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Abstract: The fear of missing sepsis episodes in neonates frequently leads to indiscriminate use of
antibiotics, and prescription program optimization is suggested for reducing this inappropriate usage.
While different authors have studied how to reduce antibiotic overprescription in the case of early
onset sepsis episodes, with different approaches being available, less is known about late-onset sepsis
episodes. Biomarkers (such as C-reactive protein, procalcitonin, interleukin-6 and 8, and presepsin)
can play a crucial role in the prompt diagnosis of late-onset sepsis, but their role in antimicrobial
stewardship should be further studied, given that different factors can influence their levels and
newborns can be subjected to prolonged therapy if their levels are expected to return to zero. To date,
procalcitonin has the best evidence of performance in this sense, as extrapolated from research on
early onset cases, but more studies and protocols for biomarker-guided antibiotic stewardship are
needed. Blood cultures (BCs) are considered the gold standard for the diagnosis of sepsis: positive
BC rates in neonatal sepsis workups have been reported as low, implying that the majority of treated
neonates may receive unneeded drugs. New identification methods can increase the accuracy of BCs
and guide antibiotic de-escalation. To date, after 3648 h, if BCs are negative and the baby is clinically
stable, antibiotics should be stopped. In this narrative review, we provide a summary of current
knowledge on the optimum approach to reduce antibiotic pressure in late-onset sepsis in neonates.

Keywords: infection; biomarkers; sepsis definition; clinical score; blood culture; time to positivity;
automatic stop order; LOS; neonates

1. Introduction

Antibiotic exposure during the first days of life has been associated with the emergence
of multidrug-resistant (MDR) bacteria, the onset of several difficult to treat infections,
disruption of developing individual microbiota, and the greater ease of developing chronic
illnesses later in life. Therefore, the consequences of improper use of antibiotics in neonatal
and early childhood are increased mortality, increased acute and chronic morbidity, and a
marked increase in healthcare costs [1]. Sepsis rule-out is the primary cause of antibiotic
overuse in neonates and infants in Neonatal Intensive Care Unit (NICU) settings [2].

The first development point in neonatal sepsis comes between early onset sepsis (EOS),
which usually arises before 72 h of life, and late-onset sepsis (LOS), which arises after 72 h
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of life. The distinction between the two types of infection is therefore based on the different
natures of the responsible bacteria, the mode of transmission from mother to newborn,
and the timing of the onset of symptoms, with this classification influencing management
and antibiotic therapy. In EOS, there is a transplacental passage of bacteria from the
mother to the fetus (the vertical transmission of the infection, as with Listeria infections)
or an ascending infection via the maternal genital tract (as in Group B Streptococcus—
GBS—and Escherichia coli infections). LOS infections are mainly caused by organisms
horizontally acquired from the environment, either from the community or from the
hospital environment (in the form of Staphylococcal infections acquired from surfaces,
health-care workers” hands, central venous catheters, or other devices), and also include
cases of neonates presenting to the emergency department with suspected sepsis [3]. In
recent literature, the EOS-risk calculator has been the most discussed approach to reducing
the start of antibiotic therapy for suspected EOS in late preterm and term infants [4].
Conversely, a similar software is unavailable for LOS episodes in regard to reducing
unnecessary antibiotics. Therefore, even experienced neonatologists often start antibiotics
because of the fear of missing a true sepsis case without clear diagnostic criteria. Therefore,
we must focus on stopping antibiotics as soon as possible in LOS episodes when they are
no longer required.

The aim of this narrative review is to focus on interventions to improve the decision-
making process regarding the stoppage of antibiotics in late-onset sepsis and to summarize
the available evidence.

2. Materials and Methods
This narrative review was produced by searching for articles in the PubMed database

and matching the terms “sepsis” and “neonate” with “late-onset”, “antibiotics”, or “an-
tibiotic stewardship”. All retrieved articles written in English and published before 30th
December 2023 were analyzed without imposing restrictions on date or year, location,
study design, study aims, or inclusion/exclusion criteria. We also screened reference lists of
identified studies, and additional references for this review were identified by each author

based on their knowledge of the field.

3. From the Definition of Sepsis to the Use of Clinical Scores

In contrast to adult and pediatric sepsis, which employ organ failure, neonatal sepsis
has a wide range of diagnoses based on microbiological culture, laboratory testing, and
clinical symptoms [5]. “Culture-proven sepsis” or “definite sepsis” should be distinguished
from “probable sepsis” or “clinical sepsis”, followed by “possible sepsis”, as defined by
some studies [5]. In particular, the diagnosis of neonatal sepsis is heavily related to the
isolation of pathogens from blood and the prescription of antibiotic therapy, with a lack of a
consensus about the neonatal definition [6]. Consequently, especially without evidence of a
positive blood culture, the most frequently used criterion is that of a combination of clinical
and laboratory symptoms, with there being an enormous variability of behaviors and
prescriptive policies between different NICUs worldwide [7]. Standardizing the criteria
for the evaluation of a possible LOS and the need to administrate antibiotics is a crucial
target and can help to reduce unnecessary doses [8]. While the phrases “possible sepsis”
or “suspected sepsis” may be suitable during the first examination and administration
of empirical antibiotics, they cannot be provided as a definitive diagnosis of certainty
and prolonged treatment. The diagnosis should always be reconsidered in these cases, as
antibiotic treatment may not be warranted.

In 2015, the Third International Consensus Definitions for Sepsis and Septic Shock
(Sepsis-3) defined sepsis as a “life-threatening organ dysfunction caused by a dysregulated host
response to infection” that is associated with a Systemic Inflammatory Response Syndrome
(SIRS) and can evolve towards multiple organ failure [9]. The task force focused on adult
patients, with the aim of developing similar updated definitions for pediatric populations
in a second moment. Previously, Hofer and colleagues evaluated whether the SIRS and
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sepsis criteria were applicable to infected full-term newborns, finding that only 53% of the
septic patients with positive cultures fell into the shared definition [10].

Indeed, the definition of SIRS includes many parameters inherent to the physiology
of the newborn at birth (tachycardia, tachypnea, increase in bilirubin above 5 mg/dL,
and oliguria). The evolutionary characteristics of the SIRS were described using a score
called the Sequential [Sepsis-related] Organ Failure Assessment score (SOFA score), which
is unsuitable for newborns for the above-mentioned reasons. Furthermore, newborns
were considered to be among the population under the age of 18, preterm newborns were
excluded, and neonatologists with experience with newborns were not included among
the convened experts [9].

The current definition of sepsis focuses on the presence of organ dysfunction (host
response) as a major source of morbidity and mortality. Newborns requiring intensive care
at birth challenge the ability to make a diagnosis of organ dysfunction, as there is no baseline
data available from which to measure postpartum change. Moreover, preterm infants may
be unstable from birth regardless of the presence of infections. It is not clear what the
most accurate method to screen especially preterm newborns for organ dysfunction might
be. Positive blood cultures are considered the gold standard for diagnosis, and the rate
of positive blood cultures in neonatal sepsis work-up has been reported to be around 9%,
meaning that, in most cases, sepsis is ruled out based on (truly) negative blood cultures [11].

Wynn and Polin suggested that the work undertaken to develop the Sepsis-3 screening
in 2016 could be adapted to the newborn. They proposed an objective, electronic health
record-automated, neonatal sequential organ failure assessment (nSOFA) score to predict
mortality from LOS in preterm, very low birth weight (VLBW) infants [12]. The nSOFA
employs three categorical scores (total score range 0-15) to objectively describe dynamic
changes in (1) the need for mechanical ventilation and oxygen (score range 0-8); (2) the
need for inotropic support (for presumed adrenal insufficiency or catecholamine-resistant
shock) (score range 0-4); and (3) the presence and degree of thrombocytopenia (score range
0-3) (Table 1). A score higher than four in LOS was associated with higher mortality [12],
as confirmed by Fleiss et al. [13] and Poggi et al. [14]. In particular, the likelihood ratio for
mortality progressively increased as the nSOFA score increased (2-fold with a nSOFA score
>2, 4-fold with a score >6, 8-fold with a score >8, and 16-fold with a score >10) [13]. An
abrupt change in the nSOFA score could be the turning point in stopping antibiotics in the
absence of a positive culture result despite the lack of evidence about LOS to date.

Table 1. Neonatal Sequential Organ Failure Assessment (nNSOFA): the score ranges from 0 (best) to
15 (worst), as described by Wynn and Polin [12]. FiO;: fraction of inspired oxygen; NA: not applicable;
SpO;: oxygen saturation measured by pulse oximetry.

nSOFA

Respiratory score 0 2 4 6 8
Not intubated or Intubated, Intubated, Intubated, Intubated,
criteria intubated, SpO, /FiO, SpO, /FiO, SpO, /FiO, SpO, /FiO,
SpO, /FiO, > 300 <300 <200 <150 <100
Cardiovascular 0 1 5 3 4
score
No inotropes, . At least 2 At least two
. . One inotrope, . .
I No inotropes, no systemic : inotropes, or one  inotropes and
criteria . . . no systemic . .
systemic steroids steroid . inotrope and systemic
steroids . . .
treatment systemic steroids steroids
Hematologic score 0 1 2 3 NA
criteria Platelet count > Platelet count Platelet count Platelet count
150 x 10° L 100-149 x 10° L <100 x 10° L <50 x 10° L

However, the nSOFA score will likely expand to include other measures of organ
dysfunction that are shown to be significant for sepsis mortality in evidence-based studies.
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For example, the central nervous system, liver, and renal dysfunction are included in
the adult SOFA score. Currently, measurements of these systems in newborns are more
problematic. In adults, total bilirubin of 5 mg/dL represents liver dysfunction; however,
this amount would remain absolutely within normal limits for newborns for several days
after birth. It is certainly more accurate in late-onset sepsis than in early onset samples
because, in preterm infants, many symptoms of respiratory or cardiovascular instability at
birth are present regardless of infections. A change in nSOFA from a baseline nSOFA could
be more accurate for describing a worsening trend. This is in part due to components such
as platelet count, which can be lower in the first days of life in, for example, those infants
born to mothers with preeclampsia. Additionally, postnatal steroids can influence the score,
and there are different reasons for the need for postnatal steroids in neonates, such as in
the case of intubated infants with severe chronic lung disease or those with stridor.

Conversely, Sokou et al. proposed the new Neonatal Sepsis Diagnostic (NeoSeD) score,
which includes gestational age, CRP, considerable skin discoloration, liver enlargement,
neutrophil left shift, and a thromboelastometry extrinsically activated (EXTEM) assay. The
authors reported an excellent discrimination capacity for sepsis and septic shock, which
was significantly higher compared to nSOFA scores [15]. This item should be externally
validated, but we think the need for a thromboelastometry assay can limit the widespread
use of this tool.

Very recently, a global neonatal sepsis observational cohort study (NeoOBS), including
data from low-and middle-income countries, highlighted the urgent need for clinical trials
to inform antibiotic use for neonatal sepsis globally. A total of 3204 infants were enrolled,
with a median birth weight of 2500 g (IQR 1400 to 3000) [16]. The authors developed
(1) a baseline NeoSep Severity Score to predict 28-day mortality from factors known at
sepsis presentation (Table 2) and (2) a NeoSep Recovery Score to predict the daily risk of
death while treated with intravenous antibiotics from daily updated assessments of clinical
status (Table 3). In particular, a NeoSep Recovery Score >4 was the most discriminative of
mortality [16] and should be investigated for use in antibiotic de-escalation.

Table 2. NeoSep Severity Score, as described by Russell et al. [16].

Factors Severity Score Points
Birthweight <lkg 2
1.0-29kg 1
>3 kg 0
In-hospital time <10days: 1 1
>10 days 0
Gestational age <37 weeks 1
Congenital anomalies Yes 1
No 0
Maximum respiratory support Oxygen supplementation 2
Non-invasive ventilation 3
Invasive ventilation 3
Body temperature <35.5°C 1
35.6-37.9 °C 0
>38-<39 °C 1
>39 °C 2
Abdominal distension Yes 1
No 0
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Table 2. Cont.
Factors Severity Score Points
Lethargy, no or reduced movement No 0
Lethargy only 1
No/reduced movements 2
Feeding difficulties Yes 1
No 0
Evidence of shock Yes 1
No 0
Maximum number of score possible 16

Table 3. NeoSep Recovery Score, as described by Russell et al. [16].

Factors Severity Score Points
Maximum respiratory support Oxygen supplementation 2
Non-invasive ventilation 3
Invasive ventilation 3
Body temperature <35.5°C 1
35.6-37.9 °C 0
>38-<39 °C 1
>39 °C 2
Abdominal distension Yes 1
No 0
Lethargy, no or reduced movement No 0
Lethargy only 1
No/reduced movements 2
Feeding difficulties Yes 1
No 0
Evidence of shock Yes 1
No 0
Yes 1
No 0
Maximum number of score possible 11

These clinical scoring tools have been demonstrated to correlate well with mortality,
but prospective studies validating them in antibiotic stewardship are lacking. Indeed, the
prompt improvement of these clinical scores can objectively help the clinician decide to
stop antibiotics safely while awaiting a negative blood culture result.

4. Does the Magic Biomarker Exist?

The impact of sepsis on pediatric mortality makes interventions to contain its onset and
evolution critical; however, early, targeted therapy has emerged as the cornerstone of severe
sepsis treatment bundles in adults, children, and especially in neonates. A prospective
study was conducted at the Neonatal Department of the Children’s Hospital of Philadelphia
from September 2014 to February 2018 to evaluate the relationship between the timing of
initiation of antibiotic therapy at the suspicion or diagnosis of sepsis and mortality. Among
the 1946 examples of sepsis work-up, 128 episodes of definite sepsis were identified in
113 neonates. Prolonging the interval between suspected or definite diagnosis and the first
dose of antibiotic administration was associated with a significantly increased risk of death
at 14 (OR, 1.47;95% CI, 1.15-1.87) and 30 days (OR, 1.47; 95% CI, 1.11-1.94), as well as fewer
inotrope-free days (incidence rate ratio, 0.91; 95% CI, 0.84-0.98). There was no association
between days without mechanical ventilation or length of hospital stay. Therefore, the
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authors concluded that, among infants with sepsis, a delay in the initiation of antibiotic
therapy is an independent risk factor for death and cardiovascular dysfunction [17].

These data lead doctors to frequently administer antibiotics because, in the neonate,
the uncertainty that accompanies the diagnosis of sepsis is high, and this translates into a
very low treatment threshold. The lack of defined guidelines in critical clinical situations
has also generated an intrinsic tendency towards overtreatments in NICUs and the difficulty
in suspending antibiotics administration once it has started in all age categories of patients,
especially in neonates. In data from the multicenter NO-MAS-R study cited above, 80%
of the total 405 newborns receiving antibiotic treatment on the day of observation had
received prolonged therapy for more than 72 h, regardless of the results of the cultures,
with a median duration of 7 days of therapy [2].

Therefore, a major issue would seem to be determining when to start. As the stakes
are high, delay is equal to increased mortality; if suspicion is high, it is necessary to start
immediately. Additionally, we must also ascertain when stopping in necessary, and whether
biomarkers can be trusted after 48h. The difficulty in answering these questions leads to
overtreatment or excessively prolonged treatment in a large proportion of uninfected patients.

Obtaining a “magic biomarker” with high sensitivity and specificity and high negative
predictive values might aid in preventing the catastrophic effects of prolonged antibiotic
treatments in neonates. Furthermore, a small blood volume would increase the possibility of
using this ideal biomarker even in those with low birth weights, such as a rapid laboratory
turnaround time, 24 h bedside access, and a fair price. To date, no single biomarker has
been found that meets most of these requirements, and the magic biomarker seems not to
exist or has not yet been discovered [18].

Although C-reactive protein (CRP) and procalcitonin (PCT) are the most widely used
biomarkers of neonatal sepsis, their accuracy is still controversial [19]. Further biomarkers,
such as interleukin 6 (IL-6), interferon-gamma inducible protein 10 (IP-10), interleukin 10
(IL-10), neutrophil gelatinase-associated lipocalin (NGAL), pentraxin 3 (PTX3), presepsin (P-
SEP), and lipopolysaccharide-binding protein (LBP), have been measured for the diagnosis
of late-onset sepsis, but their clinical routine use in response to the antibiotic therapy is
still an object of study [20]. In recent years, the use of P-SEP has spread to many NICUs
because of the possibility of measuring it with a point-of-care device and the apparent
absence of confounding factors that influence its levels [21,22]. Point-of-care methods are
also available for CRP and PCT. Therefore, it is often the choice of the individual NICU
regarding which biomarker to use based on “experience practice” and economic reasons
due to kit costs: PCT is substantially more expensive than CRP, and cost-effectiveness
studies about the three markers (CRP, PCT, and P-SEP) are not available in this population.

The dilemma is whether inflammatory indicators are game changers or merely gim-
micks in LOS, as in the case of early onset sepsis [23].

4.1. C-Reactive Protein

CRP is an acute-phase reactant synthesized by the liver in response to inflammatory cy-
tokines (primarily interleukin 6) generated by white blood cells reacting to microbial pyrogens,
with a cut-off between 0.5 and 1 mg/dL in most studies about late-onset infections [24].

CRP rises 10-12 h after pathogen exposure and peaks at 4872 h [25]. CRP levels
return to normal levels after 3-7 days, but levels can be affected by other non-infectious
inflammatory stimuli (such as perinatal asphyxia or major surgery) [26].

When commencing antibiotic treatment in neonates with suspected LOS, NICE guide-
lines recommend always monitoring baseline CRP levels [27]. Sequential CRP measurement
may help in the early diagnosis of microbial infections and evaluate the response to ther-
apy, allowing for the discontinuation of antibiotic therapy when CRP drops [28]. Two
CRP levels < 1 mg/dL obtained 24 h after the onset of symptoms indicate that a bacterial
infection is unlikely, justifying the suspension of antibiotic therapy [29,30].

Current evidence suggests that using CRP alone, or combined with other biomarkers,
can allow neonatologists to confidently discontinue antibiotics early (24—48 h after onset)
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in the suspected infection without waiting for definitive microbiological results as long as
the infant remains clinically well, although this has not been demonstrated by a specific
randomized controlled trial. However, there is currently insufficient evidence to monitor
CRP to stop the antibiotic therapy in late-onset sepsis.

The still active “Using Biomarkers to Optimize Antibiotic Strategies in Sepsis” study
(Clinical Trials ID number: NCT02207114) is a US-based randomized controlled trial
proposing to evaluate the potential impact of a biomarker-based algorithm on reducing
unnecessary antibiotic use in different adult and pediatric/neonatal intensive care units.
The authors are dosing nine blood biomarkers (including CRP and PCT) in two groups:
the experimental group, where the biomarker-based algorithm, along with the patient’s
biomarker assay results, are given to the clinical team to assist them in deciding to continue
antibiotics or not, and the control group, where biomarkers’ results are not shared with
the subject’s medical team. To date, details of enrolled neonates are not available, and the
study has not resulted in any recruitments [31].

4.2. Procalcitonin

PCT is the precursor of the hormone calcitonin: the PCT gene (CALC-1) is almost
exclusively expressed by neuroendocrine thyroid C cells in normal circumstances, while
generated PCT is stored in the Golgi apparatus, explaining the relatively low amounts
detected in the bloodstream. CALC-1 is upregulated and consequently expressed in all
cells of the organism during systemic infections, resulting in the release of increased levels
of PCT into the circulation [32].

PCT was sensitive enough to detect sepsis episodes much earlier than CRP [28]
because it is detecTable 3 h after exposure, peaking by the 6 h mark [25]. After about 12 h,
a plateau is attained, and PCT levels return to normal after 2-3 h. The interpretation of
procalcitonin values in neonates is complicated by a physiological increase in the first 48 h
of life and other perinatal factors (such as chorioamnionitis, hypoxia, perinatal asphyxia,
and maternal pre-eclampsia) that can also lead to serum PCT values comparable to septic
neonates. Afterward, a normal PCT (cut-off: 0.5 pug/L using the BRAHMS PCTTM assay)
has a good negative predictive value for sepsis [26].

The Neonatal Procalcitonin Intervention Study (NeoPInS) found that a procalcitonin-
guided decision-making approach dramatically decreased antibiotic treatment time for
early onset study. In this multicentre randomized controlled trial, 1710 neonates born after
34 weeks of gestational age, and who had suspected early onset sepsis in the first 72 h of
life, were enrolled and randomized to receive procalcitonin-guided treatment or standard
care by the treating physician. For the PCT group, the duration of antibiotic therapy was
reduced. No sepsis-related deaths occurred, and 9 (<1%) of 1710 neonates had a possible
re-infection [26]. To date, there is still no clear evidence that a similar PCT-guided approach
in LOS could reduce antibiotic overtreatment in neonates.

The current PROABIS Study (Procalcitonin and Duration of Anti-Biotic therapy In
Late Onset Sepsis of Neonate) is a multicenter randomized controlled open trial comparing
the efficacy of a PCT guided strategy (superiority aspect) and safety (non-inferiority aspect)
versus usual strategy in LOS of the neonate, still recruiting neonates in France at time of
writing (Clinical Trials ID: NCT03730636). The included infants are neonates born after
24 weeks of gestation, aged over 96 h of life, with a weight at the inclusion of more than
700 g. After inclusion, patients are randomly assigned (in a 1:1 ratio) to the duration of
antibiotic therapy, according to PCT guidance (experimental group), or to the standard
of care (control group). PCT concentration is measured every two days, and antibiotic
therapy is stopped when the PCT level reaches a value equal to or below 0.5 ng/mL. The
primary outcome is to evaluate the efficacy of the PCT-guided antibiotic strategy, with
the number of days between the start and end of treatment, including treatment of the
recurrence (if any). Secondary outcomes will include the mortality rate at 28 days following
randomization and the days alive without any antibiotics at Day 28 [33].
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4.3. Interleukin-6 and Interleukin-8

Interleukin-6 (IL-6) and interleukin-8 (IL-8) are multifunctional cytokines that have a
role in immune response, hemopoiesis, and acute-phase responses.

IL-6 is one of the most studied cytokines in sepsis; its circulating levels rise rapidly in
response to infection within 2 h after the onset of bacteremia, with a peak at approximately
6 h, and finally declining over the following 24 h. Divergent results have been published for
neonates with early onset sepsis, ranging from decreased IL-6 production in term neonates,
which is even more prominent in preterm infants, to IL-6 values similar to those observed
in adults [34]. Kiing et al. recently analyzed 8.488 IL-6 values in 1.695 neonates, including
752 very-preterm infants and 701 very-low-birthweight infants. They reported that serum
IL-6 could be used with high accuracy to detect sepsis in neonates with the cut-off values
of 80 pg/mL on the first day of life, 40 pg/mL in the first week (days 2-7), and 30 pg/mL
after seven days of life [35].

In late-onset sepsis, Ng et al. serum IL-6 concentrations quickly fall to undetectable
values during antibiotic treatment, and the high sensitivity (98%) and negative predictive
values (98%) of IL-6 and CRP (together considered) indicated that antibiotics could be
confidently discontinued at 48 h without waiting for microbiological results, providing that
the infants are in good clinical condition [36].

Similarly, interleukin-8 (IL-8) is involved in the activation and chemotaxis of neu-
trophils, and it has been reported to guide diagnoses and stratify the severity of neonatal
infections [37]. Serum IL-8 has moderate accuracy for diagnosing neonatal sepsis, according
to the results of a meta-analysis including seven studies (taking both EOS and LOS), with
a peak within 1-3 h of infection and a half-life of less than 4 h [38]. A threshold value
of 70 pg/mL for IL-8 was determined in prior research on EOS using a receiver operat-
ing characteristic curve analysis of 882 IL-8 values in full-term and preterm infants [39].
However, the used cut-off values of IL-8 widely ranged from 0.65 to 300 pg/mL, and the
differences in the cut-off might be due to the measurement method and the onset time of
neonatal sepsis [38].

To date, there are no specific studies regarding the role of IL-6 and IL-8 in stopping
empirical treatment, specifically in LOS episodes, identifying a specific cut-off or decrease
to consider. As a result, further studies are needed to determine if an interleukin-guided
step can safely reduce antibiotic overuse.

4.4. Presepsin

Presepsin is the soluble fragment of the CD14 receptor expressed on the cell wall of
monocytes and macrophages. It functions as a receptor for the complex lipopolysaccharides-
lipopolysaccharide-binding proteins (LPSs-LBPs) on the outer wall of Gram-negative
bacteria. After coming in contact with bacteria, CD14 triggers an intracellular signal
cascade mediated by Toll-like receptor 4 (TLR4), resulting in an inflammatory response
against the microbe. P-SEP is formed when plasma proteases cleave the soluble fragment
of CD14 (sCD14) during this specific inflammatory reaction, being released into the serum
and measured [21,40]. Therefore, P-SEP production is linked to innate immunity and
phagocytosis, induces the release of cytokines in cases of sepsis, increases significantly,
activates the inflammatory cascade in patients with sepsis, and seems to be the earliest
marker of sepsis [21].

Indeed, P-SEP is present in low concentrations in serum in healthy persons but rises in
response to bacterial infections in 2 h, peaks in 3 h, and has an 8 h halftime faster than CPR
and PCT, also in relation to the severity of the infection. Since serum P-SEP concentrations
fall progressively throughout antibiotic administration, this biomarker may also play a role
in assessing the response to the therapy [41].

Recent studies suggest that P-SEP may be used as a more accurate biomarker in neona-
tal sepsis than CRP and PCT [42]. According to the results obtained by Pietrasanta et al., in
neonates of any gestational age (GA), during the first episode of suspected sepsis, either
EOS or LOS P-SEP levels were well correlated with the severity of disease, being higher
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in neonates with septic shock (median 1557.5 pg/mL) and sepsis (median 1361 pg/mL)
compared to those with infection in other body sites (median 977.5 pg/mL) at the moment
when the infection was firstly suspected (p < 0.01) [43].

Different authors have indicated that serum P-SEP levels decrease gradually through-
out the antibiotic treatment of both EOS and LOS [44-46]. However, cut-off values, speci-
ficity, and sensitivity varied substantially between investigations in relation to the infection
type (often both EOS and LOS taken together) and methods of analysis (type of samples,
plasma or whole blood) [21]. To date, there are no targeted studies on the role of P-SEP
in weaning patients from empirical antibiotics, specifically in LOS episodes. Therefore,
further research should be performed to evaluate whether presepsin can support medical
decisions on the start and end of antibiotic therapies in the newborn during sepsis.

5. Blood Cultures Are the Diagnostic Gold Standard

Blood cultures (BC) are considered the gold standard for diagnosing bloodstream
infections and are also a cornerstone in suspending antibiotic therapy (Figure 1). However,
their performance depends on (1) pre-analytical factors (i.e., number of blood cultures,
volume per blood culture bottle, and sites of blood collection), (2) analytical factors (i.e.,
accurate detection of pathogens), and (3) post-analytical factors (i.e., timely communication
of results to clinicians providers and communication of possible contaminants) [47].

| NEONATE WITH SUSPECTED LATE-ONSET SEPSIS |
v

PERFORM CULTURES AND RAPIDLY INITIATE
BROAD-SPECTRUM EMPIRIC ANTIBIOTIC THERAPY

After 3648 hours L

y

EVALUATE BLOOD CULTURES

.
» Y4
v
y y
POSITIVE NEGATIVE
BLOOD CULTURE BLOOD CULTURE
A 4

ASSESS THE ANTIBIOGRAM ALTERNATIVE NON-INFECTIOUS DIAGNOSIS IS AVAILABLE?
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o . NEGATIVE BIOMARKERS* ?
[ ] if Yes
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antibiotics antibietics antibiotics antibiotics CONSIDERING
(stop antiGram+ (e.2. MDR POSSIBLE DE -ESCALATION
if Gram -, and infections)
viceversa) * (although further studies about biomarkers are still needed)

Figure 1. Flow-chart of management of neonates with late-onset sepsis.

Currently, only 9% of blood cultures carried out to exclude sepsis are positive, in-
dicating that there should be clinical symptoms that must guide the performance of the
blood culture [11].

Most studies suggest that a blood volume of 1 mL is sufficient for neonates. However,
sometimes, a volume of 0.5 mL is suggested, as this is the minimal volume validated for
BC diagnostics, even if inadequate blood volume increases the probability of false-negative
culture findings. This is linked to a higher proportion of contaminants [48]. In late-onset
sepsis (LOS) only one aerobic BC bottle is usually processed in most NICUs, whereas few
sites routinely add anaerobic BC bottles [49].
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Furthermore, it is sometimes very difficult to obtain a blood volume sufficient for
more than one BC bottle in neonates and critically ill infants. Therefore, smaller BC bottles
were introduced to provide a favorable broth-to-blood volume ratio to promote the growth
of most pathogens [48].

In the presence of a central venous catheter, a dual catheter and peripheral blood
cultures should always be utilized, if possible. Most of the episodes demonstrated growth
from both sites, and the risk of contamination should be considered when pathogens grow
from a sole site [50].

5.1. Time to Positivity

Traditionally, empiric antibiotic duration ranges from 48 to 72 h [51], but developing
more sensitive automated BC detection systems has shortened the time of positivity (TTP)
for most cases [47].

Mukhopadhyay et al. reported in the US a median TTP of 23.5 h (IQR 18.4-29.9),
with most LOS cases (364/428, 85%) being positive within 36 h. With the exception of
coagulase-negative staphylococci (CoNS), 275/294 (93.5%), BCs were positive by 36 h. In a
multivariable model, CoNS isolation and previous antibiotic treatment were significantly
associated with increased odds of TTP > 36 h [52]. After 36 h, the probability of detecting a
bacterial pathogen was 1.8% (95% CI: 1.4-2.2); in the case of a non-CoNS pathogen, it was
0.5% (95% CI: 0.3-0.7) [52]. Similarly, Guerti et al. (Belgium) found a median TTP of 21.2 h
(IOR 13.4-31.6) in episodes of suspected LOS [53], while Abdelhamid reported a median
TTP of 24 h in suspected LOS episodes in Egypt [54].

TTP varies by pathogen, with Dierig et al. reporting that median TTP values were
shortest for E. coli and GBS (approximately 9 h each) and longest for S. aureus and CoNS
(14 and 16 h, respectively) [55].

5.2. Repeat Blood Cultures

Repeat blood cultures should be obtained to demonstrate pathogen eradication or to
distinguish contamination from true bacteria. In particular, they can have a high diagnostic
value to document the clearance of S. aureus bacteremia [47]. The failure to sterilize the
BC shows that the antibiotics used are ineffective against the infecting organism or that an
unidentified infectious focus exists.

The existence of negative cultures upon repeat collection, serial trends of biomarkers,
and the neonate’s overall look can all be used to dictate therapy duration in difficult-to-
treat cases.

5.3. Narrowing the Spectrum with PCR Assays

Blood cultures can have a crucial role also in switching multiple antibiotic thera-
pies towards monotherapy, narrowing the spectrum of our treatment when cultures and
susceptibility tests” results become available [56].

Rapid identification of microorganisms from blood cultures may lead to earlier in-
tervention with appropriate antimicrobial and antifungal therapy. Real-time PCR has the
potential to be a valuable additional tool for the diagnosis of neonatal sepsis, as confirmed
in EOS [57].

The FilmArray blood culture identification (BCID) panel (bioMérieux, Marcy 1'Etoile,
France) is a multiplex PCR assay with 2 min of hands-on time and a 1 h turnaround time
that allows for syndromic diagnosis of bloodstream infection (BSI). The BioFire FilmArray
BCID2 panel encompasses 43 molecular targets associated with BSI, including 15 Gram-
negative bacteria, 11 Gram-positive bacteria, seven yeast species, and 10 antimicrobial
resistance genes. The BCID2 Panel demonstrated high diagnostic accuracy compared to
conventional microbiological methods [58-61].

If blood cultures give no positive results, the use of molecular tests, such as a poly-
merase chain reaction, can help clinicians rapidly (<2 h) identify organisms. These tests
may target a single organism (i.e., S. aureus) or large panels of pathogens [62].
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Using these panels can significantly reduce the time of identification compared to BC,
providing reliable support to confirm or exclude a bloodstream infection. Integrating these
tests and BC could help overcome current diagnostic issues, even in neonates where clinical
vulnerability requires a rapid and sensitive approach [63].

Since previous antibiotic treatment is another known confounder for BC performance,
which can decrease the identification rate when administered before BC collection [64],
molecular tests can increase the possibility of detecting pathogens [63].

This can help to narrow the spectrum of the antimicrobial treatment and avoid pro-
longing anti-Gram-positive drugs in the case of Gram-negative bacteria, or vice versa,
limiting the development of antibiotic resistance.

6. Antimicrobial Time Out and Automatic Stop Order (es. 48 h)

To lower drug exposure and abuse [65-68], the US Center for Disease Control and
Prevention’s “Get Smart for Healthcare” program proposed a 48 h automatic antibiotic
stop order for specified antibiotic prescriptions, especially for antibiotics administered for
surgical prophylaxis [69].

Tolia et al. observed a reduced median antibiotic exposure after introducing an antibi-
otic automatic stop order (ASO) in the first seven days of life. With this ASO, antibiotics
were automatically discontinued after the prespecified “end dose” unless actively reordered
by the clinician, which would require an entirely new order. There was no provider alert
or notification that the antibiotic order was expiring. These changes were recommended
for all antibiotics started on admission, and providers could modify these written orders
based on their discretion. This implementation was not associated with an increase in
adverse events; however, the use of this ASO was predicated on the observation that EOS
is uncommon, and the effect of this early ASO on later antibiotic usage and other clinical
outcomes remains to be prospectively confirmed [70].

Similarly, Astorga et al. demonstrated that an automatic 48 h antibiotic stop order was
highly effective at decreasing antibiotic usage, and with fewer doses of certain antibiotics
(such as vancomycin), but always concerning early onset sepsis [71].

Other authors confirmed these results in early onset sepsis, suggesting that imple-
menting an ASO is achievable by designing specific order sets within existing electronic
medical record systems. These measures should be simple to implement and apply in most
NICU settings [72-76].

However, similar results in late-onset sepsis are still unavailable.

7. Shortest Effective Duration of Therapy

Prolonged and unneeded antibiotic use, particularly in low-income countries, pro-
motes the emergence of MDR bacteria [77]. Furthermore, a long course of antibiotics
changes the natural individual’s microbiome and may result in subsequent difficult-to-treat
infections [78]. The shortest course of therapy is an option that should be explored; how-
ever, to date, few studies have examined the effectiveness of shorter antibiotic courses, and
there is no consensus on the appropriate duration of antibiotic treatment for culture-proven
uncomplicated neonatal sepsis [79,80].

Recently, a systematic review analyzed the current evidence about a short course of
intravenous antibiotics in treating culture-proven uncomplicated neonatal sepsis, including
447 infants born with a gestational age greater than 32 weeks (223 patients in the inter-
vention arms and 224 in the control arms). A short duration of antibiotics was defined
as receiving antibiotics targeting the isolated microorganism for equal to or more than
7-10 days, whereas the standard course refers to more than 10-14 days. Five randomized
controlled trials, all conducted in India, included 51.6% of EOS episodes and 48.4% of LOS
episodes in the short-duration arm [80].

Only three studies reported all-cause mortality within 28 days after discharge or
completion of antibiotic treatment, with an odds ratio of 0.32 (95% CI 0.01-8.24) for a short
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course compared to a standard duration. The evidence was very low due to a high risk of
bias across almost all studies [80].

Afterward, Islam et al. conducted a new RCT in India, enrolling 115 patients in the
intervention arm (ten-day antibiotic therapy) and 116 in the control group (14-day antibiotic
therapy), again including both EOS and LOS episodes. There were no deaths in the two
groups. They found no significant differences in treatment failure among the two groups,
with a significantly lower duration of hospital stay in the study group [79]. However, they
excluded the critically ill and very low birth weight neonates, and thus it is difficult to draw
definitive conclusions about practicing a shorter duration of antibiotics.

Currently, a multicenter randomized controlled non-inferiority trial (Clinical Trials ID:
NCT03280147) conducted in India is going to compare the efficacy of a 7-day versus a 14-
day course of intravenous antibiotics in the treatment of uncomplicated neonatal bacterial
sepsis among neonates weighing >1000 g at birth with culture-proven bacterial sepsis that
is uncomplicated by meningitis, bone or joint infections, or deep-seated abscesses. The
primary outcome measure will be a definite or probable relapse within 21 days after the
stoppage of antibiotics [81]. To date, they enrolled 261 infants (https://clinicaltrials.gov /
study/NCT03280147, accessed on 20 January 2024).

Multicenter studies, if possible, across different countries (including both high-income
and low-income ones) and separately (including EOS and LOS episodes) would be crucial
to confirm that a short course of antibiotics is a safe option in culture-proven sepsis.

8. The Transition from Intravenous to Oral Treatment

When clinically warranted, and as soon as possible, antimicrobial regimens should be
changed from intravenous to oral delivery, as in adults.

Oral antibiotics given to neonates are absorbed and provide appropriate blood levels
over time, as determined by the minimum inhibitory concentrations (MICs) of relevant
infections. Efficacy studies are encouraging without any reinfection or treatment failure,
although robust evidence is still lacking. Both families and healthcare systems may benefit
from early oral antibiotic switch treatment in newborns [82]. Indeed, longer periods of in-
travenous antibiotic treatment could expose infants to further risks (such as administration
errors and further healthcare-associated infections due to the selection of antibiotic-resistant
strains) and increase the length of hospital stay and stress to infants and their families.

Recently, the multicenter, randomized, open-label, non-inferiority trial “Reduction of
intravenous Antibiotics In Neonates” (RAIN study) yielded results about the efficacy and
safety of switching from intravenous to oral antibiotics (amoxicillin-clavulanic acid) versus
a full course of intravenous antibiotics in neonates with probable bacterial infection. In
a cohort of 510 neonates who received prolonged antibiotic treatment, they showed that
an intravenous-to-oral switch was not inferior to a full course of intravenous antibiotics.
However, infants had early onset sepsis in 97% and 98% of cases in the oral amoxicillin-
clavulanic acid group and in the intravenous antibiotics arm, respectively [83].

Therefore, the number of included infants with LOS does not allow us to draw any
definitive conclusions about LOS management. Additional well-designed studies targeted
at LOS cases are required.

9. The Role of Lumbar Puncture in the Evaluation for Neonatal Sepsis

Neonates are more susceptible to meningitis and could not exhibit typical symptoms
like seizures or a protruding fontanelle. Therefore, in certain situations, a lumbar puncture
(LP) should be considered while evaluating a baby for sepsis [84]. Although meningitis in
these patients is more likely when bacteremia is present, around one-third of instances of
meningitis happen when blood cultures are normal in preterm infants [85].

A crucial problem is that LP is often performed after antibiotic administration, hamper-
ing the ability to identify the pathogen in the cerebrospinal fluid (CSF) culture. However,
also considering that polymerase chain reaction increases the probability of positive results
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of CSF analysis compared to microbiological culture alone, LP should be performed before
the beginning of antibiotics if possible [86].

Lumbar puncture in the neonatal population is a safe procedure, whereas the implica-
tions of missing meningitis are potentially very serious [87]. If performed, LP has surely a
role in determining the length of antibiotic therapy. In the case of culture-proven meningitis,
the suggested duration is usually 14-21 days, with at least 21 days recommended for E. coli
and other meningitis caused by Gram-negative bacilli [88]. Positive experiences regarding
a shorter duration of antibiotic therapy (10 days) are starting to appear, but further studies
on larger samples are needed [89]. In cases of negative microbiological CSF results and
improved clinical conditions, antibiotic therapy could be safely stopped.

Furthermore, newborns may present a septic syndrome not caused by bacteria, as in
cases of Enterovirus/ Parechovirus encephalitis, and therefore, an early analysis of the CSF
can save unrequired antibiotics, direct towards therapy with intravenous immunoglobulins,
and lead to the correct identification of brain MRI abnormalities, which a simple cranial
ultrasound would not identify [90]. However, it is also true that this type of infection is the
prerogative of outpatients and is not generally contracted within the NICU.

10. Conclusions

Currently, inappropriate and excessive use of antibiotics is observed among humans
and food-producing animals. Italy is one of the European Union countries with the highest
consumption of antibiotics, as, in the human sector, the average consumption is 10% higher
than the European average [91].

NICUs represent one of the care departments where antibiotic pressure is greatest.
Each intensive care unit should have a group of professionals, doctors, and nurses ded-
icated, with a multidisciplinary approach, to implementing antibiotic stewardship, i.e.,
those activities aimed at surveillance, verification, and continuous staff training on the
appropriate use of antibiotics [92]. Using targeted antibiotic therapies, narrowing the spec-
trum of therapy as soon as possible, re-evaluating the real need for antibiotic therapy every
3648 h, prudently reducing the duration of antibiotic therapies as much as possible, and
using infection biomarkers appropriately can also help to achieve an antibiotic stewardship
in neonatal departments.

When to start: clinical symptoms remain the starting point of the diagnostic process;
biomarkers support doctors in the decision to promptly start antibiotic therapy in neonates
when sepsis is suspected [93].

When to stop: After 3648 h, if the blood cultures are negative and the baby is clinically
stable. Nevertheless, doctors need protocols for biomarkers-guided antibiotic stewardship.
To date, PCT is the marker with the best evidence of performance in this sense, as extrapo-
lated from research on early onset cases. P-SEP also seems to be a promising discriminant
of sepsis in neonates, but further studies are needed about the three biomarkers (CRP, PCT,
and P-SEP) distinguishing EOS and LOS cases (often considered together in some studies).

Finally, most of all, all of us must be antimicrobial stewards.
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