effective calculated antibiotic treatment
within 1 h of recognition of sepsis is an
important target of sepsis treatment. Delays
lead to an increase in mortality; therefore,
structured treatment concepts form a rational
foundation, taking relevant diagnostic and
treatment steps into consideration. In addition
to the assumed infection and individual risks
of each patient, local resistance patterns and
specific problem pathogens must be taken
into account during the selection of anti-
infective treatment. Many pathophysiologic
alterations influence the pharmacokinetics
(PK) of antibiotics during sepsis. The principle
of standard dosing should be abandoned and
replaced by an individual treatment approach
with stronger weighting of the pharmaco-
kinetics/pharmacodynamics (PK/PD) index

of the substance groups. Although this is

not yet the clinical standard, prolonged (or
continuous) infusion of B-lactam antibiotics
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Bacterial sepsis. Diagnostics and calculated antibiotic therapy

and therapeutic drug monitoring (TDM)

can help to achieve defined PK targets.
Prolonged infusion is sufficient without TDM,
but for continuous infusion, TDM is generally
necessary. A further argument for individual
PK/PD-oriented antibiotic approaches is

the increasing number of infections due to
multidrug-resistant (MDR) pathogens in the
intensive care unit. For effective treatment,
antibiotic stewardship teams (ABS teams) are
becoming more established. Interdisciplinary
cooperation of the ABS team with infectious
disease (ID) specialists, microbiologists,

and clinical pharmacists leads not only to
rational administration of antibiotics, but
also has a positive influence on treatment
outcome. The gold standards for pathogen
identification are still culture-based detection
and microbiologic resistance testing for the
various antibiotic groups. Despite the rapid
investigation time, novel polymerase chain
reaction(PCR)-based procedures for pathogen
identification and resistance determination
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are currently only an adjunct to routine sepsis
diagnostics, due to the limited number of
studies, high costs, and limited availability. In
complicated septic courses with multiple anti-
infective therapies or recurrent sepsis, PCR-
based procedures can be used in addition to
treatment monitoring and diagnostics. Novel
antibiotics represent potent alternatives in
the treatment of MDR infections. Due to the
often defined spectrum of pathogens and the
practically (still) absent resistance, they are
suitable for targeted treatment of severe MDR
infections (therapy escalation). (Contribution
available free of charge by “Free Access”
[https://link.springer.com/article/10.1007/
s00101-017-0396-z].)

Keywords

Drug resistance, multiple, bacterial - Lactams -
Prolonged and continuous B-lactam infusion -
Therapeutic drug monitoring - Patient care
bundles

Zusammenfassung

Die Sterblichkeit von Patienten mit Sepsis
und septischem Schock ist weiterhin
inakzeptabel hoch. Eine effektive, kalkulierte
Antibiotikatherapie binnen der ersten Stunde
nach Erkennen der Sepsis ist ein wichtiges
Ziel der effektiven Sepsistherapie. Verzége-
rungen fiihren zum deutlichen Anstieg der
Sterblichkeit. Daher bilden strukturierte Be-
handlungskonzepte eine rationale Grundlage
unter Beachtung relevanter Diagnose- und
Behandlungsschritte. Neben dem vermuteten
Focus und individuellen Risiken einzelner
Patienten miissen lokale Resistenzmuster
und spezifische Problemerreger bei der Wahl
der antiinfektiven Therapie beriicksichtigt
werden. Vielfdltige pathophysiologische
Verdnderungen beeinflussen im Rahmen der
Sepsis die substanzspezifische Pharmakoki-
netik (PK) vieler Antibiotika. Daher sollte das
Prinzip der ,Standarddosierung” verlassen und
durch einen individuelleren Therapieansatz
mit starkerer Gewichtung der Pharmakokine-
tik(PK)-/Pharmakodynamik(PD)-Indizes der
Substanzgruppen ersetzt werden. Wenngleich
dies noch nicht der klinische Standard

Bakterielle Sepsis. Diagnostik und kalkulierte Antibiotikatherapie

ist, konnen Applikationsformen wie die
prolongierte (oder kontinuierliche) Infusion
von B-Lactamen und ein therapeutisches
Drugmonitoring (TDM) helfen, definierte PK-
Ziele zu erreichen. Wahrend die prolongierte
Infusion auch ohne TDM auskommt, ist TDM
bei kontinuierlicher Infusion grundsétzlich
notwendig. Ein weiteres Argument fiir

den individuellen, PK/PD-orientierten
Antibiotikaeinsatzist die Zunahme kom-
plizierter Infektionen durch multiresistente
Erreger (MRE) auf Intensivstationen. Zur
effektiveren Behandlung etablieren sich
dort zunehmend ,antibiotic stewardship
teams” (ABS-Team). Die interprofessionelle
Zusammenarbeit des Behandlungsteams
mit Infektiologen/Mikrobiologen und
klinischen Pharmazeuten fiihrt nicht nur
zum rationaleren Antibiotikaeinsatz, sondern
beeinflusst das Behandlungsergebnis positiv.
Den Goldstandard der Erregerdiagnostik
stellen weiterhin der kulturbasierte Nachweis
aus Probenmaterial und die mikrobiologische
Resistenztestung auf die verschiedenen
Antibiotikagruppen dar. Neue Polymerase-

Kettenreaktion(PCR)-basierte Verfahren der Er-
regeridentifikation und Resistenzbestimmung
ergdnzen trotz hoher Untersuchungsge-
schwindigkeit aufgrund der limitierten
aktuellen Studienlage, der hohen Kosten und
der eingeschrankten Verfiigbarkeit derzeit
die Sepsisroutinediagnostik lediglich. Bei
komplizierten, septischen Krankheitsverldufen
mit mehrfacher, antiinfektiver Vorbehandlung
oder rekurrenter Sepsis konnen PCR-basierte
Verfahren erganzend zu Therapie-Monitoring
und Diagnostik eingesetzt werden. Neue
Antibiotika stellen potente Alternativen

in der Behandlung von MRE-Infektionen

dar. Aufgrund des oftmals definierten
Erregerspektrums und der praktisch (noch)
nicht vorhandenen Resistenzen sind diese

zur gezielten Behandlung schwerer MRE-
Infektionen geeignet (Therapieeskalation).

Schliisselworter
Medikamentenresistenz, multipel, bakteriell -
Lactame - Prolongierte und kontinuierliche
B-Lactam-Infusion - Therapeutisches Drugmo-
nitoring - Patientenversorgungsbiindel
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for sepsis—particularly in the case of
nosocomial infections [17]. The past few
years have seen an increase in infections
with MDR gram-negative (MDRGN)
pathogensin Germany [30]. Eventhough
this development has reached a consid-
erably more serious extent in various
other European countries [31-33], an-
tibiotic-resistant pathogens are being
increasingly isolated as the cause of se-
vere, barely manageable (nosocomial)
infections with high mortality in Ger-
man ICUs. Classical MDRGN pathogens
include Enterobacteriaceae (e.g., E. coli
species, Klebsiella species) and non-
fermenters (e.g., Pseudomonas species,
Acinetobacter-species). These groups are
frequently resistant to broad-spectrum
antibiotics, in which enzymatic inacti-
vation (e. g., p-lactamases) of antibiotics
plays a particularly important role. MDR
gram-positive pathogens, such as van-
comycin-resistant enterococci (VRE)
or methicillin-resistant staphylococci
(MRSA), represent another problematic
collective. Whereas the proportion of
asymptomatic VRE carriers and VRE
infections continues to rise [30, 34], the
clinical relevance of MRSA as the trigger
for sepsis has decreased in recent years
[30].

The impact of global tourism and
long-distance travel to areas with a high
prevalence of MDR pathogens and MDR
pathogen carriers on the distribution of
MRD pathogens has only come into
focus during the past few years [35].
A prospective study from 2017 [36]
showed that up to 75% of the inves-
tigated travelers returning from, e.g.,
India, had acquired Enterobacteriaceae,
which produce broad-spectrum B-lacta-
mases. Although these tourists are pri-
marily symptom-free carriers of MDR
pathogens, these bacteria could become
relevant in the case of an infection (e. g.,
abdominal infection). Inlight of the wor-
risome development of increasing MDR
infection rates and the continued oc-
currence of new resistance phenotypes,
the World Health Organization (WHO)
published a global action plan for cur-
tailing and preventing MDR pathogens
and MDR infections in 2015 [37].

Conclusion. With increasing incidences,
sepsis and septic shock represent the pri-
mary cause of patient mortality in surgi-
cal ICUs. Mortality remains high. Noso-
comial infections and/or infections with
difficult-to-manage MDR pathogens play
animportantrole in the developmentand
treatment of sepsis, and also contribute
to the high mortality of this disease.

General therapeutic principles:
sepsis bundles

For many years, the gold standard of
sepsis treatment was “early goal-directed
therapy” (EGDT), as postulated by Rivers
et al. [38]. Intensive care medicine
physicians of today are still versed in
EGDT. By dictating a strict treatment
algorithm and strictly adhering to this
path, Rivers et al. were able to signifi-
cantly reduce mortality in sepsis patients
for the first time. However, subsequent
studies on sepsis treatment optimization
revealed that more flexible “sepsis bun-
dles” were not inferior to strict EGDT
[18, 19, 39, 40]. Consequently, treat-
ment moved away from EGDT according
to Rivers et al., and the sepsis bundles de-
fined by the Surviving Sepsis Campaign
(SSC) were implemented [7]. In addition
to the definition of sepsis as a medical
emergency, hemodynamic optimization
(30 ml/kg fluid) of the patient, and the
search for the source/pathogen-diagnos-
tic tests, the sepsis bundles also include
rapid initiation of a calculated antibi-
otic treatment within the first hour after
recognition of sepsis [1, 7, 41-43]. That
adherence to defined bundle measures
reduces mortality among sepsis patients
was demonstrated by Damiani et al. in
a meta-analysis incorporating 50 stud-
ies (odds ratio, OR, 0.66; 95%CI 06-072;
[44]). Prospective investigations, e.g.,
the International Multicentre Prevalence
Study on Sepsis (IMPreSS) by Rhodes
etal., achieved a reduction in in-hospital
mortality of up to 36-40% by implement-
ing bundle measures [45]. This has also
been confirmed by other studies [18, 19,
40].

The fact that the measures in the sepsis
bundles do not all have the same weight
and the same priority was demonstrated
by Seymour et al. [46] in a recent ret-

rospective study. In this investigation,
it was rapid completion of the 3-hour
bundle and earliest possible commence-
ment of antibiotic therapy that were the
decisive factors for reducing mortality.
Surprisingly, completion of the fluid bo-
lus and thus hemodynamic stabilization
in the acute phase seemed to be (at least
in this study) less relevant for a sepsis pa-
tient’s survival. Integration of ICU nurses
into the treatment team is of high rele-
vance, and studies have shown that this
also reduces mortality [47, 48].

Conclusion. The SSC bundle measures
are the new therapeutic standard in sep-
sis treatment. Adherence to these recom-
mendations leads to a reduction in in-
hospital mortality. In addition to hemo-
dynamic optimization of the patients,
earliest possible (<1 h) initiation of a cal-
culated antibiotic therapy and rapid treat-
ment of the infection are the central el-
ements.

Biomarkers and pathogen
diagnostics

According to SEPSIS-3 [5], diverse
biomarkers continue to be used for
diagnosis, treatment management, and
prognostic estimation. The relevance
of the different sepsis markers remains,
however, unclear. Many new biomarkers
have been investigated over the years, of
which none had the power to accurately
recognize or definitively exclude sepsis
with sufficient specificity and sensitivity
[49, 50]. In the following sections, sev-
eral important infection markers that are
frequently assessed in clinical routine
are discussed in terms of their value
and prognostic advantages in the con-
text of sepsis. Moreover, experimental
biomarkers that have not yet found entry
into clinical routine are also presented.

Biomarkers

Lactate

As a product of anaerobic glycolysis,
lactate (the anion resulting from dissoci-
ation of lactic acid) serves as a biomarker
for tissue hypoxia. The accelerated
glycolysis and reduced mitochondrial
metabolism occurring during shock
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lead to increased lactate production.
Lactate levels are further increased in
this situation by decreased elimination
and enzyme induction. In the context of
sepsis, lactate can be used for progno-
sis as well as for treatment monitoring
(stagnation or diminishment of plasma
concentrations; [51-55]). After years of
controversial discussion, the new def-
inition of septic shock [5] states the
criterium of hyperlactatemia >2 mmol/l
(18 mg/dl) as obligatory for diagno-
sis [10]. In an analysis of data from
more than 280,000 patients of the SSC
collective, Casserly et al. [53] showed
that hyperlactatemia >4 mmol/l and low
lactate clearance during the first 6 h were
associated with a significant increase in
in-hospital mortality.

Procalcitonin

Opver the past years, procalcitonin (PCT)
has become established in clinical rou-
tine as a sensitive and rapid parameter
of bacterial infection. Due to its kinetics
(response half-time, response-HT, up to
4-6h), PCT is viewed as the diagnos-
tic gold standard for bacterial infections
[56,57]. In spite of these advantages, par-
ticularly locally limited infections, e.g.,
ventilator-associated pneumonia (VAP)
or abscesses, can occurred without an
increase in PCT [58, 59]. Interpretation
of the PCT value in critically ill patients
with relevant liver diseases or after liver
surgery is sometimes equally difficult:
a PCT increase may be measured in these
patients in the absence of a bacterial in-
fection. Whether PCT can be considered
a sufficiently reliable marker for differen-
tiating between different grades of sepsis
severity and noninfectious SIRS is con-
troversially discussed [58, 60, 61]. The
specificity and sensitivity of PCT for sep-
sis diagnosis are under 90%, irrespective
of the cutoff value used by the measur-
ing laboratory [62, 63]. Therefore, the
PCT value should always be interpreted
under consideration of the patient’s clin-
ical condition and the limitations of this
marker [58]. With an induction time
of approximately 4 h, it is, in principle,
possible for fulminant septic shock to de-
velop without a relevant increase in PCT
levels.
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Interleukin 6

A biomarker that is particularly fre-
quently measured in pediatric IDs is
interleukin 6 (IL-6). IL-6 is released at
an early stage of the immune reaction
and reaches its peak in plasma within 2 h
(induction time approximately 20 min).
The peak level correlates positively with
the severity and course of the infection
[64, 65]. A limitation to the value of
IL-6 as a biomarker is the fact that an
array of other diseases are also associated
with in an increase in IL-6 levels ([59];
e.g., autoimmune diseases, surgery, and
trauma). In patients with severe sepsis
or septic shock, a reduction in IL-6 levels
can be used as a prognostic factor [66].
The kinetics of the IL-6 level can be used
to monitor the effectiveness of an anti-
infective therapy [66]. Despite these
advantages and the increasing trend to-
ward chemical laboratory measurement
of IL-6 in emergency departments and
ICUs, IL-6 is not a routine parameter
for diagnosis of sepsis in adult patients.

C-reactive protein

C-reactive protein (CRP) is one of the
hepatically synthesized acute-phase pro-
teins, and has been measured as a rou-
tine parameter for diagnosis and treat-
ment monitoring for many years. The
specificity of CRP for diagnosis of an in-
fection is low [56]. Increases in CRP are
not only observed during infection, but
also after surgery, trauma, and burns, or
in patients with acute (aseptic) pancre-
atitis. Particularly for diagnosis of sepsis
must CRP be viewed very critically. In
fulminant disease courses, the CRP in-
duction time (response-HT after stimu-
lus 6-10 h, relative increase 10-100-fold)
means that septic shock can already be
present before laboratory analysis detects
an increase in the CRP value. CRP is,
however, of value for evaluation of dis-
ease course and monitoring of treatment
efficiency [59, 67]. Persistent increases
in CRP level or a secondary increase
in plasma concentration in patients on
anti-infective therapy may indicate in-
adequate control of the infection (e.g.,
infectious complications, secondary in-
fections, polymicrobial infections, MDR
pathogens, ineffective antibiotic, inade-
quate antibiotic dosage; [59]). In this

situation, the CRP concentration course
can lead to re-evaluation of the overall
clinical situation, the assumed source,
and the treatment regimen [50, 68].

Proadrenomedullin and soluble
subtype of the CD14 cell surface
receptor

New experimental biomarkers for sepsis
include the anti-inflammatory and an-
timicrobial peptide proadrenomedullin
(proADM) and the soluble subtype of
the CD14 cell surface receptor (sCD14-
ST, presepsin; [59]).

In clinical studies, proADM was of
higher prognostic value for sepsis pa-
tients with nosocomial pneumonia (hos-
pital-acquired pneumonia, HAP) than
the classical biomarkers CRP and PCT
[69, 70]. However, since raised plasma
levels of ADM are seen in diverse dis-
eases, e.g., cardiovascular and autoim-
mune diseases [71], ADM is unsuitable
for initial detection of sepsis. In clini-
cal studies, the ADM plasma level cor-
related very well with disease course/
disease severity and the mortality of the
patient collective [69]. Therefore, ADM
may become a suitable marker for prog-
nostic estimations in sepsis patients in
the future. Furthermore, in one clinical
investigation, ADM had a significantly
higher prognostic significance forin-hos-
pital mortality than the classical markers
CRP and PCT [70].

The sCD14-ST (presepsin) concentra-
tions in plasma increase within 6h af-
ter bacterial infection [72]. Due to the
relatively strong correlation with bacte-
rialinfection [73], presepsin maybecome
a specific marker for detection of sepsis
and its discrimination from noninfec-
tious SIRS in the future [74, 75]. Since
the height of the measured plasma lev-
els correlates poorly with the grade of
sepsis severity, presepsin appears to be
unsuitable as prognostic marker [75].

Other chemical laboratory tests

The complete battery of chemical labo-
ratory tests used in clinical routine ob-
viously includes leucocyte count (leuko-
cytosis and leucopenia) and the classi-
cal differential blood count. These can
deliver additional information in sepsis



patients but should not be used for di-
agnosis.

Conclusion. No sufficiently sensitive and
specific sepsis biomarkers are currently
available. The PCT, IL-6, and lactate
markers can substantiate the diagnosis
and may be drawn upon for monitor-
ing treatment efficiency and/or estimat-
ing prognosis (lactate). It is important to
be aware of the fact that during fulminant
disease courses, the initial values may be
within the normal range and only in-
crease in subsequence stages. Therefore,
diagnosis or exclusion of sepsis should
never be based solely on these parame-
ters.

Blood cultures

An implication of the earliest-possible
initiation of a calculated antibiotic ther-
apy [7, 76] is immediate evaluation of the
possible infection and expected causal
pathogen. Whereas the search for the
infection is based primarily on clinical
examination and imaging, isolation of
the causal pathogen requires that a con-
siderable number of samples be taken. In
addition to other samples (e. g., deep tra-
cheal secretions/bronchoalveolar lavage,
BAL; abscess punctures; cerebrospinal
fluid collection; tissue samples), blood
cultures play an important role. Two to
three paired blood culture samples [77,
78] should be collected aseptically from
different areas prior to commencement
of antibiotic therapy. A fresh puncture
site should be used at least once, and
if a catheter-associated infection is sus-
pected, a blood sample should also be
taken from the corresponding catheter
(e. g., central venous catheter, CVC; Shal-
don catheter; arterial catheter) and sent
for microbiologic testing. Collection of
three paired blood culture samples is pos-
sible within minutes [79], and is sufficient
to identify the pathogen in 90% of cases
of bacteremia [80, 81]. Even one applica-
tion/the initial application of antibiotic
can render identification of the pathogen
impossible in blood culture medium [82,
83]. Although pathogen identification is
of elementary importance in sepsis man-
agement (reduction of health care costs,
possibility of de-escalation or pathogen-

specific treatment, reduction of selective
pressure on pathogens, reduction of mor-
tality; [84, 85]) and the likelihood of iso-
lating the pathogen in the presence of
bacteremia is very high, the rate of sam-
ple taking in Germany—approximately
55blood cultures per 1000 patient days in
German ICUs—is considerably below the
international average (100-200/1000 pa-
tient days; [86]). An increase in this rate
to around 100/1000 patient days must
thus be promoted as a matter of urgency
[87].

When handling blood cultures, the
preanalytical phase is of great impor-
tance. Not only sterile sample collec-
tion but also the inoculation volume
(8-10 ml/tube) and immediate (with
as little delay as possible) delivery to
the microbiologic laboratory are critical
factors. The once-propagated collection
of blood samples for in vitro pathogen
diagnosis during the fever onset phase
does not increase detection rates, nor
does inoculation of the blood culture
medium with large volumes [88, 89]. It
is important to note that coagulase-neg-
ative staphylococci (CoNS) are classical
blood culture contaminants. It these are
detected, it must be critically considered
whether this result is relevant to infection
or due to non-sterile handling.

The decisive disadvantage of blood
cultures in the context sepsis is the la-
tency period between sample collection
and culture results (18-24 h to pathogen
identification, up to 72h for resistance
testing).

Conclusion. Immediate initiation of
the search for the infection and the
pathogen—before starting the calculated
antibiotic therapy—forms the foundation
of successful sepsis treatment. Identifi-
cation of the infection delivers important
information concerning the spectrum of
pathogens, and thus influences the calcu-
lated antibiotic therapy. Blood cultures
remain the gold standard for detection
of bacteremia, and collection of samples
is thus essential for sepsis management.

New techniques

Molecular genetic and culture-indepen-
dent methods for pathogen detection

have been commercially available for
many years now. These techniques ap-
pear rational, since the phase of empirical
antibiotic therapy without differentiated
microbiologic finding should be kept as
short as possible—not only in the inter-
ests of the individual patient, but also in
the interests of specific and economical
use of antibiotics [90]. Furthermore, in
addition to identifying the pathogen, it
is also important to know its resistance
to various antibiotics, particularly in
intensive care medicine. Whereas de-
tection of MRSA (mecA or mecC gene)
poses no technical difficulties, adequate
determination of P-lactam resistance
in gram-negative bacteria is a chal-
lenge, due to the hundreds of different
types of B-lactamases [91]. Most mul-
tiplex polymerase chain reaction (PCR)
approaches are thus limited to a few
frequently occurring resistance deter-
minants. However, molecular genetic
techniques have only been able to iden-
tify a few resistance mechanisms to date
[92]. Whether the shorter latency period
between sample collection and results
[93] propagated by the manufacturers
of these products is realizable in clini-
cal routine appears questionable. Since
a eubacterial PCR with subsequent se-
quencing of the amplification product
takes many hours, a clear time advantage
of PCR-based pathogen diagnostics is
primarily achievable when searching for
defined pathogens or within a limited
pathogen spectrum, e.g., when looking
for Neisseria meningitidis and Listeria
monocytogenes in patients with menin-
goencephalitis, or for viral infection
diagnostics. ~ An undeniable advan-
tage of PCR-based techniques is that
pathogens (DNA fragments) are still
detectable when the blood culture is
compromised, e.g., due to prior anti-
infective treatment.

To what extent PCR-based diagnostic
testing has an influence on treatment
decisions which consecutively improve
patent outcome has hardly been in-
vestigated. In an observational study
investigating implementation of multi-
plex PCR in the clinical routine of an
ICU, an influence on treatment course
was only observed when a pathogen was
detected that was not susceptible to the
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initial calculated therapy—specifically,
MDR (VRE and MRSA) bacteria and
Candida species [94]. Only two ran-
domized studies have been published on
this topic so far: In one study comparing
Aspergillus PCR to standard diagnostic
testing in patients with fever and neu-
tropenia, mortality could be significantly
reduced by the PCR-directed treatment
[95]. In another investigation conducted
in an neonatal ICU in India, a signifi-
cant survival advantage was conferred by
multiplex PCR-based diagnostics com-
pared to blood cultures [96]. However,
concerning the latter study, it must be
critically noted that in an environment
with a very high rate of extended-spec-
trum P-lactamases (ESBL), an initial
calculated therapy with cephalosporins
is standard.

In the following sections, three new
types of pathogen diagnostic test are pre-
sented.

Combination of PCR and mass
spectrometry

The IRIDICA® system (Abbott, Chicago,
IL, USA) is based on a combination
of PCR and mass spectrometry (PCR/
electrospray ionization mass spectrom-
etry, PCR/ESI-MS). By using distinct
primers in a target-oriented analysis,
800 bacterial, fungal, and viral pathogens
can be identified in about 6 h. In a sec-
ond step, the amplification products
yielded in PCR undergo a fully auto-
mated database comparison and can be
assigned to a specific pathogen on the
basis of their molecular weight. Possible
sample materials include blood but also,
e.g., sputum or tissue particles. The
prospective Rapid Diagnosis of Infec-
tions in the Critically Il (RADICAL;
[97]) study compared results of conven-
tional blood cultures with those of the
IRIDICA® system in 616 patient sam-
ples. Use of the PCR/ESI-MS technique
achieved a sensitivity of 81% and a speci-
ficity of 69%. The negative predictive
value of the test was 97% in this investi-
gation. IRIDICA® is also able to detect
the presence of some resistance genes
(mecA, vanA/B, KPC). In addition to
the potential time advantage, pathogen
diagnosis can also be successfully ac-
complished with this method even after
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initiation of antibiotic therapy, when
conventional/culture-based techniques
are no longer possible. Further prospec-
tive data on this technique are currently
lacking.

Next-generation sequencing
Another technique is next-generation
sequencing (NGS). In this method, cell-
free DNA (cfDNA) is extracted from
plasma samples, and all pathogens are
detected and sequenced. Discrimination
between infection and colonization is
made possible by calculating the Sep-
sis Indicating Quantifier (SIQ) score
[98]. Analogous to PCR-based tech-
niques, a further advantage of NGS is
the prediction of particular resistance
phenotypes [98]. NGS will become in-
creasingly interesting in the future, since
with this method—analogous to blood
cultures—there exists the possibility of
a widescale search for the pathogen
which is independent of the pathogen
growth rate.

Pathogen identification and
determination of the specific
minimum inhibitory concentration
A method for pathogen identification
and determination of the specific min-
imum inhibitory concentration (MIC)
is the Accelerate PhenoTest” BC Kit
(Accelerate Diagnostics™ Inc., Tucson,
AZ, USA). Using fully automated test-
ing of pathogen-positive blood samples,
a large number of gram-positive and
gram-negative pathogens (as well as
Candida species) can be identified, and
the MCI of classical broad-spectrum
antibiotics can be tested. According to
the manufacturer, the identification of
the pathogen in positive blood samples
succeeds within 90 min; the results of
susceptibility testing are available within
7h. This technique therefore appears
suitable for significantly reducing the
time interval between empirical and tar-
geted pathogen-specific (MIC-adapted)
treatment, and thus also for reducing
the increased mortality of patients who
receive inadequate initial treatment of
bacteremia (bloodstream infection, BSI;
[99, 100]). The possibility of early adap-
tation of the anti-infective therapy is
drawing nearer.

Future perspectives

The abovementioned PCR- and NGS-
based techniques provide interesting
options for accelerating pathogen iden-
tification and resistance phenotyping,
in order to positively influence sepsis
treatment. However, these methods
are currently not routinely implemented
[93]. The costs of these investigations are
presently very high [101, 102], which
limits their use primarily to studies.
In addition to pathogen identification,
applications such as the Accelerate Phe-
noTest™ BC Kit may also rapidly deliver
MIC data in the future, thus enabling
early individualization of treatment.

Conclusion. The PCR-based techniques
for pathogen diagnosis have been estab-
lished for many years now. New methods
based on molecular genetics presently
only detect defined pathogens and spe-
cific resistance types. They are currently
not applied in clinical routine. Due to the
possibility of covering a very broad spec-
trum of pathogens (analogous to blood
cultures), NGSisahighly promising tech-
nique for the future.

Calculated antibiotic therapy

Principles of treatment

Surgical intensive care patients with
sepsis and septic shock are nowadays
managed by an interdisciplinary, inter-
professional treatment team comprising
intensive care physicians, surgeons, clin-
ical pharmacists/pharmacologists, mi-
crobiologists/hygienists, and consultant
physicians from other disciplines (e.g.,
neurology, cardiology).

The central maxim of a successful anti-
infective therapy was formulated in 1913
by Paul Ehrlich at the 17th International
Congress of Medicine by the statement
[103] “Frapper fort et frapper vite” (“hit
hard and fast”)—a principle which still
applies today.

Ehrlich’s principle of fast antibiotic
therapy was taken up at the end of the
1990s by Kollef et al. They showed [104]
that delayed application of antibiotics
was associated with a significant increase
in the mortality of sepsis patients. The
fact that in addition to the time factor



the effectiveness of the antibiotic therapy
is also critical was summed up by Ku-
mar and Kethireddy 100 years after Paul
Ehrlich, in an editorial of the year 2013
[105]: “Speed is life but a hammer helps
too” This principle is underlined by an
analysis of the first (approximately 1000)
patients of the Medical Education for
Sepsis Source Control and Antibiotics
(MEDUSA; [6]) study. In MEDUSA,
sepsis patients with an inadequate ini-
tial therapy had a significantly increased
28-day mortality. On one hand, delaying
(>6 h) surgical treatment of the infection
and source control increased mortality
by 16.2% (42.9 vs. 26.7%, p < 0.001); on
the other, an inadequate antibiotic ther-
apy (irrespective of the time point of the
first application) was also associated with
a significant increase in mortality (30.3
vs. 40.9%, p < 0.001). After completion
of the study, Bloos et al. [106] evaluated
the entire MEDUSA dataset with a to-
tal 0of 4000 patients, investigating, among
other things, the effect of the timepoint of
the first application on patient mortality.
These authors found that with every hour
the antibiotic therapy was delayed, mor-
talityincreased by 2%. Delayed treatment
of the source infection was also associ-
ated with an increase in mortality of 1%
per hour [106]. Diverse other studies
were also able to prove the association of
a delayed first application with increased
mortality [6, 107-111] and worsening of
secondary endpoints (e. g., acute kidney
damage; development of acute respira-
tory distress syndrome, ARDS; increase
of the SOFA score; [112-114]) among the
investigated patient collective. Itis there-
fore not surprising that rash initiation of
a calculated antibiotic therapy is one of
the mostimportant cornerstones of sepsis
treatment [1, 7, 76, 115-119] and a cen-
tral element of current guidelines [7]. In
2006, Kumar et al. [115] demonstrated
in a retrospective analysis that the factor
“time” is an independent predictor for
survival in septic shock patients. Refer-
ring to the recommended timeframe for
treatment initiation in very seriously in-
jured patients, these authors paraphrased
their results as the “golden hour of sep-
sis” Subsequent studies showed similar
results [76, 107, 120]. Although the time
factor and the mortality increase result-

ing from delayed administration of an-
tibiotics appear to be very well proven,
the “golden hour of sepsis” concept and
the implied necessity of a calculated an-
tibiotic therapy within the first hour is
subject to justified criticism [7, 115]. In
avery recent editorial, Singer [121] sum-
marizes these criticisms and relativizes
the “golden hour of sepsis” dogma with
respect to the problem of overuse of an-
tibiotics in critically ill ICU patients and
the phenomenon of “incestuous ampli-
fication”

Modern sepsis treatment is nowadays
an interprofessional challenge. The con-
stant reevaluation of all therapeutic as-
pects is too complex for the individual
specialists or indeed a single discipline.
Therefore, treatment today is generally
managed by an antimicrobial steward-
ship (ABS) team [122]. This team com-
prises ID specialists/microbiologists and
clinical pharmacists. A current meta-
analysis of the effectiveness of ABS teams
(based on 145 studies addressing 14 ABS
measures) was able to show that im-
proved adherence to guidelines was asso-
ciated with reduced mortality (mortality
reduced by 35%; relative risk, RR, 0.65;
95%CI054-080; p<0.0001) and stringent
de-escalation (mortality reduced by 65%;
RR 0.44; 95%CI 0.30-0.66; p < 0.0001;
[123]). The ABS measures are now an
integral component of ICUs and are in-
cluded in the Deutsche Gesellschaft fiir
Infektiologie e. V. (DGI; “German Soci-
ety of Infectious Diseases”) S3 guideline
[124].

Conclusion. Calculated antibiotic ther-
apy of sepsis should be initiated as soon
as possible (ideally within the first hour
after recognition of sepsis); the interpro-
fessional ABS team takes over further
treatment management.

Tarragona strategy

A concrete treatment concept is repre-
sented by the Tarragona strategy [125].
Originally established for VAP, this strat-
egy can also be applied to the initial calcu-
lated antibiotic therapy in sepsis patients,
and incorporates the most important di-
agnostic and therapeutic considerations.

The key elements of the Tarragona strat-
egy are presented in @ Table 2.

The central aspecthereisonceagainan
early, high-dose, sufficiently broad-spec-
trum antibiotic therapy. Again, the as-
sumed infection, the individual patient’s
risk profile, the possibility of an MDR
pathogen, and local antibiotic resistance
rates are incorporated into the concept.
Particularly in ICU and/or invasive ven-
tilation patients, nosocomial infections
caused by MDR pathogens are highly
relevant [21, 30] and must be consid-
ered during the antibiotic selection pro-
cess. A frequent consequence of deviat-
ing from established treatment concepts
is treatment failure [126]. It should be
noted that the Tarragona strategy incor-
porates the possibility of constant reeval-
uation and treatment monitoring. Reg-
ular checking of the concept’s key ques-
tions at fixed time intervals and in the
event of the patient’s condition changing
is obligatory.

Treatment duration and treatment
management

The persistent high mortality of patients
with sepsis and septic shock [116], as well
as the association with delayed and/or in-
effective antibiotic therapy, led to the rec-
ommendation for earliest possible (<1 h)
calculated first application of a broad-
spectrum antibiotic [7]. Since pathogen
identification and, perhaps even more
importantly, resistance phenotyping can
take many hours to days, extreme vig-
ilance and caution must be taken with
the antibiotic therapy. The selection of
substance class and the decision for cal-
culated mono- or combination therapy
are based on the (assumed) source and
the clinical condition of the patient (pres-
ence of septic shock, immune suppres-
sion, etc.). Therefore, despite the criti-
cal time-dependent nature of a “sepsis”
emergency, the following basic questions
must be clarified:
== Which infection is the source of
sepsis, and how can this infection be
treated (surgically or interventionally,
e.g., using CT-guided drainage)?
Which pathogens can be expected?
== Does the patient exhibit septic shock?
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Table 2 Tarragona strategy. (Modified from Sandiumenge et al. [125])
Explanation

Core element

Infection? — search for the infection/pathogen diagnostics

Risk of an MDR pathogen? (Antibiotic pretreatment, frequent hospi-
talization, known MDR colonization, travel in MDR pathogen endemic

1 Look at your
st Preexisting disease?
Immune status?
regions)
2 Listen to your
hospital ABS measures

3 Hit hard and

Surveillance: Knowledge of local pathogens/resistance phenotypes,

High-dose application of a broad-spectrum antibiotic (<1 h), combina-

early tion therapy as appropriate

4 Get to the point
antibiotic
5 Focus

De-escalate if possible

Assumed infection — PK/PD profile and tissue penetration of the

Reevaluation of treatment at regular intervals

Escalate if clinically and/or microbiologically necessary

With a total of five relevant points, the Tarragona strategy represents a structured diagnostic and
therapeutic pathway for the management of infections. Although originally developed as a guideline
for treatment of ventilation-associated pneumonia, the concept is also suitable for treatment of

sepsis

ABS antibiotic stewardship program, MDR multidrug-resistant gram-negative pathogens,
PK/PD profile substance-specific pharmacokinetic and pharmacodynamic profile of an antibiotic

== How likely is the patient to have an
infection with an MDR pathogen?
Existing risk factors: previous anti-
infective treatment, frequent hospi-
talization, known colonization with
MDR bacteria, or frequent travel in
endemic regions?

Based on these considerations, the ne-
cessity of primary combination versus
monotherapy can be derived. During the
course of continued therapeutic reevalu-
ation and after microbiologic identifica-
tion of the pathogen, treatment is adapted
in terms of de-escalation or escalation
[102].

In this way, it is possible to pre-
serve the patient’s chance of survival [7].
A general combination therapy com-
prising two (or more) broad-spectrum
antibiotics cannot be recommended
due to the inconsistency of current
data. Some studies have demonstrated
reduced mortality achieved by combi-
nation therapy [127-132], whereas the
randomized multicentric comparison of
two antibiotic regimens (meropenem vs.
meropenem + moxifloxacin) in the treat-
ment of severe sepsis and septic shock by
Brunkhorst etal. (Max-Sep study; [133])
found no superiority of combination
treatment (meropenem + moxifloxacin)
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over monotherapy (meropenem) for
severe sepsis. In this study, mortality
28 days after randomization was 23.9%
(95%CI 19-29.4%) in the combination
group and 21.9% (95%CI 17.1-27.4%)
in the monotherapy group. Treatment
outcomes at day 90 did not differ signif-
icantly [133]. To summarize, it must be
stated that primary combination ther-
apy of sepsis was never superior when
the antibiotic used as monotherapy was
a carbapenem. Moreover, in retrospec-
tive analyses it could be shown that in
only about 30% of patients did the initial
calculated antibiotic therapy actually
encompass the pathogen, and de-escala-
tion of therapy was only undertaken in
athird of patients [127-133]. Combining
broad-spectrum antibiotics simultane-
ously potentiates the selective pressure
on pathogens and leads to increased
development of resistance [134].

On the basis of contradictory evi-
dence, according to the SSC [7], mono-
or combination therapy can be used as
the primary treatment for septic shock
(recommendation grade: high; evidence:
moderate). Whereas primary monother-
apy is to be preferred for sepsis without
signs of septic shock (exception: catheter-
associated BSI), a primary combination
therapy to broaden the spectrum may

be urgently required in, e.g., septic
shock patients and/or upon suspicion
of infection with an MDR pathogen.
Carbapenems such as meropenem and
imipenem/cilastatin are often useful
combination partners for treatment es-
calation or combination therapy in the
presence of septic shock, since they
are also effective against gram-negative,
broad-spectrum (-lactamase (ESBL)-
producing pathogens. ~Gram-positive
“problem” pathogens such as MRSA
have shown stable resistance types for
some time now (as well as a constant in-
cidence of infections), and are generally
susceptible to vancomycin, teicoplanin,
tigecycline, and linezolid. While the
incidence of VRE is clearly increasing
[34], an increase in linezolid-resistant
enterococci has also been registered
[135]. Increasing VRE incidences are
thus likely to represent a problem in the
future.

When the source of sepsis is known,
it is often possible to limit the spectrum
of possible pathogens. However, sep-
sis resulting from an unknown infection
represents a challenge.

Principally, as part of a structured
treatment, therapy must be reevaluated
after 48-72h of treatment at the latest;
adaptation of the anti-infective therapy
should be initiated as appropriate (esca-
lation if necessary, de-escalation if possi-
ble). Similarly, in patients with an insuf-
ficient response to treatment, the infec-
tion should be reexamined. As a surro-
gate parameter for assessing the effective-
ness of therapy, as well as for treatment
management and monitoring of disease
course, the course of plasma PCT levels
can be used. Many studies on the topic
have shown that a decrease in plasma
PCT correlates with an effective antibi-
otic therapy (a bacterial infection is very
unlikely with PCT < 0.5 pg/l), and that
this is a useful parameter for treatment
management [79, 136-140]. In the Mul-
ticenter Procalcitonin Monitoring Sepsis
Study (MOSES; [141]), Schuetz et al. ad-
ditionally showed that a decrease in PCT
level of less than 80% of the initial level
within 4 days of therapy was an indepen-
dent predictor for death of the patient.
In their study on PCT-guided de-escala-
tion of anti-infective therapy, Jong et al.



[138] observed—in addition to short-
ened antibiotic exposure—significantly
reduced patient mortality among the pa-
tient collective; however, this survival ad-
vantage could not be confirmed by a cur-
rent Cochrane analysis [142] including
10 studies and over 100 patients. In sum-
mary, PCT-guided treatment monitor-
ing should take precedence over other
biomarkers [79, 140, 143, 144]. Even if
a survival advantage has not yet been
proven beyond all doubt, this approach
can shorten the exposure to antibiotics
and thus reduce side effects and resis-
tance development. In patients exhibit-
ing clinical and chemical indications of
an insufficient therapy, not only must
the antibiotic regimen be reevaluated,
but imaging must be performed anew
and low-threshold second-look surgery
should be considered. Furthermore, in
the absence of a response, the presence
of an MDR infection or invasive mycosis
must be considered. Vice versa, in pa-
tients with a response to treatment, with
plausible microbiologic pathogen find-
ings and resistance testing results, de-es-
calation should be strived for [145]: the
“never change a winning team” principle
is not valid here.

Although investigations assessing
questions related to treatment duration
and prompt de-escalation did not yield
consistent results, Leone et al. [146]
showed in their study published in 2014,
e.g., that antibiogram-directed adapta-
tion of the calculated antibiotic therapy
did not have a negative influence on
mortality compared to continuation of
the empirical therapy. Similar results on
de-escalation strategies were delivered
by the studies of Turza and Havey et al.
[147, 148]. Neither clinical and mi-
crobiologic recovery, nor survival were
negatively influenced by a shorter treat-
ment duration compared to groups with
longer therapy. This was the conclusion
also reached by Sawyer et al. in the
treatment of complicated intraabdom-
inal infections (cIAI): After successful
surgical treatment of the infection and
4 days of antibiotic therapy, there was no
difference to an 8-day therapy in terms
of therapeutic success [149]. Chastre
et al. [150] were also unable to show an
advantage of long (15 days) over short

therapy duration (8 days) in the treat-
ment of VAP. The principle of pathogen-
specific adaptation and de-escalation
of therapy after identification and resis-
tance testing is thus supported by current
data [151, 152] and incorporated into
current SSC guidelines [7]. Treatment
duration should only exceed 7-10 days
in exceptional cases (e. g., endocarditis).
Modern treatment of severe infections in
ICUs should always be multidisciplinary.
Strategies such as ABS teams have be-
come established and found entry into
specialist society guidelines [124].

Conclusion. The decision on whether to
initiate mono- or combination therapy
is made based on individual patient-spe-
cific risk factors, the (assumed) infec-
tion, and the likelihood that sepsis was
triggered by an MDR pathogen. De-
escalation of therapy following clinical
improvement or pathogen identification
is essential and does not negatively in-
fluence therapeutic outcomes. For treat-
ment management and monitoring, PCT
measurements can be used. Only in ex-
ceptional cases should treatment dura-
tion exceed 7-10 days.

Examples

Sepsis of unknown source without
pretreatment

Sepsis of unknown source without pre-
treatment initially permits monotherapy
([7, 153]; exceptions: catheter-asso-
ciated BSI in particular). Primarily
broad-spectrum P-lactam with B-lacta-
mase inhibitors (BLI; e. g., piperacillin/
tazobactam) should be administered. Al-
ternatively, carbapenems (e. g., merope-
nem, imipenem/cilastatin) can be used,
particularly if ESBLs are likely. Combi-
nation with group 2/3 fluoroquinolones
is possible. In addition to considering the
patient’s characteristics and risk factors,
when the source of sepsis is unclear,
it is vital to have knowledge of local
pathogens, as well as of the resistance
epidemiology of “problem pathogens”
ESBL-synthesizing pathogens can inac-
tivate almost all cephalosporins and in
some cases also piperacillin/tazobactam.
If ESBL producers are to be expected,
carbapenems should generally be pre-

ferred, even though several clinically
relevant ESBL variants (temoneira p-lac-
tamase, TEM; sulfhydryl variable type
B-lactamase, SHV; cefotaxime-Munich
B-lactamase, CTX-M) may retain sus-
ceptibility to piperacillin/tazobactam
[154]. If the antibiogram reveals an
ESBL pathogen to be susceptible to
piperacillin/tazobactam, treatment of
urinary tract infections is usually un-
problematic; however, for bacteremia, no
consensus hasbeenreached regarding the
adequacy of therapy due to the inoculum
effect [155] and the serious implications
of altered P-lactam pharmacokinetics
in sepsis patients [156, 157]. Whether
antibiogram-directed treatment against
ESBL-synthesizing pathogens should be
conducted with piperacillin/tazobactam
thusremainsa decision that mustbe made
on the basis of an individual risk-benefit
High-risk groups (major
surgery, long-term intensive care, anti-
infective pretreatment, ventilation) and
frequent complications due to MRSA
infections at the particular site, or colo-
nization of the patient with MRSA, justify
combination with a glycopeptide (van-
Alternatively,
combination

assessment.

comycin, teicoplanin).

in some constellations,
with a lipopeptide (daptomycin) may be
appropriate (caveat: not in MRSA pneu-
monia). In septic shock of unknown
origin, combination therapy should be
administered primarily [7]. In addition
to a carbapenem, recommendable com-
bination partners included vancomycin
(broadening of the spectrum against
MRSA, CoNS, and vancomycin-sensi-
tive enterococci) or a fluoroquinolone.
An exemplary algorithm for calculated
therapy of sepsis and septic shock of
unknown source is presented in @ Fig. 1.
The therapeutic objective in the ini-
tial phase is rapid, calculated antibiotic
therapy (>1h). The decision on mono-
versus combination therapy should be
based on the clinical status of the patient
(presence of septic shock), a possible
anti-infective pretreatment, and the risk
of infection with an MRD pathogen. As
with every algorithm, this is not binding
and can of course be adapted or aban-
doned at any time in light of the clinical
situation or local problem pathogens.
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Emergency: sepsis

Diagnosis/suspicion

e  QSOFA>2?
. SOFA score? Increase = 2 points?
. Lactate > 2mmol/I (18mg/dl)?
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Blood cultures
Cultures, intraoperative swabs,
aspirate, deep tracheal
secretion/BAL, cerebrospinal
fluid/urine where appropriate
Imaging
Interdisciplinary workup

Immediate antibiosis

. Initial bolus
. Prolonged infusion preferred for
B-lactamas

Sepsis

- e.g., piperacillin/tazobactam

(alternative: carbapenem)

Bolus: PIP/TAZ short infusion over 20min
. Then prolonged infusion over 3h?

. PIP/TAZ depending on local resistance situation

pathogen?

. Combination according to infection and assumed

AB regimen:

. B-lactams-> initial bolus, then prolonged
infusion

. Continuous infusion of B-lactams ONLY
with TDM and known pathogen-specific
mict

Further treatment:

. Further treatment in ABS team

. Tight consultation/collaboration with
infectious diseases and pharmacy
specialists

. Reevaluation of treatment even when
sepsis symptoms improve (at least every
72 h)

. Adaptation and de-escal; if a) the

infection is sufficiently treated, b) positive
clinical course, c) resistogram available

Septic shock with a high
risk of an MDR pathogen

- primary combination therapy

. Discontinuation of antibiotic in cases of
positive PCT course (reduction > 80%,
absolute <0.5 pg/l)

Lack of therapeutic success in the initial phase:

. Combination according to infection and assumed
pathogen (see above)®
o MRSA: + a) glycopeptide, b) lipopeptide

o  P.aeruginosa: + fluoroquinolone 2/3 or +
aminoglycoside
o Assumed candidemia: + echinocandin

e.g., carbapenem (initial bolus, then prolonged)

(catheter infection, BSI), c) linezolid (CAP/HAP)

. Infection correct? Multiple infections?
. In doubt: renewed search for infection!
. Pathogen correct? (MDR pathogen?

Multibacterial infection? Assumed
candidemia? Viral coinfection?)

. Infection adequately treated? Surgical
reevaluation?
. Consider TDM (particularly for B-lactams)

Fig. 1 A Example algorithm for initial calculated therapy of sepsis of unclear origin. AB antibiotics, ABS antibiotic steward-
ship program, BAL bronchoalveolar lavage, BSI bloodstream infection (bacteremia), CAP community-acquired pneumo-
nia, HAP hospital-acquired pneumonia, MIC minimum inhibitory concentration, MDR multidrug resistant gram-negative
pathogen, MRSA multiresistant/methicillin-resistant S. aureus, PIP/TAZ piperacillin/tazobactam, gSOFA Quick Sequential
Organ Failure Assessment Score, PCT procalcitonin, TDM therapeutic drug monitoring. ®Catheter-associated sepsis/BSI:
combination therapy with vancomycin or daptomycin

Catheter-associated infection

If patients with a catheter-associated
infection develop bacteremia (catheter-
associated BSI) and sepsis, immediate
treatment of the source, i. e., change of the
catheter, isindicated. In the widest sense,
not only classical catheters, but also port
systems, pacemaker probes, or dialysis
catheters are possible causal infection
loci. Removed catheters must be sub-
jected to microbiologic investigation. Of
paramount importance for identification
of a catheter-associated BSI pathogen
is inoculation of multiple multilocular
paired blood cultures [80, 81]. Since
CoNS comprise the majority of catheter
infection pathogens, and because these
are generally resistant to penicillin and
cephalosporin, glycopeptides are the
most important elements of the initial
treatment of catheter-associated BSI. In
order to also target the significantly rarer
gram-negative pathogens, combination
with a B-lactam antibiotic (piperacillin/
tazobactam or carbapenem) is neces-
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sary. Since intermittent administration
of a vancomycin bolus is often asso-
ciated with nephrotoxic side effects,
regular measurement of vancomycin
concentrations are a necessary part of
treatment monitoring (target: with inter-
mittent infusion, trough level: 15 pg/ml;
[158, 159]). Nephrotoxicity appears
to be reduced with continuous van-
comycin infusion [158]. Alternatively,
instead of vancomycin, teicoplanin or
the lipopeptide daptomycin can also
be used (6-12mg/kg/day; [153]). Ac-
cording to current data, daptomycin
appears to be safe up to a maximal daily
dose of 12mg/kg [160]. This variant
therapy also seems to be effective when
VRE (E. faecium) are likely. If infection
with a resistant gram-negative pathogen
is probable, the primary combination
partner should be a carbapenem.

In patients without a septic disease
course and without antibiotic pretreat-
ment, if regression of symptoms is
observed following catheter change,

a watchful waiting strategy may be
indicated or therapy commenced af-
ter identification of the pathogen. In
cases of bacteremia caused by methi-
cillin-sensitive S. aureus (MSSA) species,
the rationality of de-escalation to flu-
cloxacillin or the cephalosporin cefa-
zoline has been demonstrated [161].
Other cephalosporins or p-lactam/BLI
combinations cannot be recommended
on the basis of current evidence [162]. If
vancomycin treatment of a catheter-asso-
ciated MRSA, CoNS, or enterococci BSI
is unsuccessful, a combination of high-
dose daptomycin (10-12 mg/kg/day)
with gentamicin or rifampicin can be
administered [136]. Case studies have
described effective use of ceftaroline
as a treatment option for daptomycin-
refractory persistent MRSA bacteremia
in patients with infectious endocarditis
or osteomyelitis [164, 165]. In several
studies on catheter-associated BSI with
gram-positive pathogens, the new lipo-
glycopeptide dalbavancin showed signif-



icantly better outcomes than vancomycin
in terms of clinical and microbiologic
response rates [166, 167]. The duration
of therapy depends on the course of
infection. An uncomplicated S. aureus
infection is represented by bacteremia
without evidence of endocarditis, the
absence of septic foci/metastatic infec-
tions, the absence of intravascular foreign
bodies (vascular catheters, heart valve
prostheses, vascular prostheses, pace-
maker, etc.), a sterile follow-up blood
culture collected 2-4 days after the initial
positive blood culture, and defervescence
within 72h. Uncomplicated infections
should be treated for at least 2 weeks.
In patients with a complicated infection,
treatment for 4-6 weeks is indicated
[163]. Management of Staphylococcus
bacteremia includes not only treatment of
the infection and control blood cultures
during therapy, but also transesophageal
echocardiography (TEE) to exclude valve
vegetation/endocarditis [163, 168, 169].

Nosocomial and ventilator-
associated pneumonia

HAP and VAP are frequent causes of
sepsis in intensive care medicine. Ac-
cording to their definitions, HAP is
diagnosed when the symptoms of pneu-
monia arise >48h after hospitalization.
The terms established by the Infectious
Diseases Society of America (IDSA) and
the American Thoracic Society (ATS;
[110]) for the US American region in
2005, i.e., healthcare-associated pneu-
monia (HCAP) and nursing home-
acquired pneumonia (NHAP), have not
become established in Germany due to
their lack of predictive value for infec-
tion with MDR pathogens. The term
NHAP has now also been revised in
the IDSA guideline. According to the
definition, one speaks of VAP when the
symptoms of pneumonia arise after at
least 48 h of ventilation. The symptoms
of VAP in ventilated patients are not
very specific (purulent tracheal secre-
tion, fever, newly appearing opacity on
the chest x-ray, and compromised gas
exchange), and it is not always possible
to definitively differentiate VAP from
other entities. The risk of VAP increases
continuously during the first 7 days of
ventilation, but declines again thereafter.

HAP and VAP constitute up to 22% of
all nosocomial infections [171]. With
mortality rates of about 13% [172] and
numerous other negative effects [173,
174] for patients, VAP is considered to
be a more complex infection than HAP;
however, with complication rates of 50%
([175]; e.g., empyema formation, renal
failure, and sepsis), HAP is anything but
a trivial challenge for ID specialists, and
is also associated with mortality rates
comparable to those of VAP [175, 176].

Calculated therapy of nosocomial
pneumonia in sepsis patients without
septic shock or anti-infective pretreat-
ment, and who are also at a low risk of
having an MRD pathogen, can initially
comprise monotherapy with piperacillin/
tazobactam [177]. Group 1 carbapen-
ems (imipenem/cilastatin, meropenem)
cover a similar pathogen spectrum as
piperacillin/tazobactam, but are superior
to piperacillin/tazobactam in the pres-
ence of ESBL-producing pathogens. Due
to their activity against many P. aerug-
inosa isolates, cefepime or ceftazidime
preparations represent an important el-
ement in the treatment of pneumonia.
However, monotherapy of nosocomial
pneumonia is not recommended in the
German S3 guidelines because of lim-
ited effectiveness against gram-positive
pneumonia pathogens [187]. In con-
trast, the IDSA mentions cefepime (not
ceftazidime) as a substance suitable for
monotherapy [170]. Initial treatment
with fluoroquinolones (moxifloxacin
or levofloxacin) is possible in princi-
ple, but must be critically evaluated.
Monotherapy with an aminoglycoside
is to be avoided [170]. Primary combi-
nation therapy of HAP/VAP with two
substances potentially active against
P, aeruginosa (and possibly extended by
a preparation with action against MRSA)
should be considered when the risk of
infection with an MRD pathogen is
high and/or the patient has reached the
stage of septic shock. In this situation,
German and American standards [170,
177] dictate therapy comprising a f-
lactam (e.g., piperacillin/tazobactam,
ceftazidime/cefepime, or a group 1 car-
bapenem) in combination with a fluo-
roquinolone active against Pseudomonas
species

(ciprofloxacin, levofloxacin),

an aminoglycoside, or aztreonam [178].
These combinations sufficiently cover the
most important and frequently highly
resistant problem pathogens such as
P aeruginosa, as well as ESBL-pro-
ducing gram-negative bacteria (E. coli,
K. pneumoniae, Acinetobacter bauman-
nii). Particularly the combination of
carbapenem/fluoroquinolone generally
achieves good effectiveness against resis-
tant pathogens such as ESBL-producing
E. coli or K. pneumoniae, as well as
P. aeruginosa. For patients with anti-
infective pretreatment, a change of sub-
stance class is also recommended in
order to prevent and avoid possible
resistance [178]. The IDSA recommen-
dations consider the combination of
two P-lactams to be of little use [170].
In cases where the MRSA risk is high
(e.g., known colonization of the pa-
tient), an substance with activity against
MRSA is required—at least in patients
with nosocomial pneumonia with septic
shock [177, 179]. Linezolid or van-
comycin (not daptomycin; see below)
can be administered for this indica-
tion. Individual patient characteristics
and pathogen identification then lead to
specific monotherapy (MRSA, P. aerug-
inosa, ESBL-producing Enterobacteri-
aceae, etc.). Therefore, for successful,
rational treatment of VAP/HAP, knowl-
edge of the pathogen and its specific
resistance phenotype is highly impor-
tant. Particularly in VAP/HAP caused by
gram-negative MDR pathogens that are,
e. g., susceptible to polymyxins (colistin,
polymyxin B) or aminoglycosides, the
combination of an intravenous (i. v.) and
an inhalation therapy can be considered
[170]. Although the evidence for an
inhalation therapy is low, it does lead to
a high local concentration of antibiotic
at the site of infection (i.e., the lungs).
If carbapenemases are detected in the
isolated pathogen, treatment must be ori-
ented towards the antibiogram and may
necessitate administration of polymyx-
ins (i.v. and inhaled; [170]). The fixed
combination of ceftazidime/avibactam
has also recently been approved for
treatment of HAP. This combination
has good in vitro efficacy against ESBL
producers and carbapenemase synthe-
sizers (Klebsiella pneumoniae carbapen-
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emase, KPC; and oxacillinase, OXA-
48), as well as against P aeruginosa;
it is therefore very interesting for tar-
geted treatment of HAP caused by MPD
pathogens with these resistance pheno-
types. The combination of ceftolozane/
tazobactam may receive approval for
treatment of VAP and HAP in the near
future. Results of recent studies are still
awaited (NCT01853982, NCT02387372,
NCT02070757). Stenotrophomonas mal-
tophilia is normally resistant to car-
bapenems but generally susceptible to
cotrimoxazole, which thus represents
the typical therapeutic option—provided
the pathogens are considered to be the
cause of HAP/VAP. If this approach is
not possible, other preparations must
be evaluated (e.g., ceftazidime, moxi-
floxacin, levofloxacin). Carbapenems are
generally effective against Acinetobacter
species and are indicated in instances of
high intrinsic resistance to other p-lac-
tams. Panresistance to p-lactams, which
is frequently accompanied by resistance
to fluoroquinolones, renders combina-
tion of colistin with another substance
dictated by resistance testing the only
possible option. MRSA pneumonia can
in principle be treated by vancomycin
(alternatively teicoplanin) or linezolid
[170, 178]. As a modern alternative for
treatment of MRSA pneumonia, tedi-
zolid can also be employed successfully:
In the Linezolid in the Treatment of
Subjects with Nosocomial Pneumonia
Proven to be Due to Methicillin-Re-
sistant Staphylococcus aureus (ZEPHyR;
[179]) study, tedizolid was shown to be
more effective than vancomycin. Since
daptomycin is inactivated by surfactants,
its administration in MRSA pneumonia
is not rational [178]. A further option
has been available since 2014, namely
ceftobiprole (only HAP; [180]), which is
also effective against MRSA. The dura-
tion of VAP and HAP treatment should
only exceed 7 days in isolated cases.
Clinical studies and meta-analyses of
VAP/HAP treatment duration found no
differences in terms of mortality, pneu-
monia recurrence, treatment failure, or
duration of invasive ventilation when
comparing short (7-8 days) and longer
(up to 15 days) treatment durations [150,
170, 181, 182]. In a subgroup analysis of
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the study by Chastre et al. [150] on VAP,
it was shown that in pneumonias caused
by non-fermenters such as P. aeruginosa
and A. baumannii, for equal mortality
rates, the group with shorter treatment
(8 days) had more recurrent infections
(40.6 vs. 25.5%). However, this aspect
is now judged by the IDSA to be so
weak (at least for P aeruginosa), that
it is recommended against generalized
prolongation of treatment [170]. The
duration of antibiotic therapy of VAP
and HAP is always based on clinical and
radiologic criteria.

Identification of Candida species, en-
terococci, or CoNS in tracheal secretion
from a non-neutropenic patient does not
represent an indication for treatment. In
the vast majority of cases, this is not an
invasive infection but rather represents
the resident local flora or sample con-
tamination.

Intraabdominal infections

Intraabdominal infections (IAI) are the
cause of severe sepsis or septic shock in
about 30% of patients, and are one of
the most frequent diagnoses in surgical
ICUs [26]. In 90% of cases, the IAI
requires primary surgical treatment and
antibiotic therapy. Close collaboration
with surgical colleagues is vital from
the outset. The calculated antibiotic
therapy should always cover aerobic and
anaerobic gram-negative pathogens, as
well as gram-positive pathogens of the
gastrointestinal tract [183]. Although
one still differentiates between ambulant
and nosocomial IAL it must be kept in
mind that patients these days are fre-
quently colonized with MDR pathogens
due to long-distance travel, antibiotic
pretreatment, or immunosuppression.
Sepsis of intraabdominal origin without
septic shock or pretreatment can initially
undergo anti-infective treatment with
piperacillin/tazobactam or carbapenem
monotherapy. Based on knowledge of the
local pathogen spectrum, combination
of, e.g., a cephalosporin or a fluoro-
quinolone with metronidazole is also
possible. In particularly severe disease
courses, tigecycline can serve as the
combination partner, which has activity
against Enterobacteriaceae and VRE. In
refractoryIAl an invasive Candida infec-

tion and antimycotic treatment must be
considered; echinocandins are a possible
treatment option [153]. If the response
to treatment is inadequate, surgical inter-
vention must be discussed. Postoperative
IAIs (e. g., anastomotic insufficiency af-
ter anterior rectal reconstruction) are
associated with a high risk of MDR infec-
tion. In these cases, a selected pathogen
spectrum encompassing enterococci (in-
cluding VRE), gram-negative problem
pathogens (carbapenemase synthesiz-
ers), fungi, and rarer KPC producers
must be expected. In this situation,
administration of second substance ad-
ditional to a carbapenem must therefore
be considered—at least in patients with
septic shock—in order to broaden the
empirically addressed spectrum. Along-
side carbapenems (such as meropenem,
imipenem/cilastatin, ertapenem), e.g.,
tigecycline and fosfomycin (never as
monotherapy) can be used. A treatment
with activity against MRSA is indicated
when a patient with a nosocomial cIAI is
colonized with MRSA or has a high risk
of an MRSA infection [183]. MRSA-
cIAI is then additionally treated with
vancomycin, tigecycline, or linezolid
[183]. New escalation variations include
ceftolozane/tazobactam or ceftazidime/
avibactam [184, 185] in combination
with metronidazole for cIAI with re-
sistant gram-negative pathogens [186].
Provided effective surgical control of the
infection is achieved and the patient’s
clinical condition improves, a treatment
duration of 4-7 days is sufficient [149,
153, 183].

Particularly in esophageal surgery is
mediastinitis due to the anastomotic situ-
ation a possible infection focus. Frequent
pathogens after esophageal surgery are
mainly gram-positive cocci, anaerobes,
and Candida species. Primary treat-
ment of mediastinitis should comprise
a group 1/2 carbapenem (imipenem/
cilastatin, ertapenem, meropenem). Al-
ternatively, an acyl-aminopenicillin/BLI
or group 3/4 cephalosporin with metron-
idazole can be administered. If there is
a risk of MRSA, linezolid, tigecycline,
or daptomycin is indicated [153]. With
respect to the possibility of invasive
mycosis, an antimycotic may be indi-
cated. In patients with septic shock or



Fig. 2 « Influence of aug-
mented renal clearance of
a B-lactam on the course of
serum levels (blue curve) in
comparison to the course
of serum levels with phys-
iologic elimination (black
curve), with an arrow in-
dicating the reductioniin
the interval during which
serum levels above are
above MIC. MIC minimum
inhibitory concentration,
AUCarea under the curve,
Cserum concentration,
fTsmictime interval during
which the serum concen-
tration of antibioticisabove

a complicated disease course, surgical
intervention must also be considered.
In addition to endoscopic exploration,
modern concepts include insertion of
a vacuum suction system (e.g., Endo-
SPONGE?®, B. Braun, Melsungen, Ger-
many) or an interventional drainage
catheter. As a last resort, surgical re-
vision of the area/anastomosis must be
performed.

Necrotizing fasciitis/Fournier gan-
grene is a potentially life-threatening soft
tissue infection that frequently exhibits
a fulminant disease course. Along-
side classical streptococcal infections,
predominantly polymicrobial infections
with gram-negative pathogens and S. au-
reus also exist in necrotizing fasciitis.
In light of the pathogen spectrum and
frequently polymicrobial infection, pri-
mary treatment must comprise a suf-
ficiently broad combination therapy.
Generally, acyl-aminopenicillins/BLI or
a carbapenem (e. g., meropenem), peni-
cillin G, and clindamycin (or linezolid)
are combined. Clindamycin is a suf-
ficiently tissue-penetrating lincosamide
with activity against anaerobes and S. au-
reus; in combination with a P-lactam,
it also inhibits protein biosynthesis in
gram-positive pathogens. The latter ef-
fect can reduce the rate of complications
due to microbial exotoxins [187]. In
patients with clindamycin intolerance,
linezolid (or tedizolid) represents an
alternative (caveat: hemotoxicity, optic
neuritis; [187]). Penicillin G has the
greatest effectivity against streptococci.

If infection with MRSA is likely, in the
context of a soft tissue infection, line-
zolid should be preferred to vancomycin
[153]. For some time now, therapeutic
alternatives have been available in the
form of tedizolid, or more recently, oxa-
zolidinone. Due to the fulminant disease
course and frequently fatal symptoms
upon inadequate control of the infection,
the necessity of surgical reevaluation and
the indication for revision surgery must
be checked regularly.

Other causes

Other causes of sepsis include endo-
carditis, community-acquired pneumo-
nia, complicated urinary tract infections,
osteomyelitis, erysipelas, and meningi-
tis. For treatment recommendations,
the authors refer to the guidelines of
the respective specialist societies (www.
awmf.org).

Pharmacokinetic concepts

Calculated antibiotic therapy of sepsis
aims to achieve a sufficiently high drug
concentration. Wherever possible, this
objective should be reached with the first
dose of antibiotic, i.e., with the loading
dose (LD). This is particularly important
for the time-dependent -lactams [188].
Independent of organ dysfunction, aug-
mented renal clearance (ARC), or organ
support therapy, sufficient plasma levels
must be maintained during the course of
therapy in order to maximize the anti-
infective potency of B-lactams. Whereas

the pathogen-specific MIC,
ttime

the necessary plasma concentration of
an antibiotic is determined primarily by
the pathogen-specific MIC, estimation of
drug elimination rates and the volume of
distribution is very difficult in critically
ill patients. Particularly in patients with
sepsis and septic shock, almost all anti-
infective substances lead to considerable
changes in substance-specific pharma-
cokinetics. The example in @ Fig. 2 shows
the effect of ARC on thekinetics of plasma
concentrations of a B-lactam antibiotic.
ARC of B-lactam results in premature
decline of the serum level to below the
pathogen-specific MIC, therefore reduc-
ing the time for which the concentration
remains above the MIC (fTsmic)—a fac-
tor which is crucial for the bactericidal
effect of the preparation.

In order for the calculated antibiotic
therapy to cover the widest possible spec-
trum of potential pathogens when the
identity of the pathogen is unknown,
broad-spectrum antibiotics in the high-
est possible concentrations are required
at the site of infection. Dosage recom-
mendations and microbiologic determi-
nation of the susceptibility of a bacterial
strain to particular antibiotics are based
on the assumption that the pharmacoki-
netics of the drug correspond to those of
a “normal patient” However, the distri-
bution and elimination capacity of var-
ious antibiotic groups is highly variable
in sepsis patents, and difficult to pre-
dict [189-196]. Although specialist soci-
eties such as the Paul Ehrlich Gesellschaft
(PEG) or IDSA allow for this in their
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recommendations [153, 178, 183], these
facts are still paid too little attention
in clinical routine—with the effect of
increased mortality in seriously ill pa-
tients [104, 197-200]. Numerous organ
dysfunctions are at the center of sub-
stance-specific changes in pharmacoki-
netics. The resultant changes in antibi-
otic concentrations in various compart-
ments canlead to treatment failure on one
hand, and development of resistance on
the other; moreover, these changes may
predispose the patient to potential toxic
effects [159]. The time-dependent B-lac-
tam antibiotics are particularly problem-
atic in this context. A summary of the
effects of various important pathophysio-
logic changes occurring during sepsis on
the serum concentrations of antibiotics
is presented in @ Fig. 3.

Whereas a considerably shorter time
above the MIC is sufficient for bacte-
riostasis, maximal bactericide with peni-
cillinsand cephalosporins requiresan un-
bound-drug concentration exceeding the
MIC for at least 50-70% of the dosing
interval (fT>mic). Carbapenems require
an fTsmic of about 40% [153, 198]. The
fT>wmic is lower for carbapenems because
a more pronounced post-antibiotic effect
is assumed for this substance class than
for other substances [198]. These rec-
ommendations are derived from animal
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experiments; clinical investigations un-
derscore the fact that in sepsis patients,
an fT>mic of 100% elicits a more effec-
tive anti-infective effect, and is thus rele-
vant for outcome [190, 201-203]. Espe-
cially on the basis of striving to achieve
adequate tissue concentrations even in
deep-lying compartments (pneumonia;
bone infections; infections of the central
nervous system, CNS)—frequently in the
context of disturbed microcirculation in
sepsis patients [204-206] and also wish-
ing to avoid development of resistance
[207, 208]—many experts recommend
aiming for a concentration of B-lactam
antibiotics in the primary compartment
(serum/plasma) that exceeds the MIC by
4-times (up to 6-times) for 60-100% of
the dosing interval [209]. In addition to
individual dosing of antibiotics, the cur-
rent DGI guideline [124] names thera-
peutic drug monitoring (TDM) as a pos-
sibility for treatment management and
reduction of undesirable side effects of
antibiotics.

How difficult it can be to reach ef-
fective serum/plasma concentrations
in sepsis patients was illustrated by
Roberts et al. [202] in a prospective
study from 2014: Of 248 patients with
a severe infection, 16% did not even
achieve the minimum pharmacokinet-
ics/pharmacodynamics (PK/PD) goal

serum concentration of an-
tibiotics

of 50% of the dosing interval above
the MIC (50% fT>mic). This result was
associated with a significantly reduced
probability of a good clinical outcome.
That insufficient plasma concentrations
represent a frequent problem in sepsis
patients was demonstrated by Taccone
etal. [209] and Udy et al. [210], but also
in the prospective study by Roberts et al.
(Defining Antibiotic Levels in Intensive
Care Unit Patients, DALI; [202]) using
the example of B-lactams. In the latter
study, the dose of P-lactam antibiotic
had to be adjusted in 175 of 236 pa-
tients (75%); in 119 cases (50.4%) this
adjustment comprised a dosage increase
[211]. The results of the study by Taccone
et al. showed that following the initial
administration of the standard dose in
critically ill patients, only meropenem
achieved a sufficient pharmacokinetic
profile in 75% of patients (12/16). In con-
trast, ceftazidime (28%), cefepime (16%),
and piperacillin/tazobactam (44%) only
achieved an unsatisfactory PK profile,
with correspondingly insufficient effects
[209]. These data illustrate not only the
problems associated with antibiotic ther-
apy, but also show how important precise
knowledge of the pharmacodynamic and
pharmacokinetic characteristics of the
employed antibiotic is.
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Fig. 4 « Effect of pro-
longed infusion of B-lac-
tams in sepsis. fTsxmictime
interval during which the
serum concentration of
antibioticis 1-or x-times
above the pathogen-spe-

For a more effective treatment of criti-
cally ill sepsis patients, the authors of the
current article recommend an infusion
regimen that it is on one hand feasible,
while on the other hand capable of at
least partially counteracting the afore-
mentioned pharmacokinetic problems:
prolonged infusion of B-lactam antibi-
otics. In this scenario, an initial high-
dose bolus application over 20-30 min
first generates a peak plasma level, which
should ensure a sufficient concentration
of antibiotic in the target compartment.
Thereafter, subsequent doses are admin-
istered as a prolonged infusion over 3h
via an infusion pump. In this manner,
fT>mic can be maximized and the effec-
tiveness of B-lactams increased via op-
timal exposure of the antibiotic to the
pathogen (@ Fig.4). After reachinga peak
plasma level, intermittent bolus applica-
tions (B Fig. 4 black curve) are charac-
terized by a rapid decline of the plasma
concentrations to below the MIC. Thisre-
sults in relatively short time spans during
which the effective concentrations (for
sepsis and septic shock) are maintained
(fT>1-amic). After an initial bolus (@ Fig. 4
blue curve), prolonged infusion over 3h
(up to 4h) achieves a significant exten-
sion of the time interval during which
the effective concentration is maintained
(fT>MIc and fT>4M1c).

A Dbeneficial effect of prolonged
piperacillin/tazobactam infusion in pa-

tients with P, aeruginosa infections was
shown in 2007 by Lodise et al. [212].
One vyear later, Lee et al. demonstrated
using pharmacokinetic models that pro-
longed application of meropenem and
imipenem/cilastatin increased the cumu-
lative probability of a fT'mic sufficient for
clinically relevant pathogens [213]. After
the DALI study was able to show regular
insufficient B-lactam concentrations in
critically ill patients [202], a subgroup
analysis of these data by Abdul-Aziz
et al. demonstrated that prolonged/
continuous infusion of piperacillin/
tazobactam and meropenem led to sig-
nificant improvement of 30-day survival
(p < 0.05) in patients with pneumonia
and/or SOFA score >9, and the cure rate
of patients with SOFA >9 was also signif-
icantly higher with prolonged infusion
[214].

Linezolid also showed a high variabil-
ity of plasma levels in patients with severe
infections, with insufficient blood con-
centrations using standard dosing con-
cepts. Current data from Taubert et al.
[215] show that in this case—similar to
vancomycin [158]—continuous infusion
can help to attain effective PK/PD targets
and reduce toxicity.

In summary, for the treatment of
sepsis, prolonged infusion of B-lactam
antibiotics after an initial bolus applica-
tion should be preferred to intermittent
bolus therapy. For improved treatment

cificminimum inhibitory
concentration (MIC)

management as well as in order to
avoid over- and under-dosing, thera-
peutic concentration monitoring may
be a rational complementary module.
Particularly in the context of sepsis,
clinicians lack a parameter in the highly
acute phase (24-48 h) by which they can
judge the success or lack of success of
the calculated antibiotic therapy. Here,
TDM of B-lactams can at least demon-
strate that effective therapeutic plasma
concentrations have been reached. For
this reason, TDM is now mentioned
in the DGI recommendations as a ra-
tional complementary and treatment
optimizing module [124, 153]. De-
spite the fact that a positive influence
of TDM on patient mortality remains
unproven as yet, there are a variety
of pathophysiologic conditions under
which TDM would appear essential, i. e.,
high variability of drug distribution,
changes in metabolism and elimina-
tion, organ dysfunction, organ support
therapy/extracorporeal support systems,
interactions of diverse drug groups, or
dangerous over-/under-dosing of the an-
tibiotic, and this s clearly preferred in the
corresponding studies [159, 216-223].
TARGET was the first German prospec-
tive multicenter study to investigate
the influence of TDM of piperacillin/
tazobactam in sepsis patients (https://
www.clinicaltrialsregister.eu/ctr-search/
trial/2016-000136-17/DE).  Prolonged
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infusion of PB-lactams is, however, not
approved for any of the commercially
available preparations, and should only
be performed if the substance is at
least sufficiently stable at room temper-
ature over the application interval of
3-4h. This holds true for piperacillin/
tazobactam, meropenem, ceftazidime,
and cefepime.

Conclusions

Rapid diagnosis and treatment of sepsis
is of critical importance for the patients.
For this reason, a new and not uncon-
troversial definition of sepsis was estab-
lished in 2016, which is based primarily
on the presence of infection-associated
organ dysfunction. The presence of or-
gan dysfunction should be established in
the first instance using a modified SOFA
score (qQSOFA).

Blood cultures remain the gold stan-
dard of ID diagnostics. The time point of
sampling, sample site, and correct sam-
pling technique can eliminate a number
of potential sources of error. Molecu-
lar genetic techniques for pathogen di-
agnosis represent highly promising ap-
proaches; however, these cannot cur-
rently replace blood cultures and are not
yet established in clinical routine. These
methods may gain importance in the fu-
ture.

Antimicrobial therapy is one of the
cornerstones of successful sepsis treat-
ment. High sepsis mortality rates and the
often unknown causal pathogen render
initial application of a high-dose broad-
spectrum mono- or combination ther-
apy essential. Commencement of treat-
ment within 1h of recognition of sepsis
must be strived for, since every delay
leads to a significant increase in mortal-
ity. Regular reevaluation of the infection
and the antibiotic therapy should be dic-
tated by practical guidelines and coor-
dinated within a multidisciplinary team
(ABS team).

The grave pathophysiologic changes
accompanying sepsis (changes in the vol-
ume of distribution, ARC, organ sup-
port therapies) continue to frequently re-
ceive inadequate consideration, although
these can have a profound influence on
the pharmacokinetics of antibiotics. In
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light of these changes and in order to
avoid incorrect dosing and suboptimal
drug concentrations in sepsis patients,
treatment is increasingly diverging from
standard dosing concepts and being ori-
ented toward the PK/PD index of the
particular antibiotic. For B-lactams this
means that, e.g., a prolonged (or con-
tinuous) infusion should be preferred in
sepsis patients, such that the optimal drug
concentration (fTsmic) can be achieved
in the “blood” compartment through-
out the dosing interval. For treatment
management in sepsis, TDM is available.
Studies assessing the benefit of TDM have
demonstrated positive results in terms of
more effective treatment, improved sta-
bility of plasma levels of the antibiotic,
and reductions in treatment duration.

New antibiotics cover a defined spec-
trum of pathogens and are characterized
predominantly by their highly potent ac-
tivity against MDR pathogens. In order
to delay development of resistance, appli-
cation of these new preparations should
be limited to specific escalation therapy
of MDR infections. The administration
of new antibiotics should be discussed
within and decided upon by an ABS team.
Only in this way can the rational use of
new antibiotics be ensured.

Practical conclusion

== In-depth knowledge of the patho-
physiologic changes associated with
sepsis and their influence on the
pharmacokinetics of antibiotics (par-
ticularly B-lactams) has led to revision
of the use of B-lactams in particular.

== With respect to PK/PD targets, pro-
longed infusion of B-lactams (after
an initial bolus) should be preferred
to intermittent application in sepsis.

== Studies now exist which prove the
advantages of prolonged infusion
over intermittent bolus application.
Irrespective of the dosing strategy,
an initial LD (high-dose bolus appli-
cation) is required.

== TDM can be useful for sepsis treat-
ment management.
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