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Abstract

Neonatal sepsis remains a leading cause of morbidity and mortality in the first month of life,
yet its presentation is nonspecific, and its microbiological confirmation is uniquely difficult.
Low-circulating bacterial loads, small obtainable blood volumes, frequent intrapartum
antibiotic exposure, and the ambiguity of skin-commensal isolates erode the sensitivity and
specificity of blood culture, the long-standing reference standard, so that most evaluated
infants are treated empirically despite sterile cultures. This review synthesizes current evi-
dence on the integrated microbiological evaluation of the newborn: the host- and specimen-
related diagnostic challenge; the etiologic spectrum and its antimicrobial-resistance burden;
conventional culture; rapid and molecular methods, including mass spectrometry and syn-
dromic and broad-range PCR; metagenomic and cell-free-DNA sequencing; host-response
biomarkers; and antimicrobial-susceptibility determination. The evidence indicates that
newer methods accelerate or supplement culture but do not yet replace it, each addressing
one limitation while introducing caveats of its own. Notably, much of the evidence for
direct-from-blood molecular testing, microbial cell-free DNA, and metagenomic sequencing
is extrapolated from adults, whereas neonatal data are stronger for several biomarkers.
The greatest benefit arises from integrating complementary modalities within diagnostic-
and antimicrobial-stewardship frameworks. Neonatal-specific validation, standardized
thresholds, and outcome-driven trials remain the principal priorities.

Keywords: neonatal sepsis; blood culture; molecular diagnostics; multiplex PCR; MALDI-
TOF mass spectrometry; metagenomic sequencing; procalcitonin; presepsin; antimicrobial
susceptibility testing; antimicrobial stewardship

1. Introduction
Neonatal sepsis is among the foremost contributors to morbidity and mortality in the

first month of life. A systematic review and meta-analysis estimated a pooled incidence
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of 2824 cases per 100,000 live births (95% CI, 1892–4194) and a case fatality of 17.6%
(95% CI, 10.3–28.6%), with both incidence and mortality higher for early-onset than for
late-onset disease. The burden falls disproportionately on preterm and very-low-birth-
weight infants and on low- and middle-income settings [1]. The clinical phenotype is
notoriously nonspecific, ranging from subclinical infection to fulminant multi-organ failure,
and overlaps extensively with non-infectious conditions of the transitional period [2,3].
Compounding this clinical ambiguity is a definitional one: neonatal sepsis still lacks a
universally accepted consensus definition, and the adult and pediatric consensus criteria
are not suited to the newborn, least of all the preterm infant [3,4]. The absence of a shared
reference standard has tangible consequences for the evidence reviewed here. It produces
heterogeneous study populations, inconsistent definitions of culture-negative sepsis, and
difficulty comparing diagnostic-accuracy studies that have been anchored to different and
imperfect reference standards [4,5].

Because clinical signs neither confirm nor exclude infection with acceptable certainty,
the microbiological evaluation of the newborn occupies a central diagnostic role. Iso-
lation of a pathogen from a normally sterile site (blood, cerebrospinal fluid, or urine)
remains the reference standard, anchors pathogen-directed therapy, and is the basis for
antimicrobial stewardship [2,6]. Yet this evaluation is uniquely constrained in the neonate:
low-circulating bacterial loads, small obtainable specimen volumes, frequent intrapartum
antimicrobial exposure, and the ambiguity of skin-commensal isolates collectively erode the
sensitivity and specificity of conventional culture [5,7,8]. The practical consequence is well
documented: most infants evaluated for sepsis are culture-negative yet receive empirical
antibiotics, a pattern that drives overtreatment, selects for resistance, and perturbs the
developing microbiome [5,9].

This tension has propelled a broad diagnostic armamentarium beyond culture: rapid
and multiplex molecular assays, mass-spectrometric organism identification, metagenomic
sequencing, and host-response biomarkers, each promising faster or more sensitive detec-
tion, and each with distinct interpretive caveats. The aim of this comprehensive review is
to synthesize current evidence on the integrated microbiological evaluation of the neonate
with suspected sepsis, spanning the host- and specimen-related diagnostic challenge,
conventional culture-based microbiology, rapid and molecular methods, metagenomic
approaches, host-response biomarkers, and antimicrobial-susceptibility determination. It
also considers how these modalities combine into rational, stewardship-aligned diagnostic
algorithms (Figure 1).

Several recent reviews have surveyed neonatal sepsis and its diagnosis [3,10,11]. This
review is distinguished less by the technologies it describes than by the framework applied
to them, and it differs from prior syntheses in four respects. It treats the microbiological
evaluation as an integrated whole, following one diagnostic pathway from an adequately
collected blood culture through rapid identification, culture-independent molecular and
sequencing methods, and host-response biomarkers, rather than cataloguing each modality
separately. It makes explicit the distinction between diagnostic stewardship, which gov-
erns which tests are performed and how their results are interpreted, and antimicrobial
stewardship, which governs how those results alter prescribing; the former is positioned
upstream of the latter. It asks directly why two decades of innovation in molecular, mass-
spectrometric, and sequencing methods have not displaced a slow, century-old culture,
and it locates the answer in constraints specific to the newborn. Finally, it foregrounds
the neonatal-validation gap, namely that much of the supporting evidence for the newest
methods is extrapolated from adults and older children and remains unconfirmed in
neonates. These threads converge on a single organizing thesis: the value of a diagnos-
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tic test lies not in detection alone but in delivering actionable, neonatal-validated, and
stewardship-anchored information.

Figure 1. Integrated diagnostic evaluation of the newborn with suspected sepsis. The biological
and pre-analytical features that make neonatal infection difficult to confirm (left) constrain a blood
culture that nonetheless remains the reference standard (center, top). Three complementary strate-
gies build on it: rapid identification and susceptibility from a positive culture (MALDI-TOF mass
spectrometry, multiplex PCR panels); culture-independent detection when cultures are sterile (broad-
range 16S rRNA PCR, microbial cell-free DNA, and metagenomic sequencing); and host-response
biomarkers (CRP, procalcitonin, IL-6, and presepsin) that support ruling out infection and stopping
therapy. Benefit is realized only when these modalities are integrated within coupled diagnostic- and
antimicrobial-stewardship frameworks (right).

2. Literature Search
This article is a narrative comprehensive review; it was not registered as a systematic

review and did not apply formal PRISMA screening. Its conduct and reporting were
nonetheless guided by the Scale for the Assessment of Narrative Review Articles (SANRA),
which specifies the justification, aims, literature-search description, referencing, charac-
terization of evidence level, and presentation expected of a non-systematic review [12].
Although designated as a comprehensive review in accordance with the journal’s article
taxonomy, the present work is methodologically a non-systematic narrative synthesis; the
qualifier “comprehensive” denotes breadth of scope rather than a systematic search protocol.
Information was gathered through a structured literature search across PubMed/MEDLINE,
PubMed Central, Scopus, Web of Science Core Collection, the Cochrane Library, and Google
Scholar. The timeframe was primarily restricted to the last five years (2021–2026) to capture
contemporary diagnostic technologies and current evidence; where information on a given
topic was insufficient, the timeframe was subsequently extended to the preceding five to
ten years and, for foundational or seminal sources (such as landmark disease definitions,
reference-standard validation studies, and pivotal trials), beyond that window. To sub-
stantiate the comprehensive scope, the search deliberately spanned every major domain of
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contemporary neonatal sepsis diagnostics—conventional blood, cerebrospinal fluid, and
urine culture; rapid organism identification by MALDI-TOF mass spectrometry; syndromic
multiplex and broad-range 16S rRNA PCR; metagenomic next-generation sequencing
and plasma microbial cell-free DNA; fungal diagnostics; host-response biomarkers; and
phenotypic and genotypic antimicrobial-susceptibility determination—together with the
antimicrobial-resistance epidemiology and diagnostic-stewardship frameworks that govern
their application, and was examined across both early- and late-onset disease and high-
and low-resource settings.

Systematic reviews, meta-analyses, and randomized controlled trials were prioritized,
followed by large cohort and diagnostic-accuracy studies and authoritative guidelines,
and the reference lists of retrieved articles were screened for further sources. The last
database search was run in June 2026. A representative search combined controlled-
vocabulary and free-text terms along the lines of (“neonat*” OR “newborn*” OR “preterm”)
AND (“sepsis” OR “bacteraemia” OR “bloodstream infection”) AND (“blood culture”
OR “multiplex PCR” OR “MALDI-TOF” OR “16S rRNA” OR “metagenomic” OR “cell-
free DNA” OR “procalcitonin” OR “presepsin” OR “interleukin-6” OR “antimicrobial
susceptibility” OR “diagnostic stewardship”), adapted to the syntax of each database. Titles
and abstracts were screened for relevance, and a record was considered eligible when
it reported diagnostic accuracy, clinical impact, epidemiology, or stewardship relevant
to neonatal sepsis. Conference abstracts without an accompanying full-text publication,
non-English articles without an available translation, and reports confined to intrauterine
or congenital (TORCH) or purely viral infection were not retained. Consistent with its
narrative, SANRA-guided design, this review did not apply PRISMA-based screening, dual
independent study selection, or formal risk-of-bias appraisal.

3. The Neonate as a Diagnostic Challenge
3.1. Onset-Based Classification and the Shifting Pathogen Spectrum

Neonatal sepsis is conventionally stratified by age at onset, a distinction that carries
epidemiological and microbiological meaning. Early-onset sepsis (EOS) is most often de-
fined as infection within the first 72 h of life (some series extend the window to 7 days), and
reflects vertical, intrapartum acquisition of organisms colonizing the maternal genital tract;
Streptococcus agalactiae (group B streptococcus, GBS) and Escherichia coli predominate [6,10].
Late-onset sepsis (LOS), arising after this window, is driven principally by organisms
acquired from the postnatal and nosocomial environment, with coagulase-negative staphy-
lococci, Staphylococcus aureus, and Gram-negative bacilli figuring prominently among
hospitalized preterm infants [2,10]. This temporal framework structures both the empirical
antimicrobial choice and the pre-test probability against which any microbiological result
must be interpreted [6].

3.2. Host-Related Constraints

The neonate, particularly the preterm neonate, mounts a quantitatively and qualita-
tively immature innate and adaptive immune response, which permits rapid progression
from colonization to invasive disease and blunts the localizing signs that orient diagnosis
in older patients [2]. The resulting clinical nonspecificity means that the decision to initiate,
continue, or discontinue antimicrobials rests heavily on microbiological and laboratory
data rather than on examination alone [2,6].

3.3. Pre-Analytical and Microbiological Constraints on Culture

Several features specific to the newborn undermine the sensitivity of blood culture,
the cornerstone investigation. Neonatal bacteremia is frequently low-level, with a sub-
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stantial subset of at-risk neonates harboring fewer than 4 colony-forming units (CFU) per
milliliter, so that the limited volumes obtainable from a newborn frequently fall below the
inoculum required for reliable detection—the dominant and most modifiable determinant
of culture sensitivity, examined in detail in Section 6.2 [7,8]. Two further factors compound
the problem: maternal intrapartum antibiotic prophylaxis, now widespread for group B
streptococcus, can suppress neonatal culture yield. Isolation of skin commensals, such as
coagulase-negative staphylococci, raises the perennial difficulty of distinguishing true bac-
teremia from contamination [5,7]. The cumulative effect is the entity of “culture-negative
sepsis” (infants treated empirically for clinically suspected infection in the absence of a
confirmatory isolate), which sits at the crossroads of safe sepsis care and antimicrobial stew-
ardship and constitutes a principal motivation for the adjunctive and molecular methods
reviewed below [5,9].

4. Clinical Syndromes Requiring Microbiological Evaluation
Microbiological workup of the newborn is not directed at a single disease but at a

family of overlapping invasive syndromes, each with a characteristic specimen, pathogen
distribution, and diagnostic pitfall. Defining these foci clarifies which specimens must be
obtained and how a given result should be weighted.

4.1. Bloodstream Infection (Sepsis and Bacteremia)

Bloodstream infection is the diagnostic core of the neonatal sepsis evaluation, and
blood culture is its reference standard [2]. The causative spectrum tracks the onset-based
classification outlined above: Streptococcus agalactiae and Escherichia coli dominate early-
onset disease, whereas coagulase-negative staphylococci, Staphylococcus aureus, and Gram-
negative bacilli prevail in late-onset, predominantly nosocomial infection of hospitalized
preterm infants [2,10]. Because the burden and case fatality of bacteremic sepsis are
substantial and concentrated in the most immature infants [1], a confirmed bloodstream
isolate, when obtained, remains the single most consequential microbiological result for
guiding therapy.

4.2. Meningitis

Meningeal involvement may accompany or occur independently of detectable bac-
teremia, which makes cerebrospinal fluid (CSF) examination indispensable rather than
optional. In a large multicenter series of culture-proven neonatal meningitis, only 62% of
cases had a concomitantly positive blood culture, so reliance on blood culture alone would
have missed roughly one in three infants. When both compartments grew an organism,
the isolates were occasionally discordant and required different therapy [13]. The principal
pathogens parallel those of EOS and LOS (group B streptococcus, E. coli, and Listeria mono-
cytogenes among them) and the diagnostic consequence is unambiguous: a negative blood
culture does not exclude meningitis, and lumbar puncture with CSF culture is integral to
the evaluation of suspected invasive neonatal infection [2,13].

4.3. Pneumonia

Neonatal pneumonia spans congenital and early-onset forms, which overlap clinically
and microbiologically with EOS and may reflect the same vertically acquired organisms,
and later ventilator-associated pneumonia in the intensive-care setting [2]. Microbiological
confirmation is hampered by the difficulty of obtaining uncontaminated lower-respiratory
specimens in the newborn, so the diagnosis frequently rests on a composite of clinical,
radiographic, and blood-culture data rather than on a definitive respiratory isolate [2].
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4.4. Urinary Tract Infection

Urinary tract infection is among the more common serious bacterial infections of early
infancy and is typically caused by ascending Gram-negative organisms, with E. coli pre-
dominating [2]. Its relevance to the sepsis evaluation is twofold: it is a recognized source of
neonatal bacteremia, and its confirmation depends on an appropriately collected specimen
(suprapubic aspiration or catheterization rather than a bag sample), because contamination
otherwise confounds interpretation [2]. Importantly, urine culture is generally reserved for
the evaluation of late-onset sepsis and is not part of the routine early-onset sepsis workup,
since urinary tract infection is exceedingly rare in the first days of life and, when present,
typically reflects hematogenous seeding rather than ascending infection [2,6].

4.5. Necrotizing Enterocolitis and the Dysbiosis Interface

Necrotizing enterocolitis (NEC) is not a culture-defined, single-pathogen syndrome
but an inflammatory disease of the preterm gut in which microbial dysbiosis is implicated.
A systematic review and meta-analysis of stool microbiome profiles found that NEC is
preceded by a relative bloom of Proteobacteria with reciprocal decreases in Firmicutes and
Bacteroidetes, rather than by a single causative organism [14]. NEC frequently coexists
with, or progresses to, late-onset sepsis, which positions it at the interface between conven-
tional culture-based diagnosis and the culture-independent, sequencing-based approaches
considered later in this review [14].

Intrauterine and congenital (TORCH-spectrum) infections, by contrast, demand a
distinct serological and nucleic acid-based diagnostic pathway and lie outside of the scope
of this review, which is confined to the microbiological evaluation of postnatally suspected
invasive bacterial and fungal infection. Viral causes of sepsis-like illness (notably herpes
simplex virus, enterovirus, and parechovirus), although detectable on the CSF syndromic
panel discussed below, similarly fall outside this bacterial and fungal focus.

5. Etiologic Spectrum and Epidemiology
Organisms responsible for neonatal sepsis are not static: they vary by age at onset,

gestational maturity, geography, and era, and, critically for any diagnostic strategy, by their
antimicrobial-resistance phenotype. The microbiological evaluation is therefore interpreted
against a moving epidemiological background that also dictates empirical therapy.

5.1. The Early-Onset Spectrum

In high-income settings, Streptococcus agalactiae (group B streptococcus) and Escherichia
coli account for the majority of early-onset disease [15]. Widespread intrapartum antibiotic
prophylaxis has substantially reduced early-onset GBS disease, shifting the relative burden
toward E. coli, particularly among preterm and very low birth weight infants in whom E. coli
is now frequently the predominant early-onset pathogen [15,16]. This transition has direct
diagnostic and therapeutic consequences, because E. coli carries a far greater likelihood of
resistance to the conventional ampicillin–gentamicin regimen than does GBS [16].

5.2. The Late-Onset Spectrum

Late-onset disease in hospitalized infants reflects organisms of the postnatal and noso-
comial environment. In high-income neonatal units, coagulase-negative staphylococci are
the predominant late-onset isolates, followed by Staphylococcus aureus and Gram-negative
bacilli [17]. This pattern is corroborated by large multicenter surveillance: in a nationally
representative cohort of 118,650 very preterm infants across 774 Vermont Oxford Network
centers, Gram-positive organisms predominated among late-onset isolates, with coagulase-
negative staphylococci and S. aureus the leading pathogens ahead of Gram-negative bacilli,
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such as Escherichia coli and Klebsiella species [18]. The prominence of skin-commensal
CoNS is itself a diagnostic challenge, since their isolation must be adjudicated as true
infection versus contamination. Among extremely low birth weight (ELBW) infants, in-
vasive candidiasis is a further important and frequently lethal late-onset entity, leading
to substantial infection-related morbidity and mortality and demanding fungal-specific
diagnostic vigilance [19].

5.3. Geographic Variation and the Low- and Middle-Income Picture

Pathogen distribution differs markedly in low- and middle-income countries, where
Gram-negative organisms dominate. In the large multicountry BARNARDS surveillance
of culture-confirmed neonatal sepsis across Africa and South Asia, Klebsiella pneumoniae
was the leading cause, together with other Enterobacterales, including Serratia marcescens, E.
coli, and Enterobacter species [20]. This divergence underscores that empirical regimens and
diagnostic priorities cannot be transplanted uncritically between settings.

5.4. Antimicrobial Resistance as the Central Diagnostic-Stewardship Driver

Resistance is the thread that makes rapid, accurate microbiological characterization
not merely informative but decisive [21]. The BARNARDS network documented that the
Gram-negative organisms causing neonatal sepsis in LMICs were frequently resistant to the
ampicillin–gentamicin combination recommended by the World Health Organization as
first-line therapy, rendering a large share of empirical treatment potentially ineffective [20].
The trend is not confined to LMICs: surveillance of E. coli isolates from infants in United
States neonatal intensive-care units has documented appreciable resistance to ampicillin
and gentamicin, such that a non-trivial proportion of early-onset E. coli would not be
covered by the standard empirical regimen [16,22]. These data establish the rationale for
the diagnostic methods examined in the remainder of this review. The clinical value of
any assay is measured not only by whether it detects an organism, but by how quickly
and reliably it delivers the identification and susceptibility information needed to direct
therapy and to enable stewardship.

The scale of the problem has since been quantified prospectively. The NeoOBS global
observational cohort, enrolling more than 3200 neonates and young infants with sepsis
across 19 hospitals in 11 countries, found that the predominant Gram-negative pathogens
(chiefly Klebsiella pneumoniae and Acinetobacter species) were frequently resistant to the
WHO first-line ampicillin–gentamicin regimen and to commonly used second-line agents.
Empirical prescribing varied widely in the absence of regimens reliably matched to the local
resistance ecology [23,24]. Rising resistance therefore undermines precisely the empirical
strategies on which neonatal units depend, and it does so most acutely in the low- and
middle-income settings that carry the greatest sepsis burden [20,23].

Among the resistance phenotypes most relevant to the newborn, extended-spectrum
β-lactamase (ESBL)-producing Enterobacterales is foremost. A systematic review and meta-
analysis of pediatric bloodstream infections estimated the pooled prevalence of ESBL-
producing Enterobacterales at 11% (95% CI, 6–17) among neonates specifically; across the
entire pediatric dataset (3381 bloodstream infections, 1996–2013), the pooled prevalence was
9% (95% CI, 6–13) and rose over the study period by approximately 3.2% per year (p = 0.04),
with marked regional disparity (15% in Africa, 11% in India, and 4% in Europe) [25].
Critically, neonatal bloodstream infection due to an ESBL-producing organism carried a
mortality of 36% (95% CI, 22–51), compared with 18% (95% CI, 15–22) for other neonatal
bloodstream infections (p = 0.01) [25]. These pooled estimates derive from bloodstream
infections reported between 1996 and 2013 and are therefore best interpreted as historical
context; more recent surveillance (BARNARDS and NeoOBS, discussed above [20,23,24])
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confirms that third-generation-cephalosporin-resistant and ESBL-producing Enterobacterales
remain a major and, in several regions, increasing cause of neonatal sepsis. Because
ESBL production confers resistance to third-generation cephalosporins and frequently co-
segregates with aminoglycoside and fluoroquinolone resistance, its presence both narrows
empirical options toward carbapenems and raises the premium on early, organism-specific
susceptibility data.

Reliance on carbapenems has, predictably, selected for carbapenem-resistant organ-
isms. Carbapenem-resistant K. pneumoniae is now reported worldwide as a cause of neona-
tal sepsis and of NICU outbreaks, with resistance most often mediated by transmissible
plasmid-encoded carbapenemases (KPC, NDM, and OXA-48-like enzymes) that simulta-
neously compromise the agents otherwise held in reserve [26]. The recent convergence
of carbapenem resistance with the hypervirulent K. pneumoniae pathotype (CR-hvKP) is
a particular concern, uniting near-untreatable resistance with enhanced invasiveness in
a population whose immature defenses already magnify the consequences of delayed
effective therapy [26].

Collectively, the ESBL, carbapenem-resistant, and broader multidrug- and extensively
drug-resistant phenotypes define an ecology in which empirical coverage can no longer
be assumed. In this setting, the diagnostic interval (the time from specimen collection
to actionable identification and susceptibility) acquires direct prognostic weight. The
platforms capable of compressing that interval, including genotypic detection of ESBL
and carbapenemase determinants, are considered in Section 10. Their central limitation,
the imperfect correspondence between resistance genotype and expressed phenotype, is
treated there and recurs in the Discussion. What the epidemiology establishes here is
the imperative those platforms must serve: in an increasingly resistant environment, the
governance of which tests are performed and how their results alter prescribing (the subject
of a dedicated section below) becomes as consequential as the tests themselves.

6. Conventional Culture-Based Microbiology
6.1. Blood Culture as the Reference Standard

Blood culture remains the diagnostic reference standard for neonatal bacteremia and
the investigation against which all newer methods are benchmarked [2]. In contemporary
practice, inoculated bottles are loaded into automated continuous-monitoring instruments
that detect microbial growth, typically through CO2 production, and flag positivity, after
which the organism is identified and submitted for antimicrobial-susceptibility testing.
A Gram stain performed directly on the positive broth provides the earliest actionable
information, broadly orienting empirical therapy hours before species-level identification,
and conventional identification and phenotypic susceptibility testing follow. The strengths
of culture are decisive and not yet fully replicated by any alternative: it recovers a viable
isolate, permits phenotypic susceptibility testing, and is pathogen-agnostic. Its weaknesses,
however, are equally consequential and are the reason the remainder of this review exists.

6.2. Inoculum Volume: The Dominant Determinant of Sensitivity

In the neonate, the single most important controllable determinant of blood-culture
sensitivity is the volume of blood inoculated. Because neonatal bacteremia is frequently
low in density, with a substantial proportion of infants harboring fewer than 4 CFU/mL, a
small inoculum may contain no organisms at all. Experimental data show that 0.5 mL is
inadequate and that at least 1 mL should be obtained to detect common neonatal pathogens
reliably [7]. In routine practice, the volume submitted often falls below recommended
targets, thus directly degrading the negative predictive value of a culture [8]; accordingly, a
minimum of 1 mL per bottle is advised when feasible [6]. Where the obtainable volume

https://doi.org/10.3390/amh71030028

https://doi.org/10.3390/amh71030028


Acta Microbiol. Hell. 2026, 71, 28 9 of 33

is limited, dedicated pediatric blood-culture bottles formulated for small inocula help
preserve the organism-to-broth ratio, and media containing antimicrobial-neutralizing
resins or charcoal can partially counteract the suppressive effect of intrapartum or empirical
antibiotics on organism recovery [11].

6.3. Time to Positivity and the Discontinuation Window

Culture-positivity kinetics are central to stewardship. Using an automated detection
system, the negative predictive value of a sterile neonatal blood culture reaches approxi-
mately 97% at 36 h and 99% at 48 h, and the overwhelming majority of clinically significant
pathogens are detected within this window [27]. These data underpin the now-common
practice of discontinuing empirical antibiotics at 36–48 h in a well-appearing infant whose
culture remains negative, a strategy that directly counters the overtreatment associated
with culture-negative sepsis [5,9,27]. More recent neonatal series using contemporary
continuous-monitoring blood culture systems have confirmed these kinetics, with most
true pathogens recovered within 24–36 h, and support the safety of a 36 h rule-out in
the well-appearing, culture-negative infant [28]; current guidance likewise recommends
reassessing and, where appropriate, discontinuing empirical antibiotics at 36 h for early-
onset and 48 h for late-onset infection [29]. Coagulase-negative staphylococci and infants
pre-treated with antibiotics are recognized exceptions that may require longer incubation
before a culture can be considered definitively negative [27].

6.4. The Contamination Problem

Diagnostic ambiguity surrounding coagulase-negative staphylococci deserves sepa-
rate emphasis, because these organisms are simultaneously the leading cause of late-onset
bacteremia and the commonest blood-culture contaminant [17]. When only a single culture
is obtained before antibiotics are started, a frequent constraint in the newborn, distin-
guishing true infection from skin-flora contamination becomes especially difficult [11].
Interpretation is aided by the number of positive cultures, the colony density or time to
positivity, the presence of a central venous catheter, and the clinical and laboratory con-
text. Isolated low-level growth should be neither reflexively dismissed nor uncritically
treated [11,17].

6.5. Cerebrospinal Fluid and Urine Culture

Because meningeal and urinary foci may be present without detectable bacteremia,
site-specific cultures complete the conventional workup. CSF culture is indispensable, as a
negative blood culture does not exclude meningitis [13]. Urine culture is informative when
the specimen is obtained by suprapubic aspiration or bladder catheterization rather than by
a collection bag, since the latter is prone to contamination that confounds interpretation [2].

6.6. Intrinsic Limitations

Beyond inoculum volume, several limitations are intrinsic to culture. Maternal in-
trapartum and empirical neonatal antibiotic exposure suppress organism recovery and
contribute to culture-negative sepsis [5]. Fastidious or slow-growing organisms may evade
detection, and the turnaround from sampling to identification and susceptibility, commonly
one to three days, delays the transition from broad empirical therapy to targeted treatment.
These constraints, rather than any failure of culture as a confirmatory test, define the niche
that rapid, molecular, and culture-independent methods seek to fill. Table 1 compares the
principal microbiological modalities discussed in this review across specimen and basis,
turnaround time, yield of susceptibility data, and their respective strengths and limitations.
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Table 1. Comparison of microbiological modalities for the diagnosis of neonatal sepsis.

Modality Specimen/Basis Typical Turnaround Yields
Susceptibility? Principal Strengths Principal Limitations Current Practical Role

Conventional
blood culture

Whole blood;
automated continuous

monitoring

Most true pathogens
detected within
24–36 h; clinical
reassessment at

36–48 h; 1–3 days to
ID/AST

Yes (phenotypic) Reference standard; viable isolate;
pathogen-agnostic; enables AST

Volume-dependent sensitivity, critically
limited by the very small blood volumes

obtainable in neonates (often <1 mL);
suppressed by prior antibiotics;
contamination ambiguity; slow

turnaround

Confirmation of
bloodstream infection
and phenotypic AST

Multiplex
PCR/syndromic

panels

Positive blood culture
(BCID) or CSF (ME

panel); some
direct-specimen use

~1 h once positive
bottle/specimen

available

Partial (cartridge
resistance genes

only)

Very rapid; simultaneous pathogen + key
resistance-gene detection; CSF panel

detects perinatal agents

Detects only predefined targets;
imperfect, pathogen-variable sensitivity;

no full phenotypic AST; lower yield
from paucibacterial specimens; cost

Rapid targeted
pathogen and

resistance-gene
detection

MALDI-TOF mass
spectrometry

Colonies or positive
blood-culture broth

(protein spectra)

Minutes (~1 h) once
culture positive

No
(identification

only; rapid AST
emerging)

Rapid, accurate, low per-test cost
identification; shortens time to effective

therapy when coupled with antimicrobial
stewardship; associated with lower

mortality and shorter length of stay in
predominantly adult or mixed
bloodstream-infection cohorts.

Requires a prior positive culture; less
reliable directly from low-load
specimens; database gaps for

some organisms

Rapid organism
identification after
culture positivity

Broad-range 16S
rRNA PCR

Blood or sterile-site
fluid;

culture-independent
Hours No Universal bacterial detection; useful when

antibiotics have sterilized culture

No susceptibility data;
contamination-prone

(environmental/reagent DNA); limited
species resolution

Selected
culture-negative cases

after antibiotic exposure

Metagenomic
NGS/mcfDNA

Plasma microbial
cell-free DNA or

sterile fluid;
untargeted sequencing

~1–2 days (incl.
bioinformatics)

Limited
(resistance
genes, not

phenotypic AST)

Hypothesis-free, very broad; detects
fastidious, novel, polymicrobial,

culture-negative infection; non-invasive
(cfDNA)

High cost; slow, complex bioinformatics;
host-DNA background;
contamination-prone;

commensal/incidental-DNA
interpretation; not standardized

for neonates

Selected refractory or
unexplained

culture-negative cases
(investigational)

Host-response
biomarkers

Blood; host
inflammatory
response (not

pathogen)

Rapid (hours; some
near-patient)

No (no organism
ID or AST)

Rapid; serial measurement supports
rule-out and antibiotic discontinuation;

presepsin shows high pooled accuracy in
meta-analyses, though estimates are

subject to small-study and
threshold effects

Reflect host response, not etiology;
confounded by non-infectious

inflammation and postnatal physiology;
variable thresholds; best combined

Rule-out support and
antibiotic

discontinuation

AST, antimicrobial susceptibility testing; BCID, blood-culture identification; cfDNA, cell-free DNA; CSF, cerebrospinal fluid; ID, identification; mcfDNA, microbial cell-free DNA; ME,
meningitis/encephalitis; NGS, (metagenomic) next-generation sequencing; PCR, polymerase chain reaction. No single modality identifies the organism, provides susceptibility, and
delivers a result rapidly; the methods are complementary.
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7. Rapid and Molecular Diagnostics
Methods in this category address the two principal failings of culture (its slow

turnaround and its dependence on viable, culturable organisms) and fall into two strategic
groups: techniques that accelerate identification and susceptibility reporting after a cul-
ture flags positive, and techniques that detect pathogens directly from clinical specimens,
independent of culture.

7.1. MALDI-TOF Mass Spectrometry

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry identifies
organisms by their characteristic protein spectra and can identify common bacteria directly
from a positive blood-culture broth within roughly an hour, in place of the overnight
subculture that conventional identification requires. A systematic review and meta-analysis
of bloodstream infection found that MALDI-TOF MS significantly shortened the time to
organism identification; enabled earlier appropriate antibiotic prescribing; and was associ-
ated with reductions in mortality, length of stay, and cost [30]. The largest clinical gains,
however, accrued when rapid identification was coupled with an antimicrobial-stewardship
intervention rather than arising from the assay alone [31]. Its principal constraint in the
neonatal context is structural rather than technical: because it operates on a positive culture,
it accelerates the result for infants who are culture-positive. It offers nothing for the culture-
negative or low-inoculum cases that are most diagnostically vexing. In appraisal terms,
MALDI-TOF MS is a mature identification technology with robust analytical performance,
but the neonatal evidence is largely confined to organism identification: the reported re-
ductions in mortality, length of stay, and cost derive from predominantly adult or mixed
bloodstream-infection cohorts and are contingent on a coupled stewardship response, so its
incremental clinical benefit in neonates specifically remains to be quantified. It is therefore
best regarded as ready for routine post-culture use to shorten the time to identification
rather than as an independent driver of improved neonatal outcomes.

7.2. Syndromic Multiplex PCR Panels

Cartridge-based multiplex PCR panels detect a predefined set of pathogens (and
selected antimicrobial-resistance genes) in about an hour. Blood-culture identification
panels operate on a positive bottle and collapse the gap between growth and actionable
identification, reporting species and key resistance determinants well before phenotypic
testing would. Cerebrospinal-fluid meningitis/encephalitis panels detect the common
bacterial, viral, and fungal agents of central nervous system infection, including organisms
acquired perinatally, directly from CSF. A diagnostic-test-accuracy meta-analysis of the CSF
meningitis/encephalitis panel found high specificity but imperfect and pathogen-variable
sensitivity, with the implication that a negative panel cannot exclude infection and that
culture and clinical correlation remain necessary [32]. The shared limitations of all such
panels are intrinsic: they detect only their predefined targets, and they provide only the
resistance genes on the cartridge rather than a full phenotypic susceptibility profile. Their
performance directly from paucibacterial specimens is lower than from enriched positive
cultures. Critically, the supporting accuracy data for these panels derive substantially
from adult and mixed-age bloodstream and central nervous-system cohorts rather than
from neonates, and they establish analytical detection rather than demonstrated neonatal
outcome benefit; the available clinical-impact evidence, namely reduced treatment of
contaminants and faster de-escalation, is likewise stewardship-dependent and drawn from
non-neonatal randomized data. Syndromic panels are accordingly best positioned as a
mature but adjunctive accelerator of identification after culture positivity, whereas their
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direct-from-specimen use in the volume-limited neonate remains insufficiently validated
for routine application.

7.3. Broad-Range 16S rRNA PCR

Broad-range PCR amplifying the conserved bacterial 16S rRNA gene offers culture-
independent and universal bacterial detection, and it is of particular conceptual value when
prior antibiotic exposure has sterilized cultures while leaving bacterial nucleic acid de-
tectable. Its drawbacks temper its routine use: it does not yield antimicrobial-susceptibility
data, it is vulnerable to false positives from environmental and reagent DNA contamination,
and species-level resolution can be limited. In current practice, it functions as an adjunct
in selected culture-negative scenarios rather than as a frontline test [33,34]. The neonatal
evidence base for broad-range PCR is limited and comprises mainly small studies, with
much supporting data extrapolated from older populations; it documents analytical detec-
tion but provides no demonstration that the test improves antibiotic decisions or clinical
outcomes in newborns. Its role is therefore narrow and adjunctive rather than mature, a
selective second-line option for the culture-negative or antibiotic-pretreated infant rather
than a frontline neonatal diagnostic.

7.4. Direct-from-Blood Molecular Testing and the Neonatal Volume Constraint

Detecting pathogens directly from blood, without any culture step, is especially attrac-
tive in the neonate, in whom speed is at a premium. The same feature that undermines
culture, however, also limits direct molecular detection: the small blood volumes obtainable
and the low-circulating bacterial densities mean that a given aliquot may contain little or
no target nucleic acid, capping achievable sensitivity. Quantitatively, the direct-from-blood
molecular platforms developed and validated in adults are designed around sample vol-
umes larger than are typically obtainable in a neonate: multiplex real-time PCR systems
such as LightCycler SeptiFast require on the order of 1.5 mL of whole blood, and the T2
magnetic resonance panels approximately 4 mL per assay, whereas the volume that can be
drawn from a neonate is frequently limited to 1 mL or less [35,36]. Because these volumes
have generally not been adapted to neonatal requirements, this mismatch is a principal
reason direct-from-blood testing remains impractical for routine neonatal use in the absence
of dedicated low-volume protocols [36]. This constraint explains why direct-from-blood
assays have not displaced culture in newborns and why the field continues to pursue
methods tuned to very low template loads. On current evidence, this remains a conceptual
and investigational strategy in the newborn: the neonatal-specific data needed to define its
achievable sensitivity, and any clinical-utility data linking it to changed management or im-
proved outcomes, are largely lacking, and what performance evidence exists is extrapolated
from higher-volume adult specimens.

7.5. Aggregate Diagnostic Performance

Considered together, these data caution against viewing molecular methods as replace-
ments for culture. The current Cochrane diagnostic-test-accuracy review, which synthesizes
a substantially larger and more recent evidence base, reports a pooled sensitivity of 0.92
(95% CI, 0.86–0.95) and a pooled specificity of 0.88 (95% CI, 0.82–0.92) for molecular as-
says against culture-positive neonatal sepsis, on low-certainty evidence [33]. The earlier
meta-analysis by Pammi et al. reported a comparable sensitivity but a higher specificity
(0.90 [95% CI, 0.78–0.95] and 0.96 [95% CI, 0.94–0.97], respectively), with real-time and
broad-range PCR performing best [37]; the lower specificity in the updated, larger synthesis
reinforces rather than weakens the central conclusion that these assays cannot yet supplant
culture as the reference standard. Both reviews converge on the same overall message:
molecular assays are valuable adjuncts that can accelerate or supplement culture, but they
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do not replace it [33,37]. Their highest-value role in the newborn is therefore complemen-
tary: shortening time to identification when culture is positive, and supplementing it when
prior antibiotics or fastidious organisms render it falsely negative. It bears emphasis that
even these neonatal pooled estimates characterize analytical accuracy against an imperfect
culture standard rather than clinical utility; no accompanying neonatal data show that
deploying these assays shortens the interval to targeted therapy or improves outcomes,
which is the criterion on which their adoption should ultimately rest.

7.6. Detection of Invasive Candidiasis

Invasive candidiasis is an important and frequently lethal late-onset entity in ex-
tremely low birth weight infants (Section 5.2) [19], yet it is poorly served by conventional
microbiology. Blood culture is relatively insensitive for Candida and may take several days
to flag positive, thus delaying antifungal therapy. Culture-independent strategies have
therefore been developed. The T2 magnetic resonance (T2MR) assay detects the common
Candida species directly from whole blood within hours, and in a multicenter clinical trial,
it showed high sensitivity and specificity relative to culture while substantially shortening
the time to species-level identification [35]. Antigen-based tests such as β-D-glucan are
hampered by limited specificity and are not established for neonatal use, and plasma mi-
crobial cell-free DNA and metagenomic sequencing can likewise detect fungal pathogens
(Section 8). As with the bacterial assays reviewed above, however, these methods are
validated principally in adults; neonatal-specific performance data remain limited, and cul-
ture with antifungal-susceptibility testing remains the reference standard for the newborn.
Beyond these, broad-range (panfungal) PCR assays that amplify conserved regions of the
fungal ribosomal RNA gene, followed by sequencing of the internal transcribed spacer
(ITS) or D1/D2 region for species-level assignment, provide a further culture-independent
route to a fungal diagnosis, and metagenomic and microbial cell-free-DNA sequencing
can recover fungal nucleic acid within the same untargeted workflow applied to bacteria
(Section 8) [38,39]. The interpretive caveats parallel those of the bacterial molecular assays
and are arguably more acute for fungi: susceptibility to ubiquitous environmental and
reagent fungal DNA; an absence of standardized positivity thresholds; the inability of most
nucleic-acid methods to report antifungal susceptibility; and—again—limited neonatal-
specific validation. None of these approaches has therefore displaced blood culture with
antifungal-susceptibility testing in the newborn, although each may shorten the interval
to a presumptive fungal diagnosis in the high-risk infant. For the newborn specifically,
therefore, these fungal assays are best read as analytically capable but clinically unproven:
none has neonatal outcome data, and each is, at present, an investigational or selectively
applied adjunct that may shorten the interval to a presumptive diagnosis without replacing
culture-based identification and antifungal-susceptibility testing.

8. Metagenomic and Next-Generation Approaches
Methods in this category extend culture-independence to its logical limit, detecting

the genetic material of any organism present without prior hypothesis. They are presented
here as emerging rather than established, with a role that is currently investigational in
the newborn.

8.1. Untargeted Metagenomic Next-Generation Sequencing

Metagenomic next-generation sequencing (mNGS) analyzes the totality of micro-
bial and host nucleic acid in a specimen, enabling hypothesis-free detection of bacteria,
viruses, fungi, and parasites and the simultaneous interrogation of antimicrobial-resistance
genes [38]. Its conceptual advantages are precisely those that culture lacks: it can detect
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novel, fastidious, polymicrobial, and culture-negative infections, making it attractive for
the diagnostically refractory cases that recur throughout this review [38,40]. In adult sepsis
and bloodstream-infection cohorts, mNGS has detected pathogens at a higher positive rate
and more rapidly than blood culture [41], and in neonates, it has been investigated for
the diagnosis and surveillance of infection (including the parallel detection of resistance
determinants) directly from clinical samples [42]. However, the detection of a resistance
gene by sequencing reflects genotypic potential rather than expressed phenotype; because
genotype–phenotype concordance is imperfect, such a finding cannot substitute for phe-
notypic antimicrobial-susceptibility testing (Section 10). It is consistently framed as a
complement to, not a replacement for, conventional diagnostics, and its translation into rou-
tine practice is constrained by cost, turnaround, the need for sophisticated bioinformatics,
and the absence of standardized interpretive thresholds [38,40]. The distinction between
capability and utility is especially stark here: the higher detection rates derive from adult
cohorts, the neonatal literature comprises small descriptive series rather than controlled
evaluations, and no study has yet shown that mNGS-guided management improves neona-
tal outcomes. It is accordingly an investigational tool in neonatal sepsis, appropriate only
for selected, diagnostically refractory cases and not for routine or frontline use.

8.2. Plasma Microbial Cell-Free DNA

A particularly relevant variant for the newborn is sequencing of microbial cell-free
DNA (mcfDNA) circulating in plasma. A clinical-grade assay has been analytically and
clinically validated, in predominantly adult populations, to identify and quantify cell-
free DNA from more than a thousand clinically relevant bacteria, DNA viruses, fungi,
and parasites from a single plasma specimen. Its results were broadly concordant with
blood culture [39]. Because it interrogates fragmented DNA rather than viable, replicating
organisms, mcfDNA sequencing is conceptually well suited to infants in whom prior
antibiotics or low organism viability defeat culture. Its interpretation is complicated,
however, by the difficulty of distinguishing pathogenic signal from commensal or incidental
DNA, and by cost and turnaround that remain incompatible with frontline neonatal use [39].
Consistent with this, a multicentre cohort of plasma mcfDNA testing in routine practice
reported a positive clinical impact in only a small minority of cases despite frequent
pathogen detection. This indicates that demonstrated analytic capability has not yet
translated into reliable clinical benefit [43]. Although a clinical-grade neonatal study has
begun to extend this evidence [44], it remains small, and the validation underpinning
mcfDNA is predominantly adult; the assay therefore exemplifies analytical capability
outrunning demonstrated neonatal clinical utility. It is best regarded as investigational
in the newborn and reserved, if used at all, for selected culture-negative or refractory
presentations rather than routine diagnosis.

8.3. Microbiome Characterization

Sequencing-based community profiling has a distinct, mechanistic role rather than a
frontline diagnostic one. Characterization of the developing intestinal microbiome links
specific dysbiotic patterns (most notably a pre-necrotizing-enterocolitis bloom of Proteobac-
teria) to disease risk and to late-onset infection in preterm infants [14]. At present, this is a
tool for risk stratification and pathophysiological insight rather than a bedside test for the
infant with suspected sepsis.

8.4. Barriers to Neonatal Translation

Several obstacles specifically impede the use of these methods in newborns. Multiple
constraints keep mNGS and mcfDNA in the investigational sphere for neonatal sepsis:
the small specimen volumes obtainable, an overwhelming background of human host
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DNA, vulnerability to environmental and reagent contamination, the lack of standard-
ized positivity thresholds and validated susceptibility prediction, and substantial cost and
turnaround [38,40,44,45]. Their trajectory is nonetheless toward complementary deploy-
ment in culture-negative and otherwise unexplained presentations, where conventional
and targeted molecular methods have already failed. Until neonatal-specific validation
and outcome-driven trials are available, neither method is suitable for routine neonatal
sepsis diagnosis, and both should be deployed only selectively and with cautious, clinically
contextualized interpretation.

9. Host-Response Biomarkers as Diagnostic Adjuncts
A conceptual distinction governs this section: host-response biomarkers measure the

infant’s inflammatory reaction rather than the pathogen itself. They cannot identify an
organism or provide a susceptibility profile, and so they are positioned throughout as
adjuncts to microbiology: most useful for ruling infection out and for guiding the duration
of empirical therapy, not for establishing etiology. Framed in decision terms, their principal
value lies in probability refinement rather than pathogen attribution: serial measurements
are most informative for ruling infection out and for supporting the safe discontinuation
of empirical antibiotics in clinically stable infants, and are correspondingly weaker as
standalone rule-in tests, since an elevated biomarker neither confirms sepsis nor identifies
its cause.

9.1. Conventional Hematologic Indices

Before the contemporary protein and molecular markers, the complete blood count
provided the first laboratory adjuncts to the diagnosis of neonatal sepsis, and it remains
the most widely available. Several indices have been studied: the total white-cell count,
the absolute neutrophil count (with neutropenia carrying greater discriminatory weight
than neutrophilia in the newborn), the immature-to-total neutrophil (I:T) ratio, and the
platelet count, since thrombocytopenia frequently accompanies established sepsis. These
were combined by Rodwell and colleagues into a hematologic scoring system that assigns
one point to each of several abnormal findings and grades the likelihood of infection
accordingly [46]. The appeal of these markers is their universal availability and negligible
cost; their limitation is modest and inconsistent standalone accuracy, with values that shift
across gestational age and the early postnatal period and overlap substantially between
infected and non-infected infants [47]. A normal count does not exclude sepsis, and an
abnormal one does not establish it. Conventional hematologic indices are therefore best
read as one component of a composite clinical and laboratory assessment rather than as a
decisive test in their own right.

9.2. Acute-Phase Reactants

C-reactive protein rises relatively late after the onset of infection, thus limiting the
sensitivity of a single early value, but making serial measurement useful for tracking the
trajectory of suspected sepsis and supporting discontinuation decisions [47]. Procalcitonin
rises earlier than CRP, but a physiological postnatal surge in the first days of life can
elevate it independently of infection and must be accounted for when it is used in the
early-onset window [47]. In a neonatal meta-analysis, the pooled sensitivity was 0.71
(95% CI, 0.63–0.78) for CRP and 0.85 (95% CI, 0.79–0.89) for procalcitonin, with summary
areas under the curve of 0.85 and 0.91, respectively, and specificity strongly dependent on
the chosen cut-off, confirming that neither acute-phase reactant is sufficiently accurate to
diagnose sepsis in isolation [48], a conclusion echoed by a separate systematic review [49].
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The most robust clinical application of procalcitonin is in guiding antibiotic duration rather
than in establishing the diagnosis (Section 9.5).

9.3. Cytokines and Cell-Surface Markers

Interleukin-6 rises very early in the inflammatory cascade but has a short half-life,
so its diagnostic window is narrow, and it is typically combined with a slower-kinetic
marker, such as CRP [47]. In an updated meta-analysis confined to late-onset sepsis, IL-6
yielded a pooled sensitivity of 0.85 (95% CI, 0.80–0.89) and a specificity of 0.84 (95% CI,
0.78–0.89), underscoring its moderate standalone accuracy [50]. Presepsin (the soluble
CD14 subtype, sCD14-ST) performs well in meta-analysis: pooled sensitivity for neonatal
sepsis was 0.91 (95% CI, 0.87–0.93), and pooled specificity was 0.91 (95% CI, 0.88–0.94),
with a summary area under the curve of approximately 0.98 [51]. That figure should
nonetheless be interpreted with caution, since area-under-the-curve values approaching
unity in biomarker meta-analyses frequently reflect small-study effects and spectrum
bias; a 2025 meta-analysis spanning age groups found presepsin accuracy highest in
neonates (AUC 0.96) but substantially lower in adults (0.87), underscoring its population
dependence [52]. A subsequent meta-analysis restricted to early-onset sepsis confirmed
high pooled sensitivity and specificity for presepsin [53], and prospective newborn studies
have reported a high negative predictive value for presepsin, particularly when it is
interpreted alongside other early markers, such as IL-6 and CRP [54–56]. Neutrophil
CD64 is less discriminating; a meta-analysis reported pooled sensitivity of 0.77 (95% CI,
0.74–0.79) and specificity of 0.74 (95% CI, 0.72–0.75), with a summary area under the curve
of approximately 0.87, leading the authors to conclude that it is not a satisfactory standalone
marker and should be interpreted alongside other tests and the clinical picture [57]. The
pooled diagnostic performance of these host-response biomarkers is summarized in Table 2.

Table 2. Reported diagnostic performance of selected host-response biomarkers in neonatal sepsis.

Biomarker Pooled
Sensitivity

Pooled
Specificity AUC Population/Source Key Limitations Main Clinical

Interpretation

C-reactive
protein (CRP)

0.71 (95% CI,
0.63–0.78)

Cut-off-
dependent 0.85 Mixed neonatal;

Ruan et al. [48] Delayed rise

Most useful for
serial rule-out and

for guiding
antibiotic duration;

not reliable for early
diagnosis

Procalcitonin
(PCT)

0.85 (95% CI,
0.79–0.89)

Cut-off-
dependent 0.91 Mixed neonatal;

Ruan et al. [48]

Physiological
postnatal surge

confounds
interpretation in

the first days of life

Rises earlier than
CRP; principal role

is PCT-guided
stewardship and

antibiotic duration
(NeoPInS) [58]

Interleukin-6
(IL-6)

0.85 (95% CI,
0.80–0.89)

0.84 (95% CI,
0.78–0.89) —

Late-onset sepsis
only; Alansari

et al. [50]

Short half-life
narrows the
diagnostic
window

Early rise enables
early detection; best

combined with a
slower-kinetic

marker such as CRP

Presepsin
(sCD14-ST)

0.91 (95% CI,
0.87–0.93)

0.91 (95% CI,
0.88–0.94)

≈0.98 (neonatal);
0.96 neonatal vs.
0.87 adult [52]

Mixed neonatal;
Bellos et al. [51]

High summary
AUC vulnerable to

small-study,
spectrum, and

threshold effects

Promising neonatal
accuracy, but

requires validated
neonatal thresholds
and outcome data
before routine use
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Table 2. Cont.

Biomarker Pooled
Sensitivity

Pooled
Specificity AUC Population/Source Key Limitations Main Clinical

Interpretation

Neutrophil
CD64 (nCD64)

0.77 (95% CI,
0.74–0.79)

0.74 (95% CI,
0.72–0.75) ≈0.87 Mixed neonatal;

Shi et al. [57]

Not satisfactory as
a standalone

marker

Adjunctive only; use
in combination with
other indices rather

than alone

Estimates are drawn from separate meta-analyses that differ in population (mixed neonatal versus late-onset
only), time period, index-test thresholds, and reference standards, and are therefore not directly comparable; the
table juxtaposes them for convenience and does not represent a head-to-head comparison. Apparent differences
between biomarkers in this table should not be read as evidence that one marker outperforms another, since
they may reflect methodological heterogeneity between the source analyses rather than genuine differences
in diagnostic accuracy. Pooled sensitivities for CRP and PCT are from a neonatal meta-analysis [48]; pooled
values for IL-6 are from an updated late-onset-sepsis meta-analysis [50]; pooled sensitivity and specificity for
presepsin and neutrophil CD64 are from diagnostic meta-analyses [51,57], with cross-age presepsin data from
a 2025 meta-analysis [52]. Where pooled specificity is strongly threshold-dependent and heterogeneous (CRP
and PCT), summary discrimination is expressed as the area under the curve (AUC). A dash (—) indicates that a
pooled AUC was not reported in the cited source. AUC, area under the curve; CI, confidence interval; sCD14-ST,
soluble CD14 subtype. No biomarker identifies the organism or its antimicrobial susceptibility.

9.4. Host Transcriptomic Signatures

Multi-gene host RNA expression classifiers, which read the transcriptional signature
of the host response rather than any single protein, are an emerging avenue that may
improve discrimination of infection from non-infectious inflammation [47]. They remain
investigational in the newborn and are not yet part of routine practice.

9.5. The Principal Clinical Role: Guiding Antibiotic Duration

For biomarkers in neonatal sepsis, the highest-quality evidence concerns not diagnosis
but stewardship. In the NeoPInS multicenter randomized controlled trial, a procalcitonin-
guided algorithm significantly reduced the duration of antibiotic therapy compared with
standard care in neonates with suspected early-onset sepsis. Non-inferiority for re-infection
or death could not be formally demonstrated only because such events were too infre-
quent, and no study-related deaths occurred [58]. This positions serial biomarkers as a
direct countermeasure to the overtreatment and culture-negative-sepsis problem identified
earlier [5,9,58,59].

9.6. Synthesis

No single biomarker approaches the specificity of a positive culture, and none identi-
fies the organism or its susceptibility; their accuracy is generally improved by combination
rather than by reliance on any one marker [47]. Their proper place is therefore adjunctive:
accelerating the decision to withhold or stop antibiotics in the low-probability infant and
complementing rather than replacing the microbiological investigation. Appraised against
clinical-utility criteria, the biomarker evidence is unevenly mature: it is strongest, and
genuinely neonatal, for guiding the duration and discontinuation of therapy, where a
randomized neonatal trial supports procalcitonin [58]; moderate for diagnosis; and, in the
case of presepsin, characterized by promising neonatal accuracy that is not yet matched
by outcome evidence or standardized thresholds. None of these markers is therefore a
mature standalone diagnostic; their established role is adjunctive probability refinement
and stewardship support.

10. Antimicrobial Susceptibility and Resistance Detection
Identification answers only half of the clinical question; the other half, what will treat

the organism, is what makes rapid microbiology actionable against the resistance burden
described in Section 5 [60]. This section concerns how susceptibility is determined and how
quickly that information can be delivered.
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10.1. Phenotypic Susceptibility Testing as the Definitive Standard

Phenotypic antimicrobial susceptibility testing (by disk diffusion, broth microdilution,
or automated commercial systems, interpreted against EUCAST or CLSI breakpoints) re-
mains the definitive determinant of treatable resistance, because it measures the organism’s
actual response to a drug rather than the mere presence of a resistance gene. Its limitations
mirror those of culture from which it descends: it can only be performed once an isolate has
been recovered. It typically adds approximately a further day after a culture flags positive,
delaying the transition from empirical to definitively targeted therapy. The culture-negative
infant yields no isolate and therefore no susceptibility profile at all. As the only method
that interrogates the organism’s actual drug response, phenotypic susceptibility testing
is the mature and neonatally applicable benchmark for treatable resistance; its limitation
is not validity but availability, since the same small volumes and culture-negativity that
constrain isolate recovery in the newborn also determine how often a phenotypic profile
can be generated at all.

10.2. Rapid Phenotypic and Genotypic Approaches

Two strategies compress this timeline. Rapid phenotypic methods seek to derive
susceptibility directly from a positive blood-culture broth in hours rather than a day.
Standardized approaches such as the EUCAST rapid antimicrobial susceptibility testing
(RAST) method read inhibition zones directly from a positive blood-culture bottle at
4, 6, and 8 h, providing provisional categorization well before conventional overnight
testing; however, a proportion of results fall in an area of technical uncertainty and require
confirmation, and breakpoints are, at present, defined for only a limited set of species
and agents [61]. Genotypic detection instead identifies resistance determinants (such as
mecA/mecC for methicillin resistance, vanA/vanB for vancomycin resistance, extended-
spectrum β-lactamase genes, and carbapenemase genes) from syndromic panels within
about an hour of a culture flagging positive, and, at the research and reference level, from
whole-genome or metagenomic sequence data that can profile resistance genome-wide [38].
The central caveat of all genotypic approaches is the imperfect correspondence between
genotype and phenotype: detection of a resistance gene does not guarantee that it is
expressed, and the absence of the specific genes on a panel does not guarantee susceptibility.
Molecular resistance results can therefore diverge from phenotypic testing and do not fully
substitute for it [62]. Inducible AmpC β-lactamase production poses a related interpretive
problem: organisms such as Enterobacter cloacae, Klebsiella aerogenes, Serratia marcescens, and
Citrobacter freundii may test susceptible to third-generation cephalosporins yet harbor a
chromosomal ampC that can be derepressed during therapy, so that an initially susceptible
result does not guarantee continued efficacy. Recognizing these species and interpreting
their susceptibility with caution, favoring agents stable to AmpC, is itself a component
of diagnostic stewardship [63]. In appraisal terms, neither accelerated approach is yet
a mature substitute for phenotypic testing in the newborn: rapid phenotypic methods
such as RAST are validated chiefly in adult and mixed-population laboratory studies, with
neonatal data still limited, while genotypic resistance detection is rapid but constrained
by genotype–phenotype discordance, so a detected gene may not be expressed and an
undetected one does not confirm susceptibility. Both can complement, but do not replace,
phenotypic susceptibility testing, and their results should be interpreted in clinical context.

10.3. Clinical Impact and the Stewardship Dependency

Accelerated identification and susceptibility have real but conditional clinical value.
In a randomized trial, rapid multiplex PCR from positive blood cultures reduced treat-
ment of contaminants and use of broad-spectrum antimicrobials, and the addition of an
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antimicrobial stewardship team materially shortened the time to appropriate de-escalation
or escalation [62]. A systematic review and meta-analysis reinforced this dependency.
Molecular rapid diagnostic testing was associated with reduced time to effective therapy
and shorter length of stay, and with lower mortality specifically when coupled with an
antimicrobial stewardship program, but not in its absence [64]. A subsequent network
meta-analysis reinforced and refined this conclusion, finding that rapid diagnostics coupled
with stewardship reduced mortality not only relative to blood culture alone but also relative
to blood culture already supported by stewardship, isolating the incremental value of the
rapid result itself [65]. The technology, in other words, supplies information; benefit accrues
only when that information changes prescribing.

10.4. Relevance to the Newborn

These considerations are acute in neonatology. Because the empirical ampicillin–
gentamicin regimen may inadequately cover the resistant E. coli and Klebsiella increasingly
responsible for neonatal sepsis [16,20,22], earlier and accurate susceptibility data carry
disproportionate value for the individual infant and for unit-level stewardship. The same
volume and culture-negativity constraints that limit recovery of an isolate, however, limit
how often phenotypic susceptibility can be obtained at all, an argument not for abandoning
culture-based susceptibility but for the integrated, multi-method strategy considered next.

11. Diagnostic Stewardship in the Neonatal Setting
Every preceding section recurs to a single principle: a diagnostic result improves

outcome only when it changes management. Antimicrobial stewardship governs that
downstream step (ensuring that results are acted upon), but it operates on tests already
ordered. Diagnostic stewardship works upstream, governing which tests are performed,
in which patients, and how their results are interpreted to optimize test utilization, limit
the harms of over-testing, and improve antimicrobial use [66,67]. It spans the pre-analytic,
analytic, and post-analytic phases of testing and is most effective as a structured part-
nership between the clinical microbiology laboratory and the bedside team [66,68]; the
relevant recommendations of major guidelines, spanning both diagnostic and antimicrobial
stewardship (specimen acquisition, interpretation of microbiological results, empirical
antimicrobial management, and criteria supporting antibiotic discontinuation), are com-
pared in Table 3 [6,29,69–71]. In the newborn, where specimen volumes are small, pre-test
probability is frequently low, and the consequences of both missed infection and reflexive
over-treatment are severe, this upstream discipline is not a refinement of practice but a
precondition for using the diagnostic armamentarium responsibly.

Table 3. Diagnostic and antimicrobial stewardship recommendations in suspected neonatal sepsis.

Recommendation
Domain AAP (USA, 2018) [6,69] NICE NG195 (UK,

2021/2024) [29]
WHO (Global/LMIC,
2024) [70]

SSN/PIGS
(Switzerland, 2024)
[71]

Blood
culture/volume

Culture before antibiotics;
adequate inoculum
stressed

Culture before first
antibiotic dose; no
minimum volume
stipulated

Culture where feasible;
framework designed
for
limited-microbiology
settings

Minimum 1 mL in a
single aerobic bottle
before antibiotics
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Table 3. Cont.

Recommendation
Domain AAP (USA, 2018) [6,69] NICE NG195 (UK,

2021/2024) [29]
WHO (Global/LMIC,
2024) [70]

SSN/PIGS
(Switzerland, 2024)
[71]

Lumbar puncture
indications

If EOS confirmed on
culture (if not already
done), high clinical
probability/abnormal
labs, or no improvement;
not routine in well term
infants with sterile
cultures

If strong suspicion of
EOS or signs/symptoms
of meningitis; consider in
a treated baby if culture
positive (other than
CoNS) or not responding

Where meningitis is
suspected

In culture-proven EOS,
critical illness, or
neurological signs
(seizures, altered
consciousness)

Empirical regimen
(EOS)

Ampicillin + gentamicin;
broader spectrum not
routine (consider if
critically ill)

Benzylpenicillin +
gentamicin; add
Gram-negative cover
(e.g., cefotaxime) if
Gram-negative sepsis

Ampicillin (or
penicillin) +
gentamicin; cloxacillin
+ gentamicin if
staphylococcal risk

Amoxicillin +
aminoglycoside

Biomarker use
(CRP/PCT)

Cautious; laboratory
abnormalities alone
rarely justify prolonged
therapy; not a sole basis

CRP at presentation and
18–24 h; CRP trends used
with culture at 36 h to
guide stopping

Clinical danger-sign
based; routine
biomarkers not part of
the empiric algorithm

Single-biomarker
accuracy to distinguish
inflammation from
infection is low; not
relied upon

Stopping antibiotics

Discontinue at 36–48 h if
cultures sterile and no
site-specific infection; 10
days if culture-confirmed
(longer for meningitis)

Reassess/stop at 36 h
(48 h for LOS) if culture
negative and clinically
reassuring; 7 days if
culture-positive or
strongly suspected

Reassess after ≥2 days
for risk-factor
prophylaxis; 7–10 days
for confirmed serious
bacterial infection

Stop at 24–36 h if no
pathogen; in
low-probability
neonates, stop within
the first 24 h

Molecular
diagnostics

Not part of routine
recommendation;
reliance on blood culture

Not recommended for
routine neonatal
diagnosis; PCR
referenced only for
maternal GBS screening

Not addressed for
routine use
(resource-limited focus)

Current data do not
support blood
PCR-based pathogen
detection as a standard
method

Abbreviations: AAP, American Academy of Pediatrics; NICE, National Institute for Health and Care Excellence;
WHO, World Health Organization; SSN/PIGS, Swiss Society of Neonatology/Pediatric Infectious Disease Group
Switzerland; EOS, early-onset sepsis; LOS, late-onset sepsis; CRP, C-reactive protein; PCT, procalcitonin; CoNS,
coagulase-negative staphylococci; GBS, group B streptococcus; PCR, polymerase chain reaction. No single pan-
European guideline exists; the Swiss SSN/PIGS national guideline is presented as a recent, comprehensively
specified European representative [71]. AAP guidance comprises companion clinical reports for ≥35 0/7 weeks [6]
and ≤34 6/7 weeks [69] gestation.

11.1. Optimizing Test Selection and Ordering

In neonatology, the highest-yield pre-analytic intervention is also the simplest: en-
suring that the blood culture, which alone yields a viable isolate and a phenotypic sus-
ceptibility profile, is collected adequately and before antibiotics whenever feasible, at an
inoculum sufficient to detect the low-magnitude bacteremia characteristic of the newborn
(Sections 6.1 and 6.2). A culture drawn at insufficient volume is a diagnostic-stewardship
failure that no downstream molecular test fully repairs. Equally important is restraint in
initiating the diagnostic-and-treatment cascade at all: validated multivariable risk strati-
fication for early-onset sepsis can identify well-appearing infants in whom cultures and
empirical antibiotics may be safely withheld, reducing both unnecessary testing and un-
necessary exposure [6]. The most widely implemented such tool is the Kaiser Permanente
Neonatal Early-Onset Sepsis Calculator, a multivariable model that combines objective
maternal risk factors with the infant’s evolving clinical examination to estimate an indi-
vidualized sepsis probability and to recommend management. In its development cohort,
its adoption was followed by a substantial fall in blood-culture sampling and empirical
antibiotic use among infants of at least 34 weeks’ gestation, without a measurable increase
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in adverse outcomes [72], and a systematic review and meta-analysis confirmed a consistent
reduction in empirical antibiotic exposure across diverse settings while underscoring the
need for ongoing safety surveillance [73]. Its limitations temper enthusiasm: it is validated
chiefly for infants born at 34 weeks or later and not for the most premature; its performance
depends on local early-onset-sepsis incidence and on disciplined serial examination; and its
safety in any given unit should be confirmed locally before the threshold for investigation
is raised [73]. The same logic disciplines adjunctive testing. Reflexive serial measurement
of acute-phase reactants such as C-reactive protein, ordered without a defined decision
rule, generates results whose principal effect is to prolong rather than to shorten antibi-
otic courses. Biomarkers deliver their value when embedded in an explicit stewardship
algorithm, chiefly to support the decision to stop therapy (Section 9.5) [59]. Untargeted
molecular testing warrants comparable scrutiny: broad-range 16S rRNA PCR, plasma mi-
crobial cell-free DNA, and metagenomic sequencing are appropriately reserved for defined
indications (most often culture-negative sepsis with a compelling clinical picture or refrac-
tory infection) rather than ordered indiscriminately, where their cost and false-positive
potential outweigh their yield (Sections 7 and 8).

11.2. Interpreting Results and Conserving Resources

Neonatal diagnostic stewardship is most often won or lost in the post-analytic phase,
because the newest assays generate results that are easy to over-read. A coagulase-negative
staphylococcus from a single, low-volume culture; a low-level cell-free-DNA signal from
a plausible commensal; or a panel-detected resistance gene of uncertain expression de-
mands interpretation against clinical context rather than automatic action. In particular,
a genotypic resistance result cannot substitute for phenotypic susceptibility, given the
genotype–phenotype discordance detailed in Section 10.2. Structured result interpreta-
tion (comment-based reporting, selective susceptibility release, and laboratory–clinician
review of indeterminate findings) converts ambiguous data into appropriate decisions
and prevents the incidental molecular finding from driving unnecessary escalation. These
interpretive safeguards also serve resource stewardship. In the low- and middle-income
settings, where the resistance burden is greatest yet diagnostic capacity is most constrained,
a tiered pathway (reliable, adequately performed culture as the foundation, with molecular
and sequencing methods deployed selectively) is more defensible than uniform access to
high-cost platforms that the epidemiology, but not the budget, would justify [23,26].

Antimicrobial consumption is the measurable endpoint of these efforts. Prospective
surveillance of all antibiotic use in a level III NICU, followed by targeted, collaboratively
designed interventions, achieved a sustained reduction in unnecessary antibiotic use with-
out compromising safety. This demonstrates that auditing the diagnostic-and-prescribing
pathway is itself an effective stewardship instrument [74]. Diagnostic and antimicrobial
stewardship are thus complementary halves of one strategy, and it is the integration of
both, rather than the acquisition of any single assay, that the layered diagnostic algorithm
in the following section is designed to operationalize [60,66,67].

11.3. Integrated Diagnostic Algorithms

No single modality reviewed here is sufficient on its own; each compensates for a
specific failing of the others, which is the logic for combining them into a layered diagnostic
strategy rather than choosing among them (Figure 1).

The foundation remains an adequately collected blood culture (ideally at least 1 mL
per bottle), supplemented, when clinically and age-appropriate, by cerebrospinal fluid
culture and, particularly in late-onset evaluations, urine culture and, wherever feasible,
obtained before antibiotics are administered, because culture alone yields a viable isolate
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and a phenotypic susceptibility profile [2,6,7] (Figure 2). When a culture flags positive,
mass spectrometry and syndromic molecular panels can compress the interval to action-
able identification and resistance-gene information from days to about an hour. Only an
accompanying antimicrobial-stewardship response converts that speed into changed pre-
scribing and improved outcome [30,62,64]. When cultures remain sterile despite genuine
clinical concern (most often after intrapartum or empirical antibiotic exposure), broad-
range 16S rRNA PCR and, in selected refractory cases, plasma microbial cell-free DNA
or metagenomic sequencing offer a culture-independent route to a pathogen, with the
interpretive caution their performance demands [33,37–39]. Layered over all of these, serial
host-response biomarkers support the equally important negative decision: a procalcitonin-
guided algorithm can shorten antibiotic exposure, and a blood culture that remains sterile
at 36–48 h permits discontinuation in the well-appearing infant [27,47,58].

Figure 2. Evidence-based diagnostic algorithm for suspected neonatal sepsis. Clinical suspicion
prompts an adequately inoculated blood culture (≥1 mL) before antibiotics, with cerebrospinal fluid
and urine cultures per indication; lumbar puncture is reserved for culture-proven sepsis, strong
clinical suspicion or signs of meningitis, or failure to improve. Host-response biomarkers (early-rising
IL-6 and presepsin; serially monitored CRP and PCT) are adjunctive and do not establish the diagnosis.
Empirical ampicillin (or penicillin) plus gentamicin is started promptly. At 36–48 h, a positive culture
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directs rapid identification, susceptibility testing, and targeted therapy, whereas a negative culture
in a well infant with reassuring biomarkers supports discontinuation; persistent strong concern
despite sterile cultures justifies selective, cautiously interpreted molecular escalation. Diagnostic
and antimicrobial stewardship governs every step; decision thresholds reflect convergent guideline
recommendations (Table 3) [6,29,69–71]. Abbreviations: CRP, C-reactive protein; PCT, procalcitonin;
IL-6, interleukin-6; LP, lumbar puncture; MALDI-TOF, matrix-assisted laser desorption/ionization–
time of flight; PCR, polymerase chain reaction; NGS, next-generation sequencing. Original figure
created for this review.

12. Discussion
A central tension runs through the microbiological evaluation of the newborn, between

speed and sensitivity on the one hand and specificity and actionability on the other. Blood
culture is simultaneously the weakest and the strongest component of neonatal sepsis
diagnosis: weak because its sensitivity depends on blood volume, organism density, and
prior antibiotic exposure, yet strong because it remains the only routine method that
recovers a viable organism and enables definitive phenotypic antimicrobial susceptibility
testing. Molecular, mass-spectrometric, sequencing-based, and host-response methods
variously accelerate detection or rescue it when culture fails, but none yet reproduces
culture’s actionable output, and the best current evidence frames them as complements
rather than replacements [33,37].

A recurring theme of this review warrants an explicit statement: diagnostic accuracy
should not be equated with clinical utility. Sensitivity, specificity, area under the curve, and
pathogen-detection rate quantify how well a test discriminates infection against a chosen
reference standard; they do not establish that acting on the result benefits the infant, the
more so when that reference standard, culture, is itself imperfect. In neonatal sepsis, a useful
test is not merely one that detects microbial nucleic acid or improves sensitivity relative
to culture, but one that safely changes management: earlier targeted treatment, earlier de-
escalation, shorter empirical antibiotic exposure, less unnecessary treatment, and improved
clinical outcomes. This distinction is most consequential for the culture-independent
sequencing methods, where broad analytical detection by metagenomic next-generation
sequencing and plasma microbial cell-free DNA has not yet been consistently translated
into outcome-driven neonatal benefit, as illustrated by a routine-practice cohort in which
frequent pathogen detection altered management in only a small minority of cases [43]. It
is for this reason that the present review characterizes each modality by its demonstrated
clinical role rather than by analytical performance alone (Table 4), and that its firmest
endorsements attach to interventions backed by outcome evidence rather than detection
capability in isolation: adequate-volume culture and procalcitonin-guided discontinuation,
both grounded in neonatal data [7,58], and rapid diagnostics coupled to stewardship,
demonstrated in bloodstream-infection trials [64].

Table 4. Evidence-gap synthesis of the principal diagnostic modalities for neonatal sepsis.

Modality Neonatal
Validation

Adult
Extrapolation

Clinical-Outcome
Evidence

Main Unresolved
Limitation Current Practical Role

Blood culture Strong Minimal Strong
Volume-dependent

sensitivity; suppression
by prior antibiotics

Reference standard; recovers
a viable isolate and enables

phenotypic AST

MALDI-TOF MS Moderate Partial
Conditional (accrues
mainly when coupled

with stewardship)

Requires a positive
culture

Rapid organism identification
after culture positivity

Multiplex PCR
(syn-

dromic/BCID)

Moderate to
limited Partial

Variable;
stewardship-
dependent

Predefined targets;
partial, cartridge-only

resistance data

Rapid targeted pathogen and
resistance-gene adjunct after

culture positivity
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Table 4. Cont.

Modality Neonatal
Validation

Adult
Extrapolation

Clinical-Outcome
Evidence

Main Unresolved
Limitation Current Practical Role

Broad-range 16S
rRNA PCR Limited Substantial Weak

Contamination-prone; no
AST; limited species

resolution

Selective second-line option
in culture-negative or

antibiotic-pretreated cases

mNGS/plasma
mcfDNA Limited Substantial Weak

Interpretation against
unvalidated thresholds;
cost and turnaround; no

validated phenotypic
AST

Investigational; selected
refractory or unexplained

culture-negative cases

CRP/PCT Moderate to
strong Minimal

Stronger for
antibiotic

discontinuation than
for diagnosis

Timing of rise and
physiological postnatal

confounders

Rule-out and
antibiotic-discontinuation

(stewardship) support

Presepsin Promising Limited Insufficient outcome
evidence

Threshold heterogeneity;
small-study and
spectrum effects

Promising adjunct; not a
standalone diagnostic

Gradings are qualitative and summarize the evidence appraised in Sections 6–10 rather than a formal quantitative
score. “Neonatal validation” denotes the extent of neonatal-specific evidence; “adult extrapolation” is the degree to
which the supporting evidence derives from adult or older-pediatric populations; and “clinical-outcome evidence”
is the availability of data linking the test to improved neonatal outcomes (earlier targeted therapy, shorter
antibiotic exposure, safer de-escalation, or reduced mortality or length of stay), as distinct from analytical accuracy.
Interleukin-6 and neutrophil CD64 are addressed in Table 2. AST, antimicrobial susceptibility testing; BCID,
blood-culture identification; CRP, C-reactive protein; mcfDNA, microbial cell-free DNA; mNGS, metagenomic
next-generation sequencing; PCR, polymerase chain reaction; PCT, procalcitonin.

12.1. Unresolved Controversies and Critical Appraisal of the Evidence

Several questions central to the microbiological evaluation of the newborn remain gen-
uinely unsettled, and a critical reading of the evidence is more useful than a confident one.

Management of culture-negative sepsis: The most consequential controversy is how
long, and indeed whether, to treat an infant with a compelling clinical picture but no
recovered isolate. The competing harms are concrete: missed or undertreated infection on
one side, and on the other, the documented associations between prolonged early antibiotic
exposure and necrotizing enterocolitis, late-onset sepsis, and death [5,9]. Time-to-positivity
rules and procalcitonin-guided discontinuation partly adjudicate the question [27,58,75],
and prospective surveillance can curtail unnecessary courses [74], yet no adequately pow-
ered trial defines the optimal duration of therapy in the truly culture-negative infant. The
category itself is heterogeneous, conflating sterilization by intrapartum antibiotics, low-
inoculum bacteremia below the detection threshold, and non-infectious inflammation. A
single management rule is therefore unlikely to fit all of it.

Optimal blood-culture volume in the extremely low birth weight (ELBW) infant: The
recommendation to inoculate at least 1 mL rests on classic work establishing volume as
the dominant determinant of sensitivity [7,8], but it collides with the practical reality that
the smallest, most vulnerable infants tolerate the smallest draws. The tension is sharpest
precisely where it matters most, because low-magnitude bacteremia is characteristic of
the newborn and the supporting evidence base is relatively old. Contemporary, weight-
stratified data defining the achievable sensitivity at sub-milliliter volumes in ELBW infants
are limited.

Interpretation of coagulase-negative staphylococci: In the preterm infant with an
indwelling catheter, distinguishing a true coagulase-negative staphylococcal bloodstream
infection from skin-flora contamination is a recurring and only partly soluble problem
(Section 6.4). Single versus repeated isolation, time-to-positivity, and clinical context all
inform the judgment without resolving it, and the resulting diagnostic ambiguity is itself a
driver of both overtreatment and inconsistent epidemiological reporting.

Utility of broad-range 16S rRNA PCR in routine practice: Meta-analytic performance
of molecular assays in neonatal sepsis is real but modest, and varies with assay and
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population [33,37]. The defensible role of broad-range PCR is therefore selective (chiefly
the culture-negative or antibiotic-pretreated case) rather than a routine frontline test, a
distinction that is sometimes blurred when a technology’s analytic capability is mistaken
for a clinical indication.

Cost-effectiveness and significance of sequencing-based detection: Untargeted metage-
nomic sequencing and plasma microbial cell-free DNA can recover a pathogen when culture
cannot, but neonatal cost-effectiveness data are essentially absent, and turnaround, expense,
and infrastructure restrict deployment to selected refractory cases [38,39]. Cell-free DNA
detection raises a specific interpretive problem: discriminating a clinically meaningful
signal from transient or commensal nucleic acid, against thresholds that have not been
validated in neonates [39]. These caveats are not arguments against the methods but against
their indiscriminate use.

Biomarker-guided stewardship: The strongest biomarker evidence concerns stopping
rather than starting antibiotics. Even there, the physiological postnatal kinetics of procalci-
tonin confound interpretation in the very early-onset window when the decision is most
pressing, as illustrated by the differing time courses of the principal markers (Figure 3) [47].
Reflexive serial C-reactive protein measurement, by contrast, tends to prolong therapy and
is better characterized as a stewardship liability than an asset when ordered without a
decision rule [59].

Figure 3. Temporal kinetics of host-response biomarkers in neonatal sepsis (qualitative schematic).
Relative time course of presepsin, interleukin-6 (IL-6), procalcitonin (PCT), and C-reactive protein
(CRP) after onset of infection. Presepsin and IL-6 rise earliest (~2 h) and peak early (~3 h and ~6 h)
with brief elevation, supporting use in the early diagnostic window (0–12 h); PCT peaks at 18–24 h
and remains elevated for ~48 h (half-life ~24 h); CRP rises later (6–12 h), peaks at 24–48 h, and
persists longest, making PCT and CRP most useful for serial monitoring and stewardship-guided
discontinuation (24–48 h and beyond). Curves are schematic, represent a conceptual synthesis of
reported biomarker kinetics rather than an evidence-derived quantitative model, and are not drawn
to absolute concentration scale; the indicated times denote the approximate relative sequence of
rise and peak rather than validated neonatal measurements, and should not be interpreted as exact
kinetic values. The physiological postnatal surge of PCT can confound interpretation during the
early-onset window. IL-6, PCT, and CRP kinetics per Eichberger and Resch [47]; presepsin kinetic
parameters derive substantially from adult/general-sepsis data and are less precisely characterized
in neonates. Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; IL-6, interleukin-6. Original
figure; created for this review.
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Underlying all of these is the reference-standard problem. Because culture is an
imperfect gold standard, a molecular or sequencing result that disagrees with it cannot
be cleanly classified as a true or false positive, which systematically distorts apparent
diagnostic accuracy. These difficulties are amplified by the continued absence of a consensus
definition of neonatal sepsis: without agreed diagnostic criteria, study populations remain
heterogeneous, culture-negative sepsis is defined inconsistently, and accuracy estimates
anchored to divergent reference standards cannot be directly compared [4]. And the entire
discussion is overlaid by a stark equity divergence: the pathogen mix and resistance
burden are heaviest in low- and middle-income settings, while the methods most capable
of detecting resistant organisms are least available precisely there [20,23].

Why modern diagnostics have not displaced blood culture: Drawing these threads
together explains the field’s central paradox—despite two decades of molecular, mass-
spectrometric, and sequencing innovation, none of these methods has displaced a slow,
century-old culture, and the reasons are convergent and specifically neonatal. The new-
born presents among the lowest pathogen burdens and the smallest obtainable specimen
volumes of any patient group, so the nucleic-acid or organism template available to any
assay is intrinsically scarce [7,8]. Skin-commensal contamination confounds both culture
and the most sensitive amplification methods, blurring the very signal a more sensitive
test is intended to sharpen. Culture alone recovers a viable isolate, whereas molecular and
cell-free-DNA methods detect nucleic acid that need not derive from a live, replicating
organism; and for resistance, the genotype these methods read corresponds only imper-
fectly to the expressed phenotype [62]. Overlaying these biological constraints are practical
ones—cost, turnaround, and infrastructure that confine the newer platforms to selected
referral settings—and, decisively, a near-absence of neonatal-specific validation and of
trials linking any diagnostic-plus-stewardship strategy to hard neonatal outcomes rather
than to analytic performance alone [38,39]. Blood culture therefore persists not because it is
fast or maximally sensitive, but because it remains the single test that simultaneously yields
a viable organism, a definitive susceptibility profile, and an outcome-anchored evidence
base; based on the present evidence, the newer methods are best understood as adjuncts
that compress or rescue parts of that output without yet reproducing the whole.

12.2. Limitations of the Evidence Base and the Neonatal Evidence Frontier

A transparent appraisal must also state where the evidence for neonates is direct and
where it is borrowed. The reference standing of blood culture, the volume–sensitivity
relationship, the early kinetics of conventional biomarkers, and procalcitonin-guided short-
ening of therapy rest on neonatal data. By contrast, much of the evidence for direct-
from-blood molecular testing, plasma microbial cell-free DNA, integrated host–microbe
metagenomics, and the precise kinetic parameters of presepsin is extrapolated from adult
or general critical-care populations. It has not been validated in the newborn, whose blood
volume, template load, and developmentally distinct host response may all alter perfor-
mance. Host transcriptomic classifiers and machine-learning prediction models remain
investigational in neonates. This delineation is itself a finding: the principal limitation of
the field is not a shortage of candidate technologies but a shortage of neonatal-specific
validation, summarized as an evidence-gap synthesis in Table 4.

Several intrinsic limitations constrain the evidence base. Biomarker studies are het-
erogeneous in thresholds and populations [57], neonatal-specific outcome trials are scarce
(the procalcitonin-guided NeoPInS trial being a notable exception [58]), and a substantial
part of the metagenomic and cell-free-DNA evidence is extrapolated from adults and older
children rather than generated in neonates [38,39]. This review is itself subject to the
limitations of a narrative design: it did not employ a systematic search strategy, formal
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risk-of-bias appraisal, or quantitative synthesis. The field is also evolving quickly enough
that any synthesis is necessarily a snapshot.

These limitations define the research agenda. The priorities are neonatal-validated
molecular and sequencing assays designed for small specimen volumes and low template
loads; standardized positivity thresholds and susceptibility prediction; point-of-care im-
plementation; and prospective studies that connect a defined diagnostic-plus-stewardship
strategy to hard neonatal outcomes rather than to analytic performance in isolation.

12.3. Future Directions and Emerging Technologies

Neonatal sepsis diagnostics are moving from single analytes toward integrated, host-
aware, and computationally interpreted strategies (the principal evidence gaps are sum-
marized in Table 4). Each of the following directions is promising; none is yet ready for
routine neonatal practice, and the recurring bottleneck is neonatal-specific validation rather
than technological novelty.

Host transcriptomic signatures: Multi-gene host RNA classifiers read the transcrip-
tional state of the immune response rather than any single protein (Section 9.4). In neonates,
a patient-invariant 52-gene immune-metabolic classifier discriminated bacterial infection
with high accuracy at the first clinical signs and retained predictive value in culture-negative
cases, while also exposing substantial inter-patient heterogeneity in the underlying net-
works [76]. The approach remains investigational in the newborn; its translation depends
on prospective validation in independent neonatal cohorts and on rapid, low-volume
platforms compatible with the small specimens available.

Integrated host–microbe and multi-omics profiling: Rather than choosing between
detecting the pathogen and reading the host, emerging strategies combine them. In critically
ill adults, integrated host transcriptional profiling and broad-range metagenomic pathogen
detection from plasma identified 99% of microbiologically confirmed sepsis cases and
predicted sepsis in a majority of clinically suspected and indeterminate cases [77]. Coupling
such host–microbe models with the gut-dysbiosis signals that precede some late-onset
and necrotizing enterocolitis-associated disease (Section 4.5) points toward integrative risk
models, though this evidence is presently adult-derived and awaits neonatal validation.

Artificial intelligence and machine-learning prediction: Machine-learning models
trained on routinely collected electronic health record data have recognized infant sepsis
several hours before clinical suspicion in an NICU cohort, using information already at
the bedside [78]. The promise is earlier intervention, and the caveats are equally clear:
retrospective, often single-center derivation, label noise introduced by culture-negative
“clinical sepsis” definitions, and the consequent need for prospective external validation
and transparent reporting under emerging AI-specific reporting standards [79] before such
tools alter neonatal care. Three further considerations will determine whether such models
reach the cot side. First, opacity is itself a barrier: because falsely reassuring a clinician
carries grave consequences in the newborn, explainable artificial-intelligence methods that
expose which inputs drive a prediction are likely to be a precondition for clinical trust
and for guarding against automation bias, rather than an optional refinement. Second,
the most informative models are unlikely to rest on any single data stream; multimodal
architectures that integrate microbiological results, host-response biomarkers, and the
continuous physiological and electronic health-record data already captured in intensive
care may outperform single-source classifiers, but they also compound the burden of
validation and the risk of learning spurious, site-specific associations. Third, the recurring
obstacle of small, single-center neonatal datasets might be mitigated by federated learning,
in which a shared model is trained across multiple units without patient-level data leaving
each institution, widening representation while preserving privacy. None of these is
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sufficient in isolation: distribution shift between units, miscalibration on populations unlike
the training set, and the label noise inherent in culture-negative “clinical sepsis” persist
regardless of architecture, and each must be addressed through prospective, externally
validated, and transparently reported studies before machine-learning tools are allowed to
influence neonatal antibiotic decisions [80].

Point-of-care molecular testing and real-time resistance prediction: The central neona-
tal barrier to most molecular methods is the small specimen volume and low template load
of the newborn. Point-of-care platforms engineered to deliver identification, and ideally
resistance information, from sub-milliliter samples would be transformative but do not
yet exist in validated neonatal form. Real-time prediction of antimicrobial resistance from
genomic or metagenomic data is similarly aspirational and is, at present, constrained by the
genotype–phenotype discordance detailed in Section 10.2, so that predicted susceptibility
cannot yet replace the phenotypic result.

Taken together, these directions share a single prerequisite. Progress for neonates
depends less on any individual assay than on neonatal-validated, low-volume methods;
standardized interpretive thresholds; and, above all, prospective trials that link a defined
diagnostic-plus-stewardship strategy to hard neonatal outcomes rather than to analytic
performance alone.

13. Conclusions
Blood culture is imperfect yet indispensable. No single diagnostic modality currently

combines the features that neonatal sepsis demands: rapid, sensitive detection; pathogen-
agnostic coverage; neonatal-specific validation; reliable resistance prediction; and definitive
phenotypic antimicrobial susceptibility testing. Blood culture therefore remains founda-
tional despite its limitations. It is constrained by small specimen volume, prior antibiotic
exposure, and a turnaround measured in days, yet it is still the only routine test that re-
covers a viable organism and yields a definitive phenotypic susceptibility profile on which
targeted therapy can be built. The adjunctive methods each repair one deficiency of culture
without supplying the rest. Mass spectrometry and syndromic or broad-range molecular
assays can shorten selected diagnostic intervals, whether by accelerating identification once
a culture flags positive or by detecting organisms when prior antibiotics and fastidious
pathogens render culture falsely negative. Metagenomic and cell-free-DNA sequencing
may assist in selected culture-negative or diagnostically refractory cases but remain inves-
tigational in the newborn. Host-response biomarkers are most valuable for probability
refinement, serial rule-out, and the safe discontinuation of empirical antibiotics, rather than
for identifying the pathogen or its susceptibility. The clinical value of all of these tools
depends not on any single assay but on their integration within coupled diagnostic- and
antimicrobial-stewardship frameworks that ensure a result actually changes management:
the right test, in the right infant, interpreted and acted upon in clinical context. Looking
further ahead, artificial intelligence-based clinical decision support may ultimately facilitate
the integration of these multimodal diagnostic data, but it will require prospective neonatal
validation and transparent reporting before routine implementation [78]. Translating that
integrated model into measurable neonatal benefit will require neonatal-specific valida-
tion, standardized interpretive thresholds, and outcome-driven trials that link a defined
diagnostic-plus-stewardship strategy to hard neonatal outcomes—earlier targeted ther-
apy, shorter empirical antibiotic exposure, safer de-escalation, and reduced mortality or
length of stay—rather than to analytical performance alone. The key clinical messages are
summarized in Box 1.
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Box 1. Key clinical messages.

1. Blood culture, collected at adequate volume before antibiotics, is the diagnostic reference
standard.
2. Inoculum volume is the dominant modifiable determinant of culture sensitivity in the newborn.
3. Molecular and sequencing assays complement but do not replace culture; a genotypic resistance
result does not substitute for phenotypic susceptibility.
4. Host-response biomarkers are most useful for guiding the decision to stop antibiotics rather than
for identifying the pathogen.
5. Rapid diagnostics improve outcomes only when coupled to a stewardship response that acts on
the result.
6. Diagnostic stewardship operates upstream of antimicrobial stewardship: the right test, in the
right infant, interpreted in clinical context.
7. Antimicrobial resistance (ESBL-producing, carbapenem-resistant, and multidrug-resistant organ-
isms) is the principal driver raising the value of rapid, accurate susceptibility data.
8. The central need of the field is neonatal-specific validation and outcome-linked trials, not
additional unvalidated assays.
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