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Abstract

:

Current neonatal early-onset sepsis (EOS) guidelines lack consensus. Recent studies suggest three different options for EOS risk assessment among infants born ≥35 wks gestational age (GA), leading to different behaviors in the sepsis workup and antibiotic administration. A broad disparity in clinical practice is found in Neonatal Units, with a large number of non-infected newborns evaluated and treated for EOS. Broad spectrum antibiotics in early life may induce different short- and long-term adverse effects, longer hospitalization, and early mother-child separation. In this single-center prospective study, a total of 3002 neonates born in three periods between 2016 and 2020 were studied, and three different workup algorithms were compared: the first one was based on the categorical risk assessment; the second one was based on a Serial Physical Examination (SPE) strategy for infants with EOS risk factors; the third one associated an informatic tool (Neonatal EOS calculator) with a universal extension of the SPE strategy. The main objective of this study was to reduce the number of neonatal sepsis workups and the rate of antibiotic administration and favor rooming-in and mother–infant bonding without increasing the risk of sepsis and mortality. The combined strategy of universal SPE with the EOS Calculator showed a significant reduction of laboratory tests (from 33% to 6.6%; p < 0.01) and antibiotic treatments (from 8.5% to 1.4%; p < 0.01) in term and near-term newborns. EOS and mortality did not change significantly during the study period.
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1. Introduction


Neonatal sepsis represents an important problem among the neonatal population. It is a systemic infection occurring in infants at <28 days of life, defined as early or late depending on the age of onset. EOS is defined as a culture-proven bloodstream infection or bacterial meningitis occurring within 7 days of a newborn’s life with clinical signs and symptoms consistent with sepsis [1,2,3,4].



The occurrence of morbidity and mortality of EOS has declined in the last three decades, mainly due to worldwide screening panels for prenatal infectious diseases, as well as enhanced maternal and neonatal protocols for EOS risk management. The Centers for Disease Control and Prevention (CDC) estimated that incidence has reduced from more than 1.5/1000 births in the early 1990s to less than 0.5/1000 births in recent years. Despite this positive trend, EOS still represents a serious problem for the neonatal population [5,6].



Risk factors for early-onset neonatal sepsis include maternal, perinatal, and neonatal factors [1]. Well-known organisms causing early-onset neonatal sepsis are typically colonizers of the maternal genitourinary tract. These can include Group B Streptococcus (GBS) and Escherichia coli, which play a major role in the etiology of this disease [4,7].



Symptoms of EOS are often non-specific; most of the time, they can appear at birth or in the first hours of life, depending on the involved bacteria and on the severity of the infection, but the clinical manifestation of an infection can also appear with a delay of 48–72 h from birth, potentially rapidly evolving into dramatic diseases [2,3].



The standard diagnosis of sepsis remains a challenge: it requires a positive blood culture, whereas laboratory tests have shown poor predictive value [6,8,9,10]. Despite this, laboratory tests, and in particular C-reactive protein (CRP), are still widely used as a decision-making tool for the diagnosis and treatment of EOS [11,12]. Instead, assessment of perinatal risk factors is a key point in deciding if intrapartum antibiotic prophylaxis (IAP) is needed for the mother to prevent neonatal EOS, but it is well known that severe EOS can still occur in newborn infants from mothers without any perinatal risk factors.



American Academy of Pediatrics (AAP) released recent guidelines suggesting three different approaches for the prevention of EOS among newborns at ≥35 Weeks GA [13]:




	
The categorical risk assessment: in this approach, pre- and perinatal risk factors are used to guide the administration of Intrapartum Antibiotic Prophylaxis (IAP) to the mother and the consequent management of newborns at risk for EOS.



	
The multivariate risk assessment (the Neonatal Early-Onset Sepsis Calculator) is a predictive model based on information available in the immediate perinatal period. This model establishes a prior probability for newborn sepsis, which could be combined with neonatal physical examination [14,15,16].



	
Risk assessment based on newborn clinical condition: serial physical examination (SPE), regardless of maternal risk factors, is performed at standardized time points by caregivers who detail clinical observations at standard intervals. Infants are then treated empirically with antibiotics if they appear ill at birth or develop signs of illness over the first 48 h after birth [8].








Each of these strategies has some limitations: the categorical risk assessment is associated with a higher number of non-infected newborns evaluated and treated for EOS compared with the EOS Calculator and the SPE approach. Concerning the EOS calculator, even though it recommends routine clinical care for low-risk infants, the absence of perinatal risk factors cannot exclude the potential for sepsis. Moreover, the presence of mild symptoms (mainly respiratory maladaptation) could induce the caregiver to early unnecessary interventions [17].



Clinical signs are an early marker of EOS, showing more sensitivity when compared with laboratory tests [8,9,18], but the use of the SPE alone raises concern about the real possibility of carrying out adequate specific training for the personnel involved in the care of the newborn in different hospital contexts [17].



The purpose of this study was to investigate if the combination of the latter two validated strategies could reduce their individual limitations. The main goal was to significantly decrease the rate of sepsis workups and antibiotic treatments without increasing the risk of sepsis and mortality.




2. Results


This study enrolled a total of 3002 newborn infants ≥35 weeks GA born consecutively at the same institution in Milan (Italy) throughout three 4-month periods between November 2016 and March 2020. They were admitted to the NICU or Special Care Unit only when antibiotic treatment was needed. Neonates with major malformations, and those requiring antibiotic prophylaxis for surgical diseases or other invasive procedures, were excluded from the study.



Each population consisted of approximately 1000 infants. Weight, GA, APGAR score, gender, positive maternal GBS status (including positive rectovaginal swab or genitourinary GBS infection during pregnancy), and percentage of meconium-stained amniotic fluid at birth were comparable among the three populations (Table 1). A comparison of the three populations for other perinatal risk factors reveals statistically significant differences in ROM, maternal fever, and mode of delivery.



The key results are summarized in Table 2 and Table 3.



The number of sepsis workups gradually decreased from 33% of the population in P1 to 11.4% in P2 and 6.6% in P3 (p < 0.01). Compared to P1, the odds ratio (OR) of sepsis workup decreased significantly in P2 (OR 0.26, CI 0.20–0.33) and even more in P3 (OR 0.14, CI 0.11–0.19).



The empiric antibiotic treatment rates were 8.5% in P1 and 7.3% in P2, significantly decreasing to 1.4% in P3 (p < 0.01). Among the empirically treated infants in P1, only 5/85 showed clinical symptoms at the beginning of therapy (5.8%). This percentage increased in P2 to 9.5% (7/73 infants) and 71.4% in P3 (10/14 infants). Among the treated infants, culture-proven sepsis was found in 1/85 in P1 (1.1%), 3/73 in P2 (4.1%), and 3/14 in P3 (21.4%). The late discontinuation (>96 h) of therapy was frequent in P1 (54/85 = 63%). In P2, this number decreased to 5/73 (6.8%). In P3, 9/14 received prolonged antibiotic treatment (64%).



Compared to P1, the OR of antibiotic treatment was similar in P2 (OR 0.9, CI 0.65–1.25) but decreased significantly in P3 (OR 0.16, CI 0.09–0.27).



The multivariate logistic analysis showed an increased likelihood of antibiotic administration associated with maternal fever during labor and PROM. In fact, logistic regression demonstrated that maternal fever increased the administration of antibiotic treatment 77 times (OR 77, CI 44.3–139) and PROM > 48 h 35 times (OR 35, CI 15.9–74.6).



The length of hospitalization increased in P2 compared to P1 (4.16 days versus 3.20 days) but decreased significantly in P3 (3.03 days versus 3.20 days, p = 0.04).



In the three populations, the number of culture-proven EOS was 1/999, 3/1003, and 3/1000, respectively (0.1%, 0.3%, and 0.3%), with no statistically significant difference (p = 0.29). The clinical characteristics and EOS risk factors of newborns with culture-proven sepsis in the three populations are synthesized in Table 4.




3. Discussion


Several approaches have been suggested for the management of newborns at-risk for EOS, but the recent literature highlighted some limitations that are consistent with the results we found in this study. Combining the EOS Calculator and the Universal SPE approach was effective at minimizing some of the risks without increasing any adverse effects.



The overall incidence of culture-proven EOS in the population studied (7/3002 = 2.3/1000 live births) is presumably overestimated because of a limited study period. To our knowledge, EOS incidence is variable in the term and near-term newborn population between 0.5 and 1/1000 LB and did not differ from these data in our center in the last years.



In P1, according to the in-use protocol, we performed laboratory tests and administered antibiotic therapy to the newborns subsequently diagnosed with EOS because of risk factors such as prematurity and PROM.



Notably, in P2, one of the three infants who developed sepsis had no pre- or perinatal risk factors. He underwent routine neonatal care but, at 14 h of life, during rooming-in, presented with a dramatic onset of respiratory and circulatory symptoms, rapidly developing into meningitis and death. Blood and cerebrospinal fluid cultures were positive for GBS. This patient would not have been diagnosed earlier either with the P1 protocol (because of the absence of risk factors) or with the EOS calculator alone, which would have assigned a low risk score at birth. Only the application of a universal SPE would have likely intercepted the onset of the first symptoms earlier.



In P3, two EOS cases were diagnosed by means of the SPE form since newborns were asymptomatic with a low EOS risk score at birth. The third case showed clearer risk factors (maternal fever and unknown GBS status), he was symptomatic at birth, and his blood culture resulted rapidly positive for E. coli. This patient would have benefited from any of the three protocols.



The categorical risk assessment, as the one applied in the first population (P1) of our study, is associated with a large number of infants undergoing laboratory evaluation [19]. Although numerous laboratory exams have been recommended over time for the diagnosis of EOS, they have shown to possess poor predictive values [20]: serial low WBC count and low absolute neutrophil count are associated with increased odds of infection, but normal values of these parameters do not possess enough sensitivity to rule out EOS in neonates [20,21,22]. CRP is not an effective selective EOS tool because it shows low sensitivity during the early phases of the disease and very low specificity. This can lead to misdiagnosis and subsequent antibiotics overtreatment because elevations of this protein may also occur in non-infectious conditions (meconium aspiration syndrome, surfactant application, maternal fever at delivery, high birth weight, perinatal asphyxia, or prolonged rupture of membranes) [23,24]. In the first population in our study, a high percentage of newborns (63% of treated infants) received prolonged antibiotic courses due to elevated values of CRP, but sepsis was ruled out in 98.8% of them. Other laboratory tests like procalcitonin (PCT) or presepsin are gaining interest in recent literature, but additional studies are needed before they can be widely adopted into the EOS management algorithm [25,26,27]. Peripheral blood culture remains the gold standard for the diagnosis of sepsis. Recent studies have evaluated umbilical cord blood culture as a possible tool for EOS diagnosis, even though this is still not validated [28].



Unnecessary laboratory tests and unneeded antibiotic administration show short- and long-term consequences: infant discomfort and parental stress, admissions to NICU and, therefore, the interruption of parental bonding and breastfeeding, prolonged length of hospital stay, and increased health care costs [19,29,30]. Early neonatal antibiotic exposure has been recently demonstrated to be correlated to asthma, allergic and autoimmune disease, microbiome alteration, and obesity [31,32,33,34,35,36]. Strategies avoiding unnecessary pre- and postnatal antibiotics and favoring mother-newborn bonding and breastfeeding should be implemented [34]. The restriction of the criteria to perform blood tests and the elimination of CRP tests from the laboratory panels in P2 brought a drastic reduction in venipuncture, even though the protocol was still based on a categorical risk assessment. The discontinuation of antibiotic treatment with the confirmation of negative blood cultures in this population likely allowed fewer patients to be treated for shorter amounts of time. Moreover, in P2, an SPE form was introduced for the population at risk of EOS to potentially reduce antibiotics administration even further, given that clinical signs indeed increase the accuracy of EOS diagnosis [8,9,18,37]. Despite the earlier discontinuation of antibiotics, the length of hospitalization in P2 appeared to be higher than in P1, presumably because of a progressive but cautious introduction and application of the SPE form by the caregivers.



Limiting the clinical examination only to newborns with EOS risk factors can lead to missed diagnoses in newborns with no perinatal warnings [38,39,40]. We report the case of one patient of the P2 population, with no pre- or perinatal risk factors, who developed a severe form of GBS sepsis that led to his death. GBS colonization status remains one of the most important metrics to evaluate, but this information can be inaccurate at the time of birth. Our patient who died from fulminant GBS early-onset sepsis was born to a mother whose vaginal swab tested negative at 35 wks of gestation. Several studies have found that a GBS PCR assay is more feasible and offers a better predictive value of GBS EOS than the rectovaginal swab culture [41,42,43], but more studies are needed before wide implementation. After this adverse event, we analyzed the recently introduced EOS protocol to verify its safety compared to the previous one, concluding that even applying the old protocol, the newborn would have died.



The “universal SPE approach” suggested by the GBS Prevention Working Group of Emilia-Romagna puts the clinical status of newborns in the foreground and even includes newborns with no risk factors. The clinical presentation of early-onset sepsis can be delayed, mild, and non-specific, though it can rapidly evolve into dramatic diseases. Extending the SPE approach to the entire newborn population can reduce missed diagnoses. Berardi et al. showed that the universal SPE approach could produce a sharp reduction in laboratory exams and antibiotic treatments without a consequent increase in EOS [34,44].



This approach does not consider any of the prenatal risk factors and requires extensive experience and training from health professionals. The learning curve before the safe utilization of the SPE form is something to be taken into account. The timing of examinations to record clinical signs are the same in risk and non-risk infants. To overcome concerns in recognizing early and mild signs of sepsis due to individual variability of clinical assessment and differences in skills, we decided to combine universal SPE with the EOS calculator.



The EOS calculator is a validated computer tool freely available on the internet [15]. The EOS risk assigned by the calculator at birth, which is strongly dependent on pre- and perinatal maternal risk factors (e.g., GBS status, maternal intrapartum antibiotic therapy and intrapartum prophylaxis, highest intrapartum maternal temperature, gestational age, duration of ruptured membranes), is combined with the clinical status of the newborn (e.g., well-appearing, equivocal, or clinical illness) as a crucial factor for the diagnosis of suspected EOS. The combination of different risks and clinical statuses correspond to different workup and treatment protocols [14,15,16]. Recent publications demonstrated that the EOS calculator, compared to conventional management strategies, shows lower relative risks for empirical antibiotic therapy without affecting safety [16,45,46].



Though promising, the EOS calculator still has some limitations. Based on the initial assessment at birth, it assigns the category of routine neonatal care to a substantial percentage of EOS cases, which may lack any initial pathological clinical signs of EOS [38,47,48]. Furthermore, it may not distinguish symptoms that may be the consequence of a different pathological state [38]. For example, transient tachypnea of the newborn presents itself with a high respiratory rate and oxygen requirement soon after birth, but following the EOS calculator classification may suggest performing laboratory tests and antibiotics administration. In contrast, following the observation-based approach, infants can be further monitored before interventions. Symptoms such as skin discoloration (pallor, jaundice, or cyanosis) or prolonged capillary filling, as well as other symptoms related to circulation problems, are of great importance, but these are not part of the EOS computer test.



A combined strategy, including the neonatal EOS calculator and the universal SPE approach, allowed our institution to overcome the limitations of the two single approaches. The drastic decrease in the antibiotic treatment rate was likely mainly due to the introduction of the EOS calculator, but the extensive use of the SPE form in the entire population has resulted in a further reduction. In particular, when applying the serial physical examination, great importance was placed on skin discoloration and circulatory signs, whereas an attitude of prudent clinical waiting for early mild respiratory symptoms was allowed.




4. Materials and Methods


The study was conducted between November 2016 and March 2020 at the Ospedale dei Bambini “V. Buzzi”, Milan, Italy, delivering about 3200 newborns per year, starting from a two-step revision of our local protocol for prevention of EOS approved by the Hospital Committee (REF: IDF_BUZ_TIN_29 Rev.00 18.11.2019). Data regarding EOS laboratory tests, antibiotic treatment, and clinical outcomes were collected on three subsequent populations of about 1000 consecutive infants of ≥35 wks GA, born at our institution, and were the subject of the three-degree thesis. Consent for clinical data collection in routine clinical settings was signed by parents at birth in our institution.



Population 1 (P1; n = 999) was studied between 1 November 2016, and 28 February 2017. In this period, the approach to preventing EOS in our institution was based on categorical risk assessments. The presence of risk factors was, per se, an indication for the performance of newborn laboratory tests: repeated complete blood count (CBC), CRP, and blood culture tests were performed, and antibiotic treatment was started in asymptomatic infants when any of the three exams were positive or in the presence of clinical symptoms for sepsis. Antibiotic treatment was withdrawn only when CRP returned to normal values.



As our rate of EOS workup and antibiotic treatment was higher than the data reported in the literature, we decided to revise our protocol according to recent guidelines.



Population 2 (P2; n = 1003) was studied between 1 January and 5 May 2018, after the first implementation of the protocol. The main changes that we introduced consisted of a restriction of the indications for EOS workup, the elimination of CRP testing from the EOS workup scheme, and the introduction of a previously published Serial Physical Examination (SPE) form for those infants with maternal or perinatal EOS risk factors [8]. Careful clinical examinations of asymptomatic but at-risk newborns were applied at regular time frames during the entire hospital stay, aiming to detect early clinical signs of infection to guide the neonatologist’s decisions on whether to continue the clinical surveillance or perform laboratory tests and administer antibiotics. When antibiotics were started, CRP testing was performed to guide the duration of treatment. In the presence of negative blood culture and in absence of clinical symptoms, antibiotic treatment was withdrawn.



Population 3 (P3; n = 1000) was studied from 2 December 2019, to 31 March 2020, as a result of the second step of our protocol implementation. We introduced an online tool, the EOS calculator, in the routine care of all newborns ≥35 weeks GA and we extended the SPE form to the entire population as a universal tool to detect early signs of disease in newborns with no maternal or perinatal EOS risk factors.



The combination of these two validated strategies was standardized in the protocol. The main deviations from the strict EOS calculator indications consisted in the application of the Serial Physical examination also to infants classified by the EOS Calculator as needing routine neonatal care and in allowing the caregivers to retard the application of laboratory tests and empirical antibiotic treatment in infants showing only mild respiratory symptoms (as possible signs of retarded respiratory transition) in the absence of other systemic signs. As in P2, withdrawal of empiric antibiotic treatment was decided in the presence of negative blood culture, repeated negative CRP, and the quick resolution of clinical symptoms.



Statistical Analysis


Absolute frequencies (percentages) for qualitative data and means (standard deviations) for quantitative data were used to describe the demographic characteristics of the sample. Then, the differences between the three time periods were evaluated using 2 tests for qualitative data and analysis of variance (ANOVA) with one between-factor for quantitative data.



The search for and verification of missing data were performed using a variety of techniques [49].



Comparing the three study periods yielded odds ratios (ORs) for the dichotomous outcomes, i.e., the likelihood of administering antibiotics treatment and the likelihood of performing exams on neonates.



Regarding the continuous outcomes, an ANOVA with one between-factor (the time period) was conducted, followed by Tukey’s post hoc test.



As an exploratory analysis, the unadjusted and adjusted ORs between antibiotics administration and neonatal exams and the following variables, i.e., time period, sex, GA, labor type, birthweight, PROM, TV, maternal fever, and amniotic fluid, were calculated using univariate and multivariable logistic regressions, respectively.



Two multivariate logistic regressions were performed as exploratory analyses of continuous outcomes: for the length of stay, the predictors were time period, sex, GA, labor type, birthweight, PROM, TV, maternal fever, and amniotic liquid; for the duration, in days, of antibiotic treatment, the predictors were time period, sex, GA, labor type, birthweight, PROM, TV, maternal fever, and amniotic liquid.



Alpha = 0.05 was defined as the level of statistical significance for two-sided tests. The statistical analysis was conducted using the R program (R Core Team, R Foundation for Statistical Computing, version 3.6.2, Vienna, Austria).





5. Conclusions


To our knowledge, this is the first time that a combined strategy of universal SPE and EOS calculator has been suggested. In our prospective observational study, this approach is associated with a significant reduction in laboratory testing and antibiotic prescriptions. Our combined strategy is not linked to an increased incidence of neonatal sepsis and mortality. The possible positive consequences of these results are reduced neonatal discomfort, increased rooming-in, breastfeeding and mother–infant bonding, less parental anxiety, and the reduction of hospitalization length with the possible reduction of economic burden on public health. The short- and long-term consequences of early antibiotics administration could also be potentially reduced.







Author Contributions


Conceptualization, F.C. (Francesco Cavigioli), I.D. and G.L.; methodology, F.C. (Francesco Cavigioli), G.Z. and G.L.; supervision G.Z. and G.L.; investigation, F.C. (Francesco Cavigioli), I.D., M.P., L.G. and E.E.; data curation, F.C. (Francesco Cavigioli), I.D., M.P., L.G. and E.E.; formal analysis, M.P., L.G., E.E. and F.C. (Francesco Cerritelli); writing original draft, F.C. (Francesco Cavigioli) and F.V. Draft review and editing, all co-authors. APC funding acquisition, G.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. The APC was funded by Department of Biomedical and Clinical Science, Università Degli Studi di Milano, 20100, Milan, Italy.




Institutional Review Board Statement


This research is based on a prospective clinical data collection of three different populations routinely treated with the local protocol for prevention of EOS approved by the Hospital Committee (REF: IDF_BUZ_TIN_29 Rev.00 18.11.2019).




Informed Consent Statement


All parents of infants involved have signed consent for routine care data collection at birth.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mukhopadhyay, S.; Puopolo, K.M. Risk Assessment in Neonatal Early Onset Sepsis. Semin. Perinatol. 2012, 36, 408–415. [Google Scholar] [CrossRef] [PubMed]

	



Polcwiartek, L.B.; Smith, P.B.; Benjamin, D.K.; Zimmerman, K.; Love, A.; Tiu, L.; Murray, S.; Kang, P.; Ebbesen, F.; Hagstrøm, S.; et al. Early-onset sepsis in term infants admitted to neonatal intensive care units (2011–2016). J. Perinatol. 2020, 41, 157–163. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Kim, G.E.; Park, J.H.; Lee, S.L.; Kim, C.S. Clinical features and prognostic factors of early-onset sepsis: A 7.5-year experience in one neonatal intensive care unit. Korean J. Pediatr. 2019, 62, 36–41. [Google Scholar] [CrossRef] [PubMed]

	



Simonsen, K.A.; Anderson-Berry, A.L.; Delair, S.F.; Dele Davies, H. Early-Onset Neonatal Sepsis. Clin. Microbiol. Rev. 2014, 27, 21–47. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, N.S.; Huynh, K.; Lu, T.; Lee, H.C.; Frymoyer, A. Epidemiology and trends in neonatal early onset sepsis in California, 2010–2017. J. Perinatol. 2022, 42, 940–946. [Google Scholar] [CrossRef] [PubMed]

	



Verani, J.R.; McGee, L.; Schrag, S.J. Division of Bacterial Diseases. In Prevention of Perinatal Group B Streptococcal Disease-Revised Guidelines from CDC; National Center for Immunization and Respiratory Diseases, Centres for Disease Control and Prevention (CDC): Atlanta, GA, USA, 2010; Volume 59, pp. 1–36. [Google Scholar]

	



Stoll, B.J.; Puopolo, K.M.; Hansen, N.I.; Sánchez, P.J.; Bell, E.F.; Carlo, W.A.; Cotten, C.M.; D’Angio, C.T.; Kazzi, S.N.J.; Poindexter, B.B.; et al. Early-Onset Neonatal Sepsis 2015 to 2017, the Rise of Escherichia coli, and the Need for Novel Prevention Strategies. JAMA Pediatr. 2020, 174, e200593. [Google Scholar] [CrossRef] [PubMed]

	



Berardi, A.; Fornaciari, S.; Rossi, C.; Patianna, V.; Reggiani, M.L.B.; Ferrari, F.; Neri, I.; Ferrari, F. Safety of physical examination alone for managing well-appearing neonates ≥35 weeks’ gestation at risk for early-onset sepsis. J. Matern. Neonatal Med. 2014, 28, 1123–1127. [Google Scholar] [CrossRef] [PubMed]

	



Berardi, A.; Guidotti, I.; Vellani, G.; Rossi, C.; Lugli, L.; Creti, R.; Fornaciari, S.; Patianna, V.; Ferrari, F. Management of the newborn at risk of early-onset sepsis. Med. E Bambino 2013, 32, 507–513. [Google Scholar]

	



Escobar, G.J.; Li, D.-K.; Armstrong, M.A.; Gardner, M.N.; Folck, B.F.; Verdi, J.E.; Xiong, B.; Bergen, R. For the Neonatal Infection Study Group Neonatal Sepsis Workups in Infants ≥2000 Grams at Birth: A Population-Based Study. Pediatrics 2000, 106, 256–263. [Google Scholar] [CrossRef]

	



Berardi, A.; Rossi, C.; Spada, C.; Vellani, G.; Guidotti, I.; Lanzoni, A.; Azzalli, M.; Papa, I.; Giugno, C.; Lucaccioni, L.; et al. Strategies for preventing early-onset sepsis and for managing neonates at-risk: Wide variability across six Western countries. J. Matern. Neonatal Med. 2018, 32, 3102–3108. [Google Scholar] [CrossRef] [PubMed]

	



Van Herk, W.; el Helou, S.; Janota, J.; Hagmann, C.; Klingenberg, C.; Staub, E.; Giannoni, E.; Tissieres, P.; Schlapbach, L.J.; van Rossum, A.M.; et al. Variation in Current Management of Term and Late-preterm Neonates at Risk for Early-onset Sepsis. Pediatr. Infect. Dis. J. 2016, 35, 494–500. [Google Scholar] [CrossRef]

	



Puopolo, K.M.; Lynfield, R.; Cummings, J.J.; Hand, I.; Adams-Chapman, I.; Poindexter, B.; Stewart, D.L.; Aucott, S.W.; Goldsmith, J.P.; Mowitz, M.; et al. Management of Infants at Risk for Group B Streptococcal Disease. Pediatrics 2019, 144, e20191881. [Google Scholar] [CrossRef] [PubMed]

	



Puopolo, K.M.; Draper, D.; Wi, S.; Newman, T.B.; Zupancic, J.; Lieberman, E.; Smith, M.; Escobar, G.J. Estimating the Probability of Neonatal Early-Onset Infection on the Basis of Maternal Risk Factors. Pediatrics 2011, 128, e1155–e1163. [Google Scholar] [CrossRef] [PubMed]

	



Neonatal Early-Onset Sepsis Calculator. Available online: https://neonatalsepsiscalculator.kaiserpermanente.org (accessed on 31 October 2018).

	



Achten, N.B.; Klingenberg, C.; Benitz, W.E.; Stocker, M.; Schlapbach, L.J.; Giannoni, E.; Bokelaar, R.; Driessen, G.J.A.; Brodin, P.; Uthaya, S.; et al. Association of Use of the Neonatal Early-Onset Sepsis Calculator with Reduction in Antibiotic Therapy and Safety. JAMA Pediatr. 2019, 173, 1032–1040. [Google Scholar] [CrossRef]

	



Fleiss, N.; Schwabenbauer, K.; Randis, T.M.; Polin, R.A. What’s New in the Management of Neonatal Early-Onset Sepsis? Arch. Dis. Child. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Berardi, A.; Buffagni, A.M.; Rossi, C.; Vaccina, E.; Cattelani, C.; Gambini, L.; Baccilieri, F.; Varioli, F.; Ferrari, F. Serial physical examinations, a simple and reliable tool for managing neonates at risk for early-onset sepsis. World J. Clin. Pediatr. 2016, 5, 358–364. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, S.S.; Ruescas, B.V.; Zabaleta, M.A.; García, S.L.; Parra-Llorca, A.; Toledo, J.D. Early-onset sepsis: A cohort study comparing serial clinical observation with laboratory testing. J. Perinatol. 2021, 41, 2482–2487. [Google Scholar] [CrossRef]

	



Eichberger, J.; Resch, E.; Resch, B. Diagnosis of Neonatal Sepsis: The Role of Inflammatory Markers. Front. Pediatr. 2022, 10, 840288. [Google Scholar] [CrossRef] [PubMed]

	



Hornik, C.P.; Benjamin, D.K.; Becker, K.C.; Li, J.; Clark, R.; Cohen-Wolkowiez, M.; Smith, P.B. Use of the Complete Blood Cell Count in Early-onset Neonatal Sepsis. Pediatr. Infect. Dis. J. 2012, 31, 799–802. [Google Scholar] [CrossRef] [PubMed]

	



Mikhael, M.; Brown, L.S.; Rosenfeld, C.R. Serial Neutrophil Values Facilitate Predicting the Absence of Neonatal Early-Onset Sepsis. J. Pediatr. 2014, 164, 522–528.e3. [Google Scholar] [CrossRef] [PubMed]

	



Hofer, N.; Müller, W.; Resch, B. Non-infectious conditions and gestational age influence C-reactive protein values in newborns during the first 3 days of life. Clin. Chem. Lab. Med. 2011, 49, 297–302. [Google Scholar] [CrossRef] [PubMed]

	



Hofer, N.; Zacharias, E.; Müller, W.; Resch, B. An Update on the Use of C-Reactive Protein in Early-Onset Neonatal Sepsis: Current Insights and New Tasks. Neonatology 2012, 102, 25–36. [Google Scholar] [CrossRef] [PubMed]

	



Hahn, W.-H.; Song, J.-H.; Park, I.-S.; Kim, H.; Park, S.; Oh, M.-H. Reference Intervals of Serum Procalcitonin Are Affected by Postnatal Age in Very Low Birth Weight Infants during the First 60 Days after Birth. Neonatology 2015, 108, 60–64. [Google Scholar] [CrossRef] [PubMed]

	



Pietrasanta, C.; Ronchi, A.; Vener, C.; Poggi, C.; Ballerini, C.; Testa, L.; Colombo, R.; Spada, E.; Dani, C.; Mosca, F.; et al. Presepsin (Soluble CD14 Subtype) as an Early Marker of Neonatal Sepsis and Septic Shock: A Prospective Diagnostic Trial. Antibiotics 2021, 10, 580. [Google Scholar] [CrossRef] [PubMed]

	



Pugni, L.; Pietrasanta, C.; Milani, S.; Vener, C.; Ronchi, A.; Falbo, M.; Arghittu, M.; Mosca, F. Presepsin (Soluble CD14 Subtype): Reference Ranges of a New Sepsis Marker in Term and Preterm Neonates. PLoS ONE 2015, 10, e0146020. [Google Scholar] [CrossRef] [PubMed]

	



Dierikx, T.H.; van Kaam, A.H.L.C.; de Meij, T.G.J.; de Vries, R.; Onland, W.; Visser, D.H. Umbilical cord blood culture in neonatal early-onset sepsis: A systematic review and meta-analysis. Pediatr. Res. 2021; Online ahead of print. [Google Scholar] [CrossRef]

	



Vatne, A.; Klingenberg, C.; Øymar, K.; E Rønnestad, A.; Manzoni, P.; Rettedal, S. Reduced Antibiotic Exposure by Serial Physical Examinations in Term Neonates at Risk of Early-onset Sepsis. Pediatr. Infect. Dis. J. 2020, 39, 438–443. [Google Scholar] [CrossRef]

	



Achten, N.B.; Visser, D.H.; Tromp, E.; Groot, W.; van Goudoever, J.B.; Plötz, F.B. Early onset sepsis calculator implementation is associated with reduced healthcare utilization and financial costs in late preterm and term newborns. Eur. J. Pediatr. 2020, 179, 727–734. [Google Scholar] [CrossRef]

	



Roubaud-Baudron, C.; Ruiz, V.E.; Swan, A.M.; Vallance, B.; Ozkul, C.; Pei, Z.; Li, J.; Battaglia, T.W.; Perez, G.P.; Blaser, M.J. Long-Term Effects of Early-Life Antibiotic Exposure on Resistance to Subsequent Bacterial Infection. mBio 2019, 10, e02820-19. [Google Scholar] [CrossRef]

	



Reyman, M.; van Houten, M.A.; Watson, R.L.; Chu, M.L.J.N.; Arp, K.; de Waal, W.J.; Schiering, I.; Plötz, F.B.; Willems, R.J.L.; van Schaik, W.; et al. Effects of early-life antibiotics on the developing infant gut microbiome and resistome: A randomized trial. Nat. Commun. 2022, 13, 893. [Google Scholar] [CrossRef]

	



Cotten, C.M. Adverse consequences of neonatal antibiotic exposure. Curr. Opin. Pediatr. 2016, 28, 141–149. [Google Scholar] [CrossRef]

	



Berardi, A.; Tzialla, C.; Travan, L.; Bua, J.; Santori, D.; Azzalli, M.; Spada, C.; Lucaccioni, L. Secondary prevention of early-onset sepsis: A less invasive Italian approach for managing neonates at risk. Ital. J. Pediatr. 2018, 44, 73. [Google Scholar] [CrossRef] [PubMed]

	



Diamond, L.; Wine, R.; Morris, S.K. Impact of intrapartum antibiotics on the infant gastrointestinal microbiome: A narrative review. Arch. Dis. Child. 2021, 107, 627–634. [Google Scholar] [CrossRef]

	



Chong, C.Y.L.; Bloomfield, F.H.; O’Sullivan, J.M. Factors Affecting Gastrointestinal Microbiome Development in Neonates. Nutrients 2018, 10, 274. [Google Scholar] [CrossRef]

	



Berardi, A.; Bedetti, L.; Spada, C.; Lucaccioni, L.; Frymoyer, A. Serial clinical observation for management of newborns at risk of early-onset sepsis. Curr. Opin. Pediatr. 2020, 32, 245–251. [Google Scholar] [CrossRef] [PubMed]

	



Vaccina, E.; Luglio, A.; Ceccoli, M.; Lecis, M.; Leone, F.; Zini, T.; Toni, G.; Lugli, L.; Lucaccioni, L.; Iughetti, L.; et al. Brief comments on three existing approaches for managing neonates at risk of early-onset sepsis. Ital. J. Pediatr. 2021, 47, 159. [Google Scholar] [CrossRef]

	



Pettinger, K.J.; Mayers, K.; McKechnie, L.; Phillips, B. Sensitivity of the Kaiser Permanente early-onset sepsis calculator: A systematic review and meta-analysis. eClinicalMedicine 2019, 19, 100227. [Google Scholar] [CrossRef]

	



Laccetta, G.; Ciantelli, M.; Tuoni, C.; Sigali, E.; Miccoli, M.; Cuttano, A. Early-onset sepsis risk calculator: A review of its effectiveness and comparative study with our evidence-based local guidelines. Ital. J. Pediatr. 2021, 47, 73. [Google Scholar] [CrossRef]

	



De Tejada, B.M.; Pfister, R.E.; Renzi, G.; François, P.; Irion, O.; Boulvain, M.; Schrenzel, J. Intrapartum Group B streptococcus detection by rapid polymerase chain reaction assay for the prevention of neonatal sepsis. Clin. Microbiol. Infect. 2011, 17, 1786–1791. [Google Scholar] [CrossRef] [PubMed]

	



Picchiassi, E.; Coata, G.; Babucci, G.; Giardina, I.; Summa, V.; Tarquini, F.; Centra, M.; Bini, V.; Cappuccini, B.; Di Renzo, G.C. Intrapartum test for detection of Group B Streptococcus colonization during labor. J. Matern. Neonatal Med. 2017, 31, 3293–3300. [Google Scholar] [CrossRef] [PubMed]

	



Raignoux, J.; Benard, M.; Huo Yung Kai, S.; Dicky, O.; Berrebi, A.; Bibet, L.; Chetouani, A.S.; Marty, N.; Cavalie, L.; Casper, C.; et al. Is rapid intrapartum vaginal screening test of group B streptococci (GBS) during partum useful in identifying infants developing early-onset GBS sepsis in postpartum period? Arch Pediatr. 2016, 23, 899–907. [Google Scholar] [CrossRef]

	



Berardi, A.; Spada, C.; Creti, R.; Ambretti, S.; Chiarabini, R.; Barozzi, A.; Pagano, R.; Sarti, M.; Pedna, M.F.; Fornaciari, S.; et al. Risk factors for group B streptococcus early-onset disease: An Italian, area-based, case-control study. J. Matern. Neonatal Med. 2019, 33, 2480–2486. [Google Scholar] [CrossRef] [PubMed]

	



Kimpton, J.A.; Verma, A.; Thakkar, D.; Teoh, S.; Verma, A.; Piyasena, C.; Battersby, C. For the Neonatal Trainee-Led Research and Improvement Projects (NeoTRIPs) Comparison of NICE Guideline CG149 and the Sepsis Risk Calculator for the Management of Early-Onset Sepsis on the Postnatal Ward. Neonatology 2021, 118, 562–568. [Google Scholar] [CrossRef]

	



NICE. Neonatal Infection (Early Onset): Antibiotics for Prevention and Treatment CG149 2012. 2020. Available online: https://www.nice.org.uk/guidance/ng195 (accessed on 31 May 2021).

	



Achten, N.B.; Plötz, F.B.; Klingenberg, C.; Stocker, M.; Bokelaar, R.; Bijlsma, M.; Giannoni, E.; van Rossum, A.M.; Benitz, W.E. Stratification of Culture-Proven Early-Onset Sepsis Cases by the Neonatal Early-Onset Sepsis Calculator: An Individual Patient Data Meta-Analysis. J. Pediatr. 2021, 234, 77–84.e8. [Google Scholar] [CrossRef] [PubMed]

	



Carola, D.; Vasconcellos, M.; Sloane, A.; McElwee, D.; Edwards, C.; Greenspan, J.; Aghai, Z.H. Utility of Early-Onset Sepsis Risk Calculator for Neonates Born to Mothers with Chorioamnionitis. J. Pediatr. 2018, 195, 48–52.e1. [Google Scholar] [CrossRef] [PubMed]

	



Jakobsen, J.C.; Gluud, C.; Wetterslev, J.; Winkel, P.; Jakobsen, J.C.; Gluud, C.; Wetterslev, J.; Winkel, P. When and how should multiple imputation be used for handling missing data in randomised clinical trials—A practical guide with flowcharts. BMC Med. Res. Methodol. 2017, 17, 162. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Characteristics of the populations.
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	P1
	P2
	P3
	p-Value





	N
	999
	1003
	1000
	



	GA, wks (mean)
	39 + 4
	39 + 4
	39 + 4
	0.45 *



	Mean weight, g (SD)
	3292 (461)
	3320 (463)
	3340 (453)
	0.06 *



	Rectovaginal swabs performed, n (%)
	705 (76.8%)
	847 (85%)
	835 (84%)
	0.48 §



	GBS-positive status, n (%)
	114 (16%)
	112 (13%)
	126 (15%)
	0.56 §



	GBS status unknown, n (%)
	205 (20%)
	154 (15.3%)
	161 (16.1%)
	0.43 §



	PROM > 18 h, n (%)
	99 (10.7%)
	178 (18%)
	208 (21%)
	0.01 §



	Maternal fever > 38 °C, n (%)
	30 (3.3%)
	53 (5.2%)
	69 (6.9%)
	0.01 §



	Mode of delivery-vaginal, n (%)
	761 (76.2%)
	798 (79.5%)
	811 (81.1%)
	<0.01 §



	Meconium-stained amniotic fluid, n (%)
	134 (13.4%)
	155 (15.5%)
	139 (13.9%)
	0.43 §







Absolute frequencies (percentage) for qualitative data and mean (standard deviation) for quantitative data were used to describe the demographic characteristics of the sample. p-values: * ANOVA; § Chi-square.
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Table 2. Main outcomes.
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	P1
	P2
	P3
	p-Value





	N
	999
	1003
	1000
	



	Sepsis Laboratory test, n (%)
	332 (33%)
	115 (11.4%)
	66 (6.6%)
	<0.01 §



	Antibiotic treatment, n (%)
	85 (8.5%)
	73 (7.3%)
	14 (1.4%)
	<0.01 §



	Culture-proven EOS, n (%)
	1 (0.1%)
	3 (0.3%)
	3 (0.3%)
	0.29 §



	Days of Hospitalization, mean days (SD)
	3.20 (1.5)
	4.16 (1.44)
	3.03 (1.73)
	0.04 *







Absolute frequencies (percentage) for qualitative data were used to describe the main results. p-values: § Chi-square; * statistically significant difference from the comparison between P1 and P3 with Tukey posthoc analysis.
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Table 3. Odds ratio among the study populations regarding clinical outcomes.
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	P2 vs. P1
	P3 vs. P1
	P3 vs. P2





	Antibiotic treatment
	0.90 (0.65–1.25)
	0.16 (0.09–0.27)
	0.18 (0.1–0.31)



	Neonates exam
	0.26 (0.20–0.33)
	0.14 (0.11–0.19)
	0.55 (0.4–0.75)







Comparing the three study periods yielded odds ratios (ORs) for the dichotomous outcome.
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Table 4. Clinical characteristics and EOS risk factors of newborns with culture-proven sepsis.
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	N
	Study Period
	GA
	GBS Status
	Other Risk Factors
	IAP
	Onset of Symptoms
	Lab Test Prior to Symptoms
	Antibiotics Prior to Symptoms
	SPE
	EOS Score at Birth
	Etiology





	1
	P1
	36 + 5
	neg
	no
	no
	5 h
	yes
	no
	no
	n.a.
	GBS



	2
	P2
	39 + 2
	neg
	no
	no
	14 h
	no
	no
	no
	n.a.
	GBS



	3
	P2
	39 + 6
	neg
	PROM
	no
	12 h
	no
	no
	yes
	n.a.
	E. coli



	4
	P2
	40 + 4
	neg
	Chorio-amnionitis
	2 doses
	No symptoms
	yes
	yes
	yes
	n.a.
	GBS



	5
	P3
	38 + 4
	unknown
	Maternal fever
	no
	At birth
	no
	no
	yes
	0.62
	E. coli



	6
	P3
	36 + 2
	neg
	PROM
	2 doses
	9 h
	no
	no
	yes
	0.41
	E. coli



	7
	P3
	40 + 2
	neg
	PROM
	no
	48 h
	no
	no
	yes
	0.3
	GBS
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