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Abstract

Sepsis and septic shock remain leading causes of disability, mortality and healthcare utiliza-
tion worldwide. Increasing evidence has established sepsis as a time-dependent emergency
in which delays in diagnosis and treatment are associated with worsening organ dys-
function and increased mortality. To standardize early management, the Surviving Sepsis
Campaign (SSC) developed evidence-based care bundles, culminating in the current Hour-1
Bundle, which emphasizes rapid implementation of key diagnostic and therapeutic inter-
ventions. This narrative review critically examines the scientific rationale, clinical evidence,
implementation challenges, and future perspectives surrounding the SSC Hour-1 Bundle.
Lactate remains a valuable marker of illness severity and treatment response, although
its interpretation requires consideration of multiple non-hypoperfusion-related mecha-
nisms. Blood cultures represent the microbiological gold standard, while emerging rapid
diagnostic technologies are transforming pathogen identification and antimicrobial stew-
ardship. Early effective antimicrobial therapy remains strongly associated with improved
outcomes, although balancing prompt treatment with antimicrobial stewardship remains
challenging. Fluid resuscitation strategies have evolved from fixed-volume approaches
toward individualized assessment of fluid responsiveness and tolerance, whereas early
vasopressor initiation is increasingly recognized as complementary to fluid administration.
Although observational studies frequently associate bundle adherence with improved
outcomes, real-world compliance remains variable and evidence supporting strict one-hour
completion targets remains heterogeneous. Future developments are expected to move
beyond standardized protocols toward personalized sepsis management integrating rapid
diagnostics, immune phenotyping, advanced haemodynamic monitoring, and artificial
intelligence-driven clinical decision support. These innovations may enable more precise
therapeutic strategies while preserving the fundamental principles of sepsis management,
that remain the cornerstone of contemporary sepsis care.
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1. Introduction
Sepsis and septic shock remain major causes of morbidity, mortality and healthcare

utilization worldwide [1], accounting for a substantial proportion of intensive care unit
(ICU) admissions [2]. Despite significant advances in critical care, sepsis continues to
be associated with high short- and long-term mortality, prolonged hospitalization, and
considerable economic burden. The heterogeneous host response to infection, ranging from
excessive inflammation to profound immune dysfunction, contributes to the complexity of
diagnosis and management and remains a major challenge for clinicians [3,4].

Over the last two decades, accumulating evidence has demonstrated that sepsis is a
time-dependent medical emergency, as delays in recognition and treatment have consis-
tently been associated with worsening organ dysfunction and increased mortality [2,5,6].
Early administration of appropriate antimicrobials [7,8], timely and effective control of
source of infection [6], prompt implementation of supportive measures including adequate
haemodynamic resuscitation, have therefore become central components of modern sepsis
care [2]. This evidence has driven the development of standardized care pathways aimed
at improving the consistency and timeliness of clinical interventions.

The Surviving Sepsis Campaign (SSC) introduced sepsis bundles to translate evidence-
based recommendations into bedside practice and facilitate quality improvement initia-
tives [2]. Initially structured as the 24 h bundle in 2004 [9], followed by the 6 h and 3 h
bundles in 2012 [10], these recommendations evolved into the Hour-1 Bundle in 2018 [11],
emphasizing the prompt implementation of key diagnostic and therapeutic interventions
following recognition of sepsis or septic shock. Although the Hour-1 Bundle [11] remains
a practical framework for early sepsis management, the 2026 SSC guidelines [2] formu-
late evidence-based recommendations for each intervention individually, acknowledging
differences in the strength and certainty of the supporting evidence. Accordingly, the
current guidelines continue to recognize sepsis as a medical emergency requiring immedi-
ate recognition and treatment, while placing greater emphasis on clinical judgement and
individualized management rather than rigid adherence to a universal one-hour timeline
for every bundle component.

This review critically examines the components of the SSC Hour-1 Bundle [11], in-
cluding lactate measurement, microbiological investigations, antimicrobial therapy, fluid
resuscitation, and vasopressor support. Unlike the 2026 SSC guidelines [2], which provide
evidence-based recommendations for clinical practice, this narrative review is not intended
to replace them. Instead, it critically appraises the rationale underpinning current recom-
mendations, discusses areas of ongoing uncertainty and controversy, integrates emerging
evidence relevant to clinical practice, and highlights knowledge gaps that may inform
future research and subsequent guideline updates. Although the Hour-1 Bundle [11] pro-
vides the conceptual framework for this review, selected complementary topics—including
source control, immune profiling, immunomodulation, and artificial intelligence—are dis-
cussed insofar as they directly influence the delivery, optimization, and future evolution
of early sepsis management. Finally, we examine real-world implementation, adherence,
clinical performance, ongoing controversies, and future directions that may shape the next
generation of sepsis care.
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2. Literature Search Strategy
This narrative review was based on a non-systematic literature search conducted using

PubMed/MEDLINE and Scopus. Relevant articles published in English up to 30 June 2026
were identified using combinations of the terms “sepsis”, “septic shock”, “Surviving Sepsis
Campaign”, “Hour-1 Bundle”, “lactate”, “fluid resuscitation”, “vasopressors”, “antimicro-
bial therapy”, “source control”, and “implementation”. Priority was given to the 2026 SSC
guidelines [2], randomized controlled trials, meta-analyses, high-quality observational
studies, and landmark publications considered relevant to the topics discussed. As this
is a narrative review, no predefined study protocol, formal study selection process, or
standardized assessment of methodological quality or risk of bias was performed.

3. Hour-1 Bundle
The SSC Hour-1 Bundle [11] integrates five evidence-based interventions that should

be initiated promptly after recognition of sepsis or septic shock: lactate measurement,
blood culture acquisition before antimicrobial therapy whenever feasible, early admin-
istration of broad-spectrum antimicrobials, initial crystalloid resuscitation, and timely
vasopressor support.

In the following sections, each bundle component is discussed by critically sum-
marizing the available evidence supporting its implementation, highlighting the major
controversies, and identifying the principal knowledge gaps that continue to limit optimal
application in clinical practice (Table 1 and Figure 1).

Table 1. Current evidence and remaining knowledge gaps across the components of the Surviving
Sepsis Campaign Hour-1 Bundle.

Bundle Component Current Evidence Knowledge Gap

Measure blood lactate level (and
re-measure if elevated)

• Marker of disease severity and
prognosis.

• Serial measurements may help
monitor response to resuscitation.

• Lactate clearance is associated with
improved outcomes.

• CRT should be assessed as an
adjunctive marker of peripheral
perfusion, targeting a CRT ≤ 3 s.

• Optimal resuscitation target
(lactate clearance vs. alternative
perfusion markers).

• Interpretation of hyperlactataemia
in the absence of tissue
hypoperfusion.

• Optimal integration of lactate and
peripheral perfusion markers into
individualized resuscitation
strategies.

Obtain blood cultures before
administering antibiotics

• Blood cultures remain the
microbiological gold standard.

• Sampling before antibiotics increases
diagnostic yield.

• Supports targeted antimicrobial
therapy and de-escalation.

• Optimal integration of rapid
molecular diagnostics.

• Best diagnostic strategy for
culture-negative sepsis.

• Clinical impact of emerging
sequencing technologies.

Administer broad-spectrum
antibiotics

• Early appropriate therapy reduces
mortality, especially in septic shock.

• Empirical therapy should consider
the suspected source of infection and
risk factors for MDR pathogens.

• Antimicrobial stewardship remains
essential.

• Optimal balance between early
treatment and avoidance of
unnecessary antimicrobial
exposure.

• Personalisation of empirical
antimicrobial therapy.

• Role of rapid diagnostic
techniques in guiding initial
antimicrobial treatment.

https://doi.org/10.3390/jcm15156049

https://doi.org/10.3390/jcm15156049


J. Clin. Med. 2026, 15, 6049 4 of 20

Table 1. Cont.

Bundle Component Current Evidence Knowledge Gap

Begin rapid administration of
crystalloids for hypotension or
lactate ≥ 4 mmol/L

• Early fluid resuscitation is
recommended in patients with
sepsis-induced hypoperfusion.

• Subsequent fluid administration
should be guided by fluid
responsiveness and fluid tolerance.

• Avoidance of fluid overload is
associated with improved outcomes.

• Optimal initial fluid volume.
• Identification of patients most

likely to benefit from liberal
versus restrictive fluid strategies.

• Optimal physiological targets to
guide fluid administration.

Apply vasopressors if the patient
remains hypotensive during or
after fluid resuscitation

• Norepinephrine is the first-line
vasopressor.

• Early initiation may reduce excessive
fluid administration and fluid
accumulation.

• Peripheral administration is
generally safe when appropriate
protocols are followed.

• Optimal timing of vasopressor
initiation.

• Personalized MAP targets.
• Optimal combination and

sequencing of vasopressor agents.

Abbreviations: capillary refill time, CRT; mean arterial pressure, MAP; multi-drug resistant, MDR.

Figure 1. Surviving Sepsis Campaign Hour-1 Bundle: current recommendations and remaining
knowledge gaps.

3.1. Measure Blood Lactate Level (And Re-Measure if Elevated)

Blood lactate level has been considered one of the hallmarks of septic shock, and
contributes to the diagnosis of this condition when concentrations are ≥2 mmol/L [12]. Al-
though elevated lactate concentration has been associated with altered tissue perfusion and
oxygen delivery to consumption (DO2-VO2) mismatch, the pathophysiological mechanisms
underlying hyperlactataemia in sepsis remain incompletely understood [13]. During sepsis
and septic shock, increased lactate production resulting from anaerobic glycolysis alone
cannot fully explain the elevated concentrations observed in many patients [14]. Indeed,
a growing body of evidence suggests that hyperlactatemia may occur in the absence of
overt tissue hypoxia, mitochondrial dysfunction or DO2-VO2 mismatch. In this setting,
the physiological stress response to sepsis may increase both carbohydrate metabolism
and catecholamines release, each of which may independently contribute to lactate pro-
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duction [14]. These mechanisms promote pyruvate generation and subsequent lactate
formation, with excess lactate being recycled into glucose through the Cori Cycle [15]. Fur-
thermore, catecholamines stimulate Na+/K+- ATPase activity, thereby directly enhancing
lactate production [16].

Approximately 1500 mmol of lactate are produced daily by organ metabolism, and
are subsequently catabolised by the liver and kidneys [17]. Normal blood lactate con-
centration is approximately 1.0 ± 0.5 mmol/L under physiological conditions, while a
concentration ≥2 mmol/L was associated with worse patient-related clinical outcomes [2].
Nevertheless, several studies suggest that adverse outcomes may be associated with lactate
concentrations well below this threshold. Indeed, lactate concentrations >0.75 mmol/L
at ICU admission have been associated with increased mortality regardless of the reason
for admission, suggesting that the transition from physiological to pathological lactate
metabolism may occur before conventional upper limits are exceeded [18]. In a large study
by Casserly et al., lactate concentrations >4 mmol/L accompanied by hypotension were
associated with increased mortality, and this risk persisted regardless of lactate trajectory
over the following hours [19].

Serial lactate measurements also provide important prognostic information, as persis-
tently elevated or rising lactate during the first 24 h of sepsis management are consistently
associated with increased mortality [20]. In addition, lactate kinetics may be used to
guide resuscitation, as reported by Nguyen et al. [21] with an 11% reduction in the like-
lihood of mortality for every 10% decrease in lactate concentration. Similarly, Jansen
et al. [22] demonstrated in a multicentre randomised controlled trial that an early lactate-
guided resuscitation strategy, targeting a reduction of more than 20% within the first 8 h of
ICU admission, reduced both ICU and in-hospital mortality. Collectively, these findings
support the concept that improvement in metabolic status represents a key target of re-
suscitation in septic shock. Conversely, large randomised trials have demonstrated that
resuscitation strategies guided by alternative markers of tissue hypoperfusion, such as
capillary refill time (CRT), achieve outcomes comparable to those of serial lactate-guided
approaches [23,24]. In the ANDROMEDA-SHOCK trial [23], CRT-guided resuscitation
targeting normalization (CRT ≤ 3 s) resulted in less organ dysfunction at 72 h, with a trend
towards lower 28-day mortality compared with lactate-guided resuscitation. Building on
these findings, the recent ANDROMEDA-SHOCK-2 trial [24] demonstrated that a per-
sonalised haemodynamic strategy targeting CRT normalisation improved a hierarchical
composite endpoint of mortality, duration of vital organ support and hospital length of stay,
compared with the standard of care. These findings supported CRT as a pragmatic bedside
target for guiding early septic shock resuscitation. Importantly, the choice of resuscitation
targets may be more relevant than the monitoring technique itself. In the recent EVERDAC
trial [25], an initial strategy based on non-invasive oscillometric blood pressure monitoring
was non-inferior to early arterial catheterisation with respect to 28-day mortality, while
avoiding arterial catheter placement in approximately 85% of patients, thereby preventing
arterial catheter-related complications. These findings suggest that routine early arterial
catheterisation may not be necessary in all patients with septic shock and support an
individualised approach to haemodynamic monitoring based on illness severity and the
need for advanced haemodynamic assessment.

Strategies aimed at achieving lactate clearance within the first hour of sepsis or septic
shock recognition should be individualised, as multiple causes of hyperlactatemia may
coexist. In this context, enhanced metabolic activity favouring pyruvate-to-lactate conver-
sion, such as seizures or intense exercise, as well as impaired tissue perfusion resulting
from cardiac arrest or carbon monoxide poisoning, may lead to elevated lactate concentra-
tions [26]. Additionally, clinicians should be aware of other clinical conditions associated

https://doi.org/10.3390/jcm15156049

https://doi.org/10.3390/jcm15156049


J. Clin. Med. 2026, 15, 6049 6 of 20

with hyperlactatemia, that include diabetes [27], malignancy [28], alcohol use disorder,
thiamine deficiency [29], and mitochondrial dysfunction [30]. Consequently, differen-
tial diagnosis and comprehensive clinical assessment remain essential when interpreting
hyperlactataemia, as emphasised by current guidelines [2].

3.2. Obtain Blood Cultures Before Administering Antibiotics

Blood cultures remain a cornerstone of early sepsis management because microbiolog-
ical identification supports antimicrobial stewardship programmes by enabling targeted
antimicrobial therapy and facilitating antimicrobial de-escalation. The 2026 SSC guide-
lines [2] strongly recommend obtaining blood cultures as soon as possible, ideally before
antimicrobial therapy, while emphasizing that microbiological sampling should not result
in clinically meaningful delays to antimicrobial administration, particularly in patients with
septic shock. Despite remaining the microbiological gold standard, the diagnostic yield of
blood culture in sepsis is often limited and heterogeneous, with positivity rates ranging
from approximately 10–20% in unselected patients with to substantially higher rates in
septic shock, endovascular infections, and infective endocarditis [31,32]. Culture sensitivity
is influenced by multiple factors, including pathogen load, the source of infection, prior
antimicrobial exposure, the timing of collection, and technical aspects of sample collection.
Adequate blood volume remains one of the major determinants of diagnostic sensitivity,
as initially demonstrated by Weinstein et al. [33] and subsequently confirmed by studies
evaluating blood culture optimization strategies [34]. Inadequate antisepsis and subopti-
mal collection techniques may also increase contamination rates, leading to false-positive
cultures, unnecessary antimicrobial exposure, and prolonged hospitalization [31,34].

Balancing rapid antimicrobial administration with optimal microbiological sampling
remains a major challenge in sepsis care. Kumar et al. [35] demonstrated that delayed
effective antimicrobial therapy in septic shock is associated with increased mortality for
every hour of delay after the onset of hypotension [35]. Conversely, other research showed
that even brief antimicrobial exposure significantly reduces blood culture positivity [36,37].
In the multicentre cohort study by Cheng et al. [37], blood culture positivity decreased
from 31.4% before antibiotic administration to 19.4% afterward, corresponding to a 38%
relative reduction in diagnostic yield after a median interval of 70 min.

Previous antimicrobial exposure remains one of the strongest predictors of culture-
negative sepsis and reduced microbiological recovery [37,38]. Diagnostic reliability can
be enhanced by optimising microbiological sampling through appropriate skin antisep-
sis, adequate blood volume collection, rapid transport to automated incubation systems,
and early source-directed sampling (e.g., bronchoalveolar lavage in pneumonia), while
simultaneously reducing contamination rates [31,34]. In this context, rapid diagnostic tech-
nologies are progressively reshaping sepsis microbiology [39]. Multiplex PCR platforms,
MALDI-TOF mass spectrometry, rapid phenotypic susceptibility testing, and syndromic
respiratory panels significantly reduce time to pathogen identification and resistance detec-
tion compared with conventional cultures [40]. Similarly, the FAST randomized clinical
trial by Banerjee et al. showed that rapid antimicrobial susceptibility testing shortened time
to antimicrobial optimization and increased stewardship-guided therapy in Gram-negative
bloodstream infections, despite not meeting its primary endpoint [41]. Emerging metage-
nomic approaches, including plasma microbial cell-free DNA sequencing platforms such as
the Karius test, may further expand diagnostic capabilities in culture-negative sepsis and in-
vasive pulmonary infections, although their role in routine ICU practice remains to be fully
established [42]. In severe respiratory infections, Virk et al. reported that rapid multiplex
PCR panels were associated with faster antimicrobial escalation and earlier Gram-positive
de-escalation, whereas Cano et al. demonstrated that protocolized stewardship strategies
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based on FilmArray testing facilitated earlier antimicrobial optimization in mechanically
ventilated ICU patients [43,44].

3.3. Administer Broad-Spectrum Antibiotics

The 2026 SSC guidelines [2] distinguished between patients with septic shock, patients
with definite or probable sepsis without shock, and patients with possible sepsis without
shock. In patients with septic shock, immediate administration of broad-spectrum antimi-
crobial therapy remains a priority because delays are consistently associated with worse
outcomes. Likewise, patients with definite or probable sepsis without shock should receive
antimicrobial therapy as soon as possible, ideally within 1 h of recognition. By contrast, in
patients with possible sepsis without shock, the guidelines recommend a rapid but focused
diagnostic assessment before initiating antimicrobial therapy, provided this does not delay
treatment beyond 3 h when infection remains the most likely diagnosis. This strategy
seeks to balance the benefits of early antimicrobial therapy in patients at highest risk of
deterioration with the principles of diagnostic and antimicrobial stewardship, minimizing
unnecessary exposure to broad-spectrum agents while avoiding inappropriate treatment
delays in patients with true sepsis. In addition, the 2026 SSC guidelines [2] introduce a new
recommendation suggesting prehospital administration of antimicrobials in ambulances
or air medical transport when the anticipated time to hospital-based medical evaluation
exceeds 60 min.

Early administration of broad-spectrum antimicrobial therapy to provide empirical
coverage of the most likely causative pathogen(s), together with effective source control,
remains a cornerstone of the management of sepsis and septic shock. Over the past two
decades, extensive evidence has demonstrated that delays in effective antimicrobial therapy
and source control are associated with increased mortality, supporting the 2026 SSC [2]
recommendation for early antimicrobial administration in patients with sepsis or septic
shock [45]. This approach may involve either initiating a new antimicrobial regimen
or broadening the spectrum of ongoing treatment when clinical deterioration suggests
treatment failure or progression of the underlying infection [2]. Despite this evidence [46],
optimization of empirical antimicrobial therapy continues to represent a major challenge in
routine clinical practice.

Adequate exposure to antimicrobials is challenged by the profound pharmacoki-
netic alterations induced by sepsis, resulting from both organ dysfunction (particularly
hemodynamic dysfunction and acute kidney injury) and therapeutic interventions such
as aggressive fluid resuscitation [47,48]. During the early hyperdynamic phase of sep-
sis, systemic inflammation, endothelial dysfunction, increased capillary permeability and
capillary leak syndrome, together with large-volume fluid administration, expand the ex-
tracellular fluid compartment, leading to an increased volume of distribution (Vd). Because
hydrophilic antimicrobials, including β-lactams and aminoglycosides, are predominantly
distributed within the extracellular space, this increase in Vd reduces initial plasma drug
concentrations after the first dose, increasing the risk of early target non-attainment [47,49].
In parallel, the hyperdynamic circulatory state frequently observed during the initial phase
of sepsis may result in augmented renal clearance (ARC), particularly in younger patients
and those with preserved renal function, thereby accelerating the elimination of renally
cleared antibiotics and further compromising adequate drug exposure despite standard
dosing regimens [47,48]. Consequently, an adequate loading dose should be administered
early to rapidly achieve therapeutic concentrations, whereas subsequent maintenance
dosing should be individualized according to renal function, the presence of ARC, extra-
corporeal organ support when applicable, and therapeutic drug monitoring whenever
available [47–49].
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Moreover, multiple audits continue to report substantial rates of inappropriate initial
antimicrobial therapy [50], that may reflect unrecognized risk factors for multidrug-resistant
pathogens (MDR) and delayed recognition of sepsis [51].

Decisions regarding empirical coverage for MDR pathogens and invasive fungal infec-
tions remain controversial. The need for MDR coverage depends largely on patient-related
risk factors, including colonization or previous infection with MDR pathogens, prolonged
exposure to broad-spectrum antimicrobials, and extended hospitalization [2]. Accordingly,
active surveillance cultures may help to identify high-risk patients and guide empirical
treatment decisions, particularly in lower respiratory tract infections [52]. Similarly, careful
assessment of host-related risk factors is essential when considering empirical antifungal
therapy. Current evidence does not demonstrate mortality benefit associated with empiric
antifungal therapy in critically ill, non-neutropenic patients [53]. Nevertheless, specific
clinical features, including immunosuppression, prolonged antimicrobial exposure, and
intra-abdominal source of infection, may identify patients at increased risk of invasive
fungal disease, and therefore support consideration of early antifungal coverage [54,55].

However, these potentially life-saving interventions should be integrated within a
structured decision-making framework. Selection of empirical therapy should be guided
by the suspected site of infection, local epidemiology, severity of illness, host-related risk
factors, and the pharmacokinetics/pharmacodynamic (PK/PD) characteristics of antimicro-
bials. Equally important is balancing the need for early effective treatment with principles
of antimicrobial stewardship to minimise unnecessary antimicrobial exposure and limit
the emergence of MDR [56,57]. Additionally, optimising antimicrobial dosing represents a
further challenge in critically ill patients, in whom profound pathophysiological alterations
frequently result in subtherapeutic drug exposure. In this setting, therapeutic drug moni-
toring may therefore represent a valuable tool to maximise antimicrobial exposure whilst
reducing the risk of antimicrobial toxicity [51].

With regard to the timing of antimicrobial administration, the recommendations
remain largely unchanged from the previous guidelines [58]. A strong recommendation
is maintained for initiating antimicrobial therapy within 1 h of recognition in patients
with septic shock, when the diagnosis is definite, probable or possible, and in patients
without shock when sepsis is definite or probable. In patients without shock, in whom
sepsis is considered possible, antimicrobial therapy should be initiated within 3 h following
a rapid clinical assessment. In addition, the 2026 SSC guidelines [2] introduce a new
recommendation suggesting pre-hospital administration of antimicrobials in ambulances
or air medical transport when the anticipated time to hospital-based medical evaluation
exceeds 60 min [2].

3.4. Begin Rapid Administration of Crystalloids for Hypotension or Lactate ≥ 4 mmol/L

Early intravenous fluid administration remains a cornerstone of the initial manage-
ment of septic shock, particularly in patients presenting with hypotension or hyperlac-
tataemia. The physiological rationale lies in the haemodynamic derangements that char-
acterise early sepsis, where systemic vasodilation, increased capillary permeability, and
relative hypovolemia reduce effective circulating volume and impair tissue perfusion.
Prompt administration of intravenous balanced crystalloids aims to restore preload, aug-
ment cardiac output, and prevent progression to refractory circulatory failure [2].

The recommendation to administer an initial fluid bolus of at least 30 mL/kg of
crystalloid within the first 3 h (retained in the 2026 SSC guidelines [2] as a conditional
recommendation based on low-certainty evidence) originates from observational studies
linking early fluid administration with reduced mortality and more rapid shock resolu-
tion [2,59]. Cohort studies have suggested that receipt of 30 mL/kg within 3 h is associated
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with lower hospital mortality and reduced need for mechanical ventilation, with timing of
administration emerging as an independent determinant of outcome [60].

However, more recent randomised trials have failed to demonstrate a mortality benefit
for liberal fluid administration compared with restrictive strategies, reporting no significant
differences in 90-day mortality between the two approaches [61,62]. These findings suggest
that a fixed weight-based resuscitation strategy may result in overtreatment of a substantial
proportion of patients, reflecting the marked inter-individual variability in haemodynamic
response to fluid loading. This variability is explained by the Frank–Starling relationship,
which describes the interplay between preload and stroke volume up to a physiological
plateau. Patients with septic shock may occupy different positions along this curve: some
remain on the ascending portion and demonstrate a meaningful increase in cardiac out-
put following fluid administration, whereas others are already on the plateau portion,
where additional fluid provides little haemodynamic benefit despite increasing cardiac
filling pressures.

Consequently, the 30 mL/kg threshold should be viewed as an initial guide rather
than a mandatory fixed-volume target to be administered indiscriminately to every patient.
Individuals at increased risk of fluid overload, such as those with acute heart failure or end-
stage kidney disease requiring dialysis, require careful clinical reassessment, integration of
dynamic measures of fluid responsiveness when appropriate, and continuous evaluation
of the balance between tissue perfusion and the risk of fluid accumulation. Accordingly,
subsequent fluid administration should be individualized on the basis of repeated clinical
assessment and fluid responsiveness rather than dictated solely by the initial recommended
volume [2,63,64].

Fluid responsiveness is generally defined as an increase in cardiac output of more
than 10–15%-depending on the haemodynamic monitoring method-following preload
augmentation. Since only approximately 50% of haemodynamically unstable patients are
fluid responders, indiscriminate fluid administration is unlikely to provide benefit and
may expose patients to harm. Dynamic assessments—which include passive leg raising,
pulse pressure variation, stroke volume variation, end-expiratory occlusion, and mini-fluid
challenges (100 mL of crystalloids [65])—have demonstrated greater predictive accuracy
than static haemodynamic variables, and should be used whenever feasible, according to
ventilatory status and monitoring tools available [64,66]. Importantly, an increase in cardiac
output does not necessarily translate into improved tissue oxygen consumption. Markers of
DO2 and VO2, including lactate clearance and the veno-arterial gap of CO2 partial pressure
over arterio-venous O2 content ratio are more reliable markers of O2 delivery and utilization
coupling [67]. Equally important is the concept of fluid tolerance, defined as the patient’s
capacity to receive additional fluids without developing clinically significant congestion or
organ dysfunction. Assessment of fluid tolerance should therefore complement evaluation
of fluid responsiveness in every resuscitation decision [68].

These principles underpin the contemporary ROSE model of fluid stewardship [69],
which conceptualises fluid therapy as a dynamic process encompassing four sequential
phases: Resuscitation, Optimisation, Stabilisation, and Evacuation (de-resuscitation). Dur-
ing the resuscitation phase, fluids are administered to rapidly restore tissue perfusion and
haemodynamic stability. Subsequent optimisation aims to individualise fluid administra-
tion according to haemodynamic response and perfusion targets, whilst the stabilisation
phase focuses on maintaining organ perfusion and avoiding unnecessary fluid accumu-
lation. Finally, the evacuation phase seeks to achieve a neutral or negative fluid balance
through spontaneous diuresis, diuretic therapy, or extracorporeal fluid removal when
appropriate [69].
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Current evidence therefore supports a phase-based approach to fluid management in
septic shock. During the initial resuscitation phase, prompt administration of intravenous
crystalloids remains appropriate in patients with sepsis-induced hypoperfusion or sep-
tic shock to restore effective circulating volume and improve tissue perfusion. Once the
initial resuscitation has been completed, however, further fluid administration should no
longer follow predetermined volume thresholds but instead be guided by repeated clinical
assessment, dynamic measures of fluid responsiveness, and evaluation of fluid tolerance.
Following hemodynamic stabilisation and control of shock, attention should shift towards
avoiding persistent positive fluid balance and, whenever clinically appropriate, initiating
active fluid removal (de-resuscitation). Although early fluid administration is beneficial
when targeted to patients with evidence of hypoperfusion, randomized trials have not
demonstrated superiority of liberal over restrictive fluid strategies beyond the initial resus-
citation phase. Accordingly, the 2026 SSC guidelines support an individualized approach to
fluid therapy throughout the course of critical illness rather than indiscriminate liberal fluid
administration [2,61]. Several studies have demonstrated that higher cumulative fluid bal-
ance is independently associated with increased mortality among critically ill patients with
sepsis and septic shock [70,71]. Excess fluid contributes to interstitial oedema, impaired
gas exchange, and multiple organ dysfunction, particularly affecting pulmonary and renal
function. For this reason, the current SSC guidelines recommend active fluid removal fol-
lowing completion of the initial resuscitation phase whenever clinically appropriate [2,61],
to mitigate the harmful consequences of fluid accumulation [2,59].

3.5. Apply Vasopressors if the Patient Remains Hypotensive During or After Fluid Resuscitation

Vasopressor support is recommended when hypotension persists despite adequate
fluid resuscitation. In patients with severe haemodynamic instability, however, nore-
pinephrine should be initiated early and should not be delayed until completion of a
predefined fluid volume [2,11]. Norepinephrine remains the first-line vasopressor. Its
predominant α1-adrenergic activity restores systemic vascular resistances and recruits
unstressed venous volume, thereby increasing venous return and, in preload-responsive
patients, cardiac output. In addition, modest β1-adrenergic stimulation may improve
myocardial contractility and contribute to haemodynamic stabilization [72–74]. However,
the optimal timing of norepinephrine initiation remains an area of ongoing investigation.
The CENSER trial showed that early low-dose norepinephrine improved the management
of shock control within six hours, reduced the incidence of cardiogenic pulmonary oedema
and new-onset arrhythmias [75]. Similarly, observational propensity-matched studies have
associated very early norepinephrine administration with lower mortality and reduced
cumulative fluid balance [76]. In contrast, the CLOVERS trial [62] found no significant
differences in mortality or organ-support-free days between a restrictive fluid strategy
incorporating earlier vasopressor use and a more liberal fluid approach. These findings
have recently been reinforced by the ARISE FLUIDS trial [77], which randomised patients
with early septic shock to a strategy of restricted fluids with earlier vasopressor initiation
or greater fluid volumes with later vasopressor therapy. Despite achieving a separation of
more than 1 L of intravenous fluid during the first 24 h and earlier vasopressor initiation
(median 0.4 vs. 1.4 h), no differences were observed in days alive and out of hospital at day
90, neither in other secondary outcomes including mortality, organ support requirements
or renal replacement therapy. However, the restrictive fluid/early vasopressor strategy
was associated with a significantly lower incidence of pulmonary oedema, supporting
the safety of earlier vasopressor initiation while suggesting that routine administration of
large fluid volumes during early resuscitation may not be necessary for all patients. These
findings support the concept that fluids and vasopressors should be considered comple-
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mentary rather than mutually exclusive interventions. While fluids primarily increase
stressed volume and preload, vasopressors restore vascular tone and redistribute venous
capacitance [61,72]. Accordingly, haemodynamic resuscitation should be individualized by
integrating early vasopressor therapy with judicious fluid administration according to the
patient’s physiological response.

To facilitate early hemodynamic stabilization, current 2026 SSC guidelines [2] support
initiation of vasopressors through a peripheral venous catheter when central venous access
is not immediately available, rather than delaying treatment until central access has been
secured. Recent meta-analyses have reported a low incidence of local complications associ-
ated with peripheral vasopressor administration when delivered within structured safety
protocols that include appropriate catheter selection, frequent monitoring for extravasation,
and predefined limits on infusion duration [78]. Nevertheless, available evidence remains
insufficient to establish optimal catheter calibre and length, insertion site, or maximal safe
infusion dose.

Current guidelines recommend an initial mean arterial pressure (MAP) target of ap-
proximately 65 mmHg for most patients with septic shock [2]. In patients aged 65 years or
older, a target MAP of 60–65 mmHg may be considered in preference to higher values [2].
The SEPSISPAM trial [79] demonstrated that targeting a MAP of 80–85 mmHg did not
improve survival and was associated with higher incidence of atrial fibrillation compared
with 65–70 mmHg. Similarly, the 65-trial [80] showed that permissive hypotension, target-
ing a MAP of 60–65 mmHg, reduced vasopressor exposure without adversely affecting
mortality in older patients. However, MAP targets should be individualised according
to patient characteristics and evidence of organ perfusion. Notably, in the subgroup of
patients with chronic hypertension enrolled in the SEPSISPAM, higher MAP targets were
associated with a reduced need for renal replacement therapy [79].

Escalating norepinephrine requirements should prompt comprehensive haemody-
namic reassessment to identify persistent preload responsiveness, ongoing vasodilation,
or concomitant myocardial dysfunction [73]. Additional fluid administration, inotropic
support, or adjunct vasopressor therapy should be considered according to the underlying
haemodynamic phenotype [73]. Contemporary management of septic shock increasingly
favours a multimodal vasopressor strategy aimed at reducing excessive catecholamine
exposure through the early introduction of agents with complementary mechanisms of
action. Vasopressin is the preferred second-line vasopressor and may reduce the inci-
dence of atrial fibrillation whilst potentially decreasing the need for renal replacement
therapy, particularly when introduced at lower norepinephrine doses, although no con-
sistent mortality benefit has been demonstrated [2,81,82]. Epinephrine is recommended
when an additional vasopressor effect is required or when vasopressin is unavailable [2].
Angiotensin II represents a further therapeutic option for selected patients with refractory
vasodilatory shock. Although biomarker-guided approaches based on renin concentrations
have generated considerable interest, clinical evidence remains limited. In the ATHOS-3
trial [83], angiotensin II effectively increased MAP and reduced catecholamine require-
ments in patients with vasodilatory shock, although no improvement in mortality was
observed as the study was not powered to detect survival differences.

Taken together, the available evidence suggests that early norepinephrine administra-
tion is safe, facilitates more rapid achievement of target arterial pressure, and may reduce
cumulative fluid administration and fluid-related complications, including pulmonary
oedema. However, despite these physiological advantages, current randomized evidence
has not demonstrated a consistent reduction in mortality or other major patient-centred
outcomes with strategies favouring earlier vasopressor initiation and more restrictive
fluid administration compared with contemporary standard care. Therefore, the 2026 SSC
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guidelines support early norepinephrine as part of an individualized haemodynamic
resuscitation strategy, integrated with careful assessment of tissue perfusion and fluid
responsiveness, rather than as a universal replacement for initial fluid resuscitation [2].

4. Implementation, Compliance, and Real-World Performance of
1 h Bundle

Despite widespread endorsement, adherence to the Hour-1 bundle remains highly
variable across healthcare systems and clinical settings. In a Japanese multicentre cohort
study, approximately half of patients received all bundle components within one hour,
and complete bundle adherence was associated with significantly lower in-hospital mor-
tality [84]. Similarly, Evans et al. [5], in a multicentre paediatric study conducted in the
United States before formal publication of the Hour-1 Bundle, reported complete adherence
to an equivalent early sepsis bundle in only 24.9% of patients, with substantial variability
between institutions. These findings highlight the persistent challenges associated with
translating guideline recommendations into routine clinical practice.

Several factors contribute to incomplete bundle implementation. Diagnostic uncer-
tainty remains one of the most important barriers, as sepsis frequently presents with
non-specific or atypical clinical manifestations, particularly in older adults, immunocom-
promised individuals, and patients with multiple comorbidities [85]. Clinical concerns
regarding potential adverse effects of treatment, including fluid overload, unnecessary
antimicrobial exposure, or competing procedural priorities, may further delay implementa-
tion of bundle components [5,86]. Organisational factors also play a critical role. Emergency
department overcrowding, staffing shortages, inadequate clinician education, absence of
structured sepsis pathways, and limited access to diagnostic or therapeutic resources may
all contribute to delayed sepsis recognition and treatment [87,88].

Although some studies reported that adherence to the Hour-1 bundle was indepen-
dently associated with lower 90-day mortality [89], the overall evidence remains controver-
sial. A large Korean observational study found no significant difference in hospital mortality
between patients managed according to the Hour-1 bundle and those receiving bundle
interventions within three or six hours [90]. Likewise, a stepped-wedge cluster-randomised
trial conducted across 23 European emergency departments showed that improved bundle
compliance achieved through implementation strategies was not accompanied by a reduc-
tion in mortality (12.1% vs. 12.6%) [91]. These conflicting findings may reflect important
methodological limitations. Most of the available evidence derives from observational
studies, making it difficult to distinguish the independent effects of bundle implementation
from differences in patient characteristics, institutional performance, and overall quality of
care. Institutions with higher bundle adherence often have established sepsis pathways,
greater multidisciplinary expertise, and more mature quality-improvement programmes,
all of which may independently contribute to better outcomes. Similarly, earlier recognition
of sepsis may facilitate more timely overall management irrespective of bundle completion,
while differences in case-mix, illness severity, treatment indication, and documentation
practices may further confound the observed associations. Consequently, observational
studies may overestimate the benefits directly attributable to bundle adherence. In ad-
dition, concerns have been raised regarding the possibility that strict time-based targets
may inadvertently encourage inappropriate clinical decisions, including indiscriminate
administration of broad-spectrum antimicrobials, unnecessary fluid resuscitation, or sepsis
over-diagnosis. Taken together, these findings suggest that adherence to structured sepsis
pathways remains an important quality-improvement measure. However, improvements
in patient outcomes should be interpreted within the broader context of high-quality sepsis
care rather than attributed solely to achievement of predefined bundle metrics.
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5. Controversies and Future Directions
The 2026 SSC guidelines [2] represent the most comprehensive and evidence-based

framework currently available for the management of sepsis and septic shock, whereas sev-
eral important uncertainties remain. Future improvements in patient outcomes will likely
depend not only on continued optimisation of bundle-based care but also on advances in
source control, precision immunotherapy, and artificial intelligence-driven clinical decision
support. Although the current recommendations continue to advocate time-sensitive bun-
dled interventions to standardise early sepsis management and improve outcomes [2,92],
source control remains a fundamental yet comparatively understudied component of
care [93].

Current 2026 SSC guidelines [2] emphasise source control as a best-practice interven-
tion and suggest that, whenever required, it should be performed as soon as medically,
logistically, and safely feasible, ideally within six hours of diagnosis.

Source control encompasses all interventions aimed at eliminating the source of infec-
tion, reducing microbial burden, and restoring normal anatomy and function. Common
examples include drainage of intra-abdominal abscesses, debridement of infected necrotic
tissue, evacuation of empyema, and removal of infected vascular or orthopaedic devices. It
also includes minimally invasive approaches, such as image-guided percutaneous drainage
of infected collections and relief of biliary or urinary obstruction, whenever these provide
effective elimination of the infectious focus. Antimicrobial therapy is an essential adjunct
to source control but should not be considered a substitute for anatomical source control
when an infected collection, devitalised tissue, obstructed system, or infected device per-
sists. Despite broad consensus regarding its importance, considerable variability exists in
the availability and delivery of source control interventions. In an international survey
involving 1023 hospitals across 69 countries, only 87% of institutions reported round-the-
clock access to surgical source control, whilst delays exceeding 12–24 h were reported in
approximately 15% of centres, particularly outside intensive care settings [36]. Furthermore,
patient-specific factors, infection characteristics, and local expertise frequently influence the
choice between surgical and minimally invasive approaches. The optimal timing of source
control remains uncertain. Premature intervention in inadequately resuscitated patients
may worsen outcomes, whereas excessive delays may allow progression of organ dysfunc-
tion and ongoing microbial dissemination [94]. Reflecting these uncertainties, the 2026 SSC
guidelines suggest that source control should be achieved as soon as medically, logistically,
and safely feasible, ideally within 6 h of diagnosing sepsis or septic shock requiring source
control [2]. In haemodynamically unstable patients, initial resuscitation should proceed
in parallel with diagnostic evaluation and procedural planning, rather than unnecessarily
delaying definitive source control. However, no validated physiological markers currently
identify the optimal degree of haemodynamic stabilisation required before intervention,
and prolonged attempts at medical stabilisation without controlling the infectious source
are unlikely to be successful in patients with ongoing septic shock. Therefore, continuous
multidisciplinary reassessment is essential to individualise the timing of source control
according to the patient’s haemodynamic trajectory, the anatomical source of infection,
procedural risk, and local expertise. At present, reliable physiological markers identifying
when a patient is sufficiently stabilised to undergo source control are lacking and should
represent a priority for future investigation.

Current sepsis guidelines [2] do not address the immune profiling into therapeutic
decision-making, although patient outcomes are strongly influenced not only by pathogen-
related factors but also by the host immune response.

Sepsis is now recognised as a highly heterogeneous syndrome characterised by dy-
namic and often simultaneous processes of hyperinflammation and immune suppression.
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Excessive inflammatory responses may contribute directly to tissue injury and organ dys-
function, whereas prolonged immune exhaustion increases susceptibility to secondary
infections and poor long-term outcomes [95].

The PROVIDE study [96] represented a major step towards clinically meaningful
immune stratification. Using serum ferritin concentrations and monocyte HLA-DR expres-
sion, investigators classified patients into three immunological phenotypes: macrophage
activation-like syndrome (MALS), immunoparalysis, and an intermediate phenotype. Im-
mune phenotype independently predicted 28-day mortality, 90-day mortality, and the
occurrence of secondary infections. Patients with MALS exhibited profound hyperin-
flammation and the highest mortality, whilst patients with immunoparalysis experienced
substantial mortality associated with severe immune dysfunction and increased vulnerabil-
ity to nosocomial infection [96].

Building upon these observations, the ImmunoSep trial [97] explored a precision-
medicine approach in which treatment was guided by immune phenotype. Administration
of anakinra in patients with MALS and recombinant interferon-γ in patients with im-
munoparalysis resulted in significantly higher organ dysfunction improvement compared
with placebo. In addition, reversal of sepsis-induced immune dysfunction occurred sub-
stantially more frequently among treated patients. These findings support the concept that
immune heterogeneity in sepsis is not merely biologically relevant but may represent a
therapeutic target. The lessons emerging from PROVIDE, ImmunoSep, and related stud-
ies converge on a central principle: future immunomodulatory trials should incorporate
biomarker-guided patient stratification as a prerequisite for therapeutic success [4,96,97].
Whether phenotype-directed interventions, including anakinra for hyperinflammatory
phenotypes and recombinant interferon-γ for immunoparalysis, can improve survival
in larger and more diverse populations remains one of the most important unanswered
questions in contemporary sepsis research.

Furthermore the 2026 SSC guidelines focused on quality improvement initiatives,
defined as systematic efforts to improve evidence-based care processes and clinical out-
comes through continuous monitoring, feedback, and organisational optimisation [2]. In
this context, artificial intelligence (AI) and machine learning (ML) are increasingly being
explored as decision-support tools with the potential to improve the early recognition
of sepsis and facilitate timely implementation of evidence-based care bundles. However,
the available evidence remains limited, and these technologies require robust prospective
validation before they can be routinely integrated into clinical practice. Specifically, early
warning systems based on real-time physiological monitoring [98] have demonstrated the
ability to facilitate earlier recognition of sepsis and improve clinical outcomes in routine
practice [99]. A recent meta-analysis [100] found that ML-based prediction systems were
associated with greater reductions in sepsis-related mortality than traditional rule-based
alert systems [95]. Beyond early detection, machine learning may also contribute to treat-
ment optimisation. In a large cohort of more than 42,000 patients, Kalimouttou et al. [98]
developed an ML-derived approach to identify the subset of guideline-based interventions
most strongly associated with survival benefit. Adherence to the resulting six-item bundle
was associated with lower mortality, whereas implementation of additional recommen-
dations beyond those selected by the algorithm did not provide further benefit. Despite
these promising results, substantial barriers remain before AI can be routinely integrated
into sepsis management. Limited external validation, insufficient patient diversity within
training datasets, concerns regarding algorithmic bias, clinician acceptance, and the absence
of robust cost-effectiveness data continue to limit widespread adoption. Addressing these
challenges will require close collaboration between clinicians, data scientists, healthcare or-
ganisations, and regulatory bodies. Ultimately, improving outcomes in sepsis will depend
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on the ability to combine timely evidence-based interventions with precision medicine
approaches that recognise the biological heterogeneity of the syndrome. To achieve this
goal, large collaborative clinical trials, robust implementation science, and refinement of
the multidisciplinary framework will be required, alongside the evolution of the Surviving
Sepsis Campaign in the next years to come.

6. Conclusions
The 2026 Surviving Sepsis Campaign (SSC) guidelines continue to provide the cor-

nerstone for the early management of sepsis and septic shock by emphasizing the prompt
implementation of evidence-based diagnostic and therapeutic interventions. Compared
with the 2018 Hour-1 Bundle, the updated recommendations adopt an intervention-specific
approach, highlighting the importance of clinical judgement and individualized patient
management rather than a universal one-hour timeline. As the evidence base continues
to evolve, further research is needed to strengthen recommendations for individual inter-
ventions and to better define the optimal timing and selection of therapies across different
patient populations. Increasing evidence supports complementing early treatment with
individualized assessment of perfusion, fluid responsiveness, infection risk, and host char-
acteristics. Future studies should focus on optimizing source control strategies, validating
biomarker-guided and immunophenotype-driven therapies, refining haemodynamic re-
suscitation targets, and evaluating the integration of artificial intelligence and machine
learning into clinical decision support systems. These advances may further enhance
personalized sepsis management and improve patient outcomes.
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