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Editorial on the Research Topic
 Sepsis in Neonates and Children




INTRODUCTION

Sepsis, defined as life-threatening organ dysfunction resulting from dysregulated host response to infection, affects over 25 million children every year, causing an estimated 3 million deaths in neonates, children and adolescents globally (1). The life-time incidence of sepsis is strongly age-dependent, with highest rates observed in preterm neonates, followed by neonates, infants, and children (2).

Specific challenges have traditionally hindered progress in the field of sepsis in children (3). Albeit epidemiology is often split into neonatal and pediatric age groups, the evidence to support the traditional 1-month-of-age cut-off stands on shaky grounds. Sepsis in very preterm neonates exposed to multiple iatrogenic risks likely represents a very distinct disease from vertically transmitted early-onset-sepsis in a term newborn, pneumococcal sepsis in a young infant, hospital-acquired sepsis in a neutropenic child, or staphylococcal toxic shock in an adolescent patient. Accurate characterization of the disease remains problematic, even if the Sepsis-3 concept of suspected or confirmed infection with organ dysfunction is in principle applicable to the pediatric and neonatal population (4). Similar to adults, there is a discrepancy between the global distribution of sepsis burden and the high income settings where the majority of sepsis research has been performed. In addition, ethical challenges relating to consent processes and enrolment of critically ill patients can represent obstacles to conduct interventional studies, and blood sampling availability for research faces particular challenges in young children. Finally, in 2020, too many children receive antibiotics, but too many still die from infection. We have to emphasize the importance of early detection and risk stratification, prompt administration of antimicrobials, rapid resuscitation, and supportive care for organ dysfunction (5).

The aim of the Frontiers in Pediatrics Research Topic “Sepsis in Neonates and Children” was to collect state-of-the art articles and reviews highlighting the challenges, obstacles, and opportunities in assessing sepsis burden, understanding sepsis, and improving sepsis outcomes in neonates and children. We hereby provide an overview of this Frontiers in Pediatrics topic which includes 10 original articles, 9 review articles, 2 systematic reviews, and 1 perspective article.



PATHOPHYSIOLOGY OF SEPSIS: NEW INSIGHTS AND CLINICAL IMPLICATIONS

The autonomic nervous system (ANS) regulates the functions of many organ systems, responding to stressors such as infection. Badke et al. reviewed the evidence supporting the key role of the ANS response to infection, and the importance of ANS dysfunction in the pathophysiology of sepsis. The ANS is activated early on during infection by afferent fibers which sense pathogens and tissue damage. Such activation can be assessed by changes in heart rate variability which have been shown to be associated with organ dysfunction and death in adults and children. Hence, non-invasive monitoring of heart rate characteristics represents a promising early warning tool to detect sepsis, and is associated with reduced mortality in preterm newborns (6).

Sensing of pathogens and tissue damage leads to rapid alterations of innate and adaptive immune responses, complement and coagulation, vascular, neuronal, metabolic, and endocrine systems. The early peak mortality in sepsis is associated with overwhelming inflammation and organ dysfunction seen across all age groups. At the same time, sepsis-induced immune suppression, a state characterized by exhaustion of innate and adaptive immune responses has been described in adults, leading to impaired pathogen clearance, reactivation of latent viral infections, nosocomial infections and late mortality (7). A limited capacity to mount efficient immune response mediates the increased susceptibility to infection observed in newborns (8) and is likely affected by suppression by immune cells, erythroid cells, and placental mediators. Contrary to the traditional belief that the neonatal immune system is primarily characterized by anergy or low function, newborns can in fact display dysregulated immune responses associated with excessive inflammation and early death (9). Hibbert et al. reviewed the evidence suggesting that sepsis may induce immune suppression in neonates or aggravate a preexisting state of developmental immune suppression. A better understanding of the biological pheno-or endotypes of newborns and children with sepsis will open avenues for future immune modulating strategies.

Gestational age and postnatal maturation are important determinants of the developmental state of immune responses, with the evolving microbiome and interaction with host nutrition having a strong influence (10). Schüller et al. reviewed distinct phenotypes of the developing neonatal immune system, and the immunological characteristics that may be implicated with the increased susceptibility to infection observed in early-life. They review immune modulating therapies to prevent and treat neonatal sepsis and emphasize the importance of human milk to prevent neonatal and infant sepsis (11, 12). This field is rapidly evolving, as illustrated by current studies to optimize dose and test efficacy and safety of pentoxifylline in treatment of neonatal sepsis (Clinical Trials NCT04152980, ACTRN12616000405415). The findings presented should be considered as well in view of meta-analyses on enteral supplementation with probiotics to reduce rates of NEC, late-onset sepsis and all-cause mortality in very preterm newborns (13). While evidence for efficacy is strong, there are still open questions regarding the selection of probiotic strains, dose, duration of treatment, and quality control of available products (14). In this context, the study by Esaiassen et al. evaluates the influence of probiotics and antibiotics on the developing gut microbiota and its antibiotic resistome, defined as the collection of all antibiotic resistance conferring genes. In their observational study, preterm infants <28 weeks supplemented with probiotics had a higher exposure to antibiotics compared to non-supplemented preterm (28–31 weeks) and term infants. Interestingly, microbial diversity and resistomes were not different between the three groups, which may be interpreted that the probiotic strains reduce the harmful effects of antibiotics on gut microbiota composition and antibiotic resistome development.



EARLY DIAGNOSIS AND RISK STRATIFICATION

In adults, Sepsis-3 differentiates sepsis from uncomplicated infection by the presence of organ dysfunction (15). The Sequential Organ Failure Assessment (SOFA) score has better prognostic accuracy in adults compared to former sepsis criteria. Age adapted pediatric (pSOFA) and neonatal (nSOFA) scores have shown promising results in pediatric intensive care units (PICUs) and neonatal intensive care units (NICUs) from high-income countries. Yet applicability to global settings remains controversial (16–18). Obonyo et al. discuss the challenges to apply sepsis criteria to children cared for outside intensive care, including emergency department (ED) and in low-and-middle-income countries. The systematic review by Liang et al. on clinical risk factors for mortality in neonates and infants hospitalized for severe infection in low-and-middle-income countries sheds further light on these challenges. In low-and middle-income country studies, neonatal deaths were associated with prematurity, low birthweight and low postnatal age, similar to findings from high-income countries (19). In addition, absence of breastfeeding, malnutrition and respiratory or cardiovascular dysfunction were key risk factors. These findings may help to stratify patients most likely to benefit from preventive and targeted therapeutic interventions.

van Nassau et al. tested the accuracy of an age-adapted quick SOFA score (qSOFA) to predict the combined outcome of death and transfer to a PICU in children presenting to the ED for suspected bacterial infection requiring admission to the hospital. In their study, the proportion of children with critical illness requiring admission to a PICU and mortality were very low, and the prognostic accuracy of qSOFA, SIRS and qPELOD-2 was only modest. While the study cohort was small, the findings imply that current sepsis criteria do not perform sufficiently well to enable robust risk stratification of children with suspected bacterial infection. Novel approaches based on prospective collection of vital signs and laboratory values in large cohorts including electronic health records are urgently needed. In this context, it is important to consider that vital sign thresholds based on normal values according to age are incorporated in most recommendations and screening tools for risk stratification in the ED. However, normal values for vital signs of children so far were based on relatively small cohorts using traditional data capture methods. Sepanski et al. accessed a database of over 1 million medical records to provide a novel and reliable representation of heart rate and respiratory rate distribution in children presenting to the ED and who did not require hospitalization. This data will be useful to develop new risk scores and disease screening tools with increased sensitivity and specificity, to update current guidelines and improve alarm limits for bedside monitors.

In children, sepsis most commonly occurs in the community and the timing when parents seek medical care may influence disease severity and outcomes. In this context, Harley et al. reviewed the literature on the role of parental concerns in the recognition of sepsis in children and underscored the paucity of published data. Future studies are needed to develop evidence-based tools incorporating parental assessment of severity, parental decision-making in seeking medical care, and determine the diagnostic value of parental concerns.



SEPSIS RESUSCITATION

Early identification and appropriate resuscitation and management are critical to optimize outcome of children with sepsis. The Surviving Sepsis Campaign recently published updated guidelines for the management of septic shock in children (20). In past as well as in the present guidelines, fluid bolus therapy remains a first line cornerstone treatment for resuscitation of pediatric septic shock. Gelbart reviewed the current knowledge and challenges regarding fluid bolus therapy in pediatric sepsis. While clinical signs, echocardiography and other non-invasive and invasive monitoring tools are commonly used to assess shock and define circulatory status, the accuracy of these approaches to predict response to fluid boluses remains very limited. Given an increasing body of literature documenting potential harm related to excessive fluid therapy, restrictive fluid resuscitation protocols such as early vasoactive support needs to be investigated.



OPTIMIZATION OF ANTIBIOTIC USE

Administering the right antibiotic, at the right dosage to the right patient and at the right time for the right duration remains a challenge toward optimal management of patients with suspected or proven infection. Antimicrobial stewardship (AMS) aims at improving the safe and appropriate use of antimicrobials, for better patient outcomes and reduction of antimicrobial resistance. Steinmann et al. reviewed the literature on the impact of leadership style on implementation and success of AMS and infection prevention programs, and share their own experience in a mixed NICU/PICU. A leadership style focused on empowering staff to take responsibilities led to higher engagement of staff and was associated with a reduction of antibiotic use and nosocomial infections.

van Donge et al. explored the complex relation between antibiotic regimen, exposure and response. Selecting the best antibiotic regimen is particularity challenging for neonates, due to rapid changes in drug metabolism and renal function during the first days and weeks of life which altogether alter drug distribution and elimination. Tauzin et al. presented a study on exposure to vancomycin in neonates receiving continuous drug infusion, and compared their results to those obtained using simulations with different models. This study highlights the challenges of prescribing a drug with a narrow therapeutic margin, the need for therapeutic drug monitoring and the importance of conducting pharmacokinetic studies.

Blood cultures remain a cornerstone of antibiotic stewardship to streamline targeted treatment and reduce unnecessary antibiotics. In most hospitals, children, and neonates with suspected sepsis are empirically treated for at least 48 h awaiting results of blood cultures, based on recommendations supported by limited evidence. Dierig et al. presented an analysis of blood-culture proven sepsis episodes in neonates and children included in the Swiss Pediatric Sepsis Study. In this prospective national cohort study, the median time to positivity, defined as the time between placement of the blood culture bottle into the automated system and a positive signal, was 12 h (IQR 8–17 h), and 88%, and 96%, of blood cultures were positive by 24 and 36 h, respectively. These findings indicate that the decision to continue empiric antibiotic treatment in the absence of positive blood culture should be reconsidered already after 24–36 h.

Culture-negative sepsis designates presumed symptomatic infection without a documented pathogen, and represents a substantial proportion of episodes in patients treated for presumed sepsis. Klingenberg et al. critically reviewed the entity of culture negative neonatal early-onset sepsis and propose strategies to improve AMS in early-life, without compromising efficient care.

Biomarkers are commonly used in the clinic to guide antibiotic treatment. In a prospective study conducted in two NICUs, Dillenseger et al. measured circulating levels of CRP, PCT, IL-6, and IL-8 at the time of clinical presentation, and evaluated their diagnostic performance to identify newborns with nosocomial sepsis. This study confirms previous studies showing that—across all age groups—biomarkers used alone or in combination have a limited value to help clinicians decide whether or not to initiate antibiotic treatment (21, 22).

Ventilator-associated pneumonia (VAP) is amongst the leading causes of nosocomial infection in intensive care units, and account for a large proportion of antibiotic use in NICUs and PICUs (23, 24). Diagnosis and confirmation of VAP is difficult in neonates, which may result both in overtreatment and delays in initiation of appropriate treatment with antibiotics. Goerens et al. presented the results of a quality improvement initiative for neonatal VAP. The intervention based on a prevention bundle and AMS interventions resulted in a decline in VAP incidence and antibiotic use.



EPIDEMIOLOGY

The distribution of pathogens causing invasive infection evolves over time and is influenced by the practices used to prevent and treat infections. Epidemiological studies are important for benchmarking and quality improvement, to update policies and practices based on the most prevalent pathogens and their susceptibility to antibiotics, and to identify patients at the highest risk of developing infection and infection-related complications. Conjugated meningococcal vaccines have had a tremendous impact on reducing the incidence meningococcal sepsis and meningitis. Yet, Neisseria meningitidis remains a major agent causing sepsis and meningitis worldwide, and is associated with significant mortality, and long term disability in many survivors. Nadel and Ninis reviewed the preventive strategies, clinical features, and management of invasive meningococcal disease in the area of vaccination, highlighting the importance of detection and early management of the disease to improve patient outcome. Xu et al. reported on a cohort of term newborns with meningitis in Shanghai. Group B Streptococcus and Escherichia coli were the predominant pathogens. The high proportion of patients with abnormal neurological examination at discharge, abnormal magnetic resonance imaging and/or withdrawal of treatment underscores the considerable burden of disease. Furthermore, particular patient groups are much more susceptible to sepsis, as illustrated by patients with sickle cell disease. Increased blood viscosity and vascular occlusion result in functional asplenia and immune deficiency, thereby increasing susceptibility to bacterial infections. Ochocinski et al. reviewed the life-threatening infectious complications of sickle cell disease, and identified priorities for prevention and treatment of infections in high- and low-income countries.

Toxic Shock Syndrome (TSS) is a severe acute illness caused by toxin-producing strains of Staphylococcus aureus or Streptococcus pyogenes. The study by Javouhey et al. shows that Staphylococcus and Streptococcus TSS in children differ by their source of infection, clinical presentation, disease severity and outcome. Staphylococcus TSS predominantly originated from the female genital tract, while Streptococcus TSS was associated with pulmonary infection and bacteremia, a more frequent occurrence of respiratory failure and a longer duration of mechanical ventilation and stay in PICU.

Bacterial and fungal infections are most commonly attributed as the cause of sepsis. However, viruses can trigger dysregulated host responses, leading to life-threatening organ dysfunction as illustrated by the current COVID-19 pandemic. Gupta et al. summarized the epidemiology, pathophysiology and diagnostic and therapeutic aspects of the management of viral sepsis. The importance of early recognition and pathogen identification in viral sepsis has important implications for AMS, infection control measures, risk stratification, and in some cases antiviral therapies.



CONCLUSIONS

The striking impact of sepsis on child health indicates that developmental aspects such as mode of transmission, pathogen susceptibility, and host response, underpin the epidemiology of childhood sepsis. A better understanding of the heterogeneity of the disease, age-specific epidemiology and pathophysiology remains a key requirement to prevent sepsis and reduce disease severity, improve short and long term outcomes, and lessen the burden for the society. To date, populational data still compare predominantly “count” data on sepsis cases and sepsis mortality, failing to take into account that sepsis in children affects patients with a life expectancy of up to 85 years, leading to a disproportional impact on quality adjusted life years and years of life lost. There is urgency for future studies to reflect on the whole-of-life and whole-of-society impact of pediatric sepsis integrating mortality, morbidity, long-term outcomes (25), and direct and indirect costs.

The collection of articles on sepsis in this Frontiers Topic highlights our current understanding, knowledge gaps and limitations of approaches to prevent, diagnose, and treat sepsis, and priorities for future research.

Key areas emerging as future research priorities include first, prevention though enhanced hygiene, modulation of the microbiome and nutritional strategies, and vaccines. Second, there is a major need to better define the biological and clinical phenotypes of neonates and children with sepsis enabling reliable discrimination between children with uncomplicated infection and those where infection leads to organ dysfunction due to dysregulated host response. Third, deciphering the heterogeneity of sepsis in neonates and children will enable novel approaches for targeted individualized interventions more likely to change disease trajectories in individual patients. The increasing availability of biological (OMICs) and high resolution clinical data from electronic health records and the rapid progress in applying computational science to health data is likely to change our approach to sepsis in children in the coming decades. Integrative approaches may enhance clinical evaluation at the bedside, and enable the development of artificial intelligence-based sepsis recognition and risk stratification tools with the ultimate view to deliver precision medicine. Forth, currently available observational data indicate that the most substantial outcome improvements in sepsis can be achieved by reliable implementation of systems to systematically screen and treat children with sepsis aiming to enhance reliability of sepsis care across health care systems (3, 26). Finally, it is imperative that sepsis campaigns work hand in hand with AMS initiatives to reduce unnecessary exposure to antibiotics in children which do not suffer from bacterial infections (5).
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Background: We hypothesized that current vital sign thresholds used in pediatric emergency department (ED) screening tools do not reflect observed vital signs in this population. We analyzed a large multi-centered database to develop heart rate (HR) and respiratory rate centile rankings and z-scores that could be incorporated into electronic health record ED screening tools and we compared our derived centiles to previously published centiles and Pediatric Advanced Life Support (PALS) vital sign thresholds.

Methods: Initial HR and respiratory rate data entered into the Cerner™ electronic health record at 169 participating hospitals’ ED over 5 years (2009 through 2013) as part of routine care were analyzed. Analysis was restricted to non-admitted children (0 to <18 years). Centile curves and z-scores were developed using generalized additive models for location, scale, and shape. A split-sample validation using two-thirds of the sample was compared with the remaining one-third. Centile values were compared with results from previous studies and guidelines.

Results: HR and RR centiles and z-scores were determined from ~1.2 million records. Empirical 95th centiles for HR and respiratory rate were higher than previously published results and both deviated from PALS guideline recommendations.

Conclusion: Heart and respiratory rate centiles derived from a large real-world non-hospitalized ED pediatric population can inform the modification of electronic and paper-based screening tools to stratify children by the degree of deviation from normal for age rather than dichotomizing children into groups having “normal” versus “abnormal” vital signs. Furthermore, these centiles also may be useful in paper-based screening tools and bedside alarm limits for children in areas other than the ED and may establish improved alarm limits for bedside monitors.

Keywords: heart rate, respiratory rate, infant, child, emergency service, hospital


INTRODUCTION

Vital sign thresholds are incorporated into various screening tools to help identify those children at higher risk of serious medical or surgical illness (1–4). To effectively utilize vital sign data in children, however, it may be more useful to identify the magnitude of deviation from the expected vital sign distribution, considering the child’s age and location of care [e.g., emergency department (ED) versus intensive care unit (ICU)], rather than determining if the vital sign value is abnormal. Since most current scoring tools consider vital signs as dichotomous variables (i.e., “normal” or “abnormal”) within relatively wide age ranges, it is not surprising that most triage and scoring tools have performed poorly even though they are significantly associated with the outcome of interest (4–7).

Most screening tools use vital sign thresholds that fail to consider the physiologic stress response of a child seen in the ED. Thus, the upper “normal” vital sign thresholds observed in ED patients were higher than observed in children who were hospitalized on the ward or who were ambulatory (8–10). The value of using empirically derived ED vital sign thresholds was demonstrated in a study of a pediatric ED sepsis screening tool that incorporated temperature (TMP) adjustment for heart rate (HR) and respiratory rate (RR) (11). The tool’s positive predictive value was 48.7%, almost threefold better than using the consensus systemic inflammatory response syndrome (SIRS) criteria (12), with no loss of sensitivity (11).

In sepsis, early identification of children at risk is a key recommendation for optimal management (13) since early implementation of protocol-guided sepsis care decreased sepsis-related organ dysfunction, hospital and ICU length of stay, and mortality (14–16). Clinical judgment alone misses approximately 27% of septic children seen in the ED (17). Using vital sign data with current threshold parameters is limited by the high rate of tool activation; almost 17% of febrile or hypothermic children in the ED met alert criteria, but only 2.5% of these children had severe sepsis or septic shock (17). Similarly, more than 90% of febrile children in the ED meet vital sign criteria for SIRS (5), and ~12% of all ED children triggered an alert based on tachycardia alone (4). These data suggest that current sepsis screening tools identify too many at-risk children, leading to alert fatigue (18) and reluctance to use the tool.

Recent studies empirically derived centile ranks and, in some cases, z-scores for vital sign parameters by age (9, 11). The rationale for considering the vital sign parameter’s z-score or centile rank rather than “normal” versus “abnormal” is based on the enhanced statistical power of the former over the latter (19, 20).

We hypothesized that current pediatric HR and RR vital sign thresholds used in Pediatric Advanced Life Support (PALS) or derived from low-acuity ED patients do not accurately reflect empirically derived HR and RR centiles. To develop empirically derived thresholds that could be incorporated into ED screening tools and may inform monitor alarm limits, we analyzed a very large multi-institutional database to derive HR and RR centile ranks and z-scores stratified by age in children presenting to the ED. Ultimately, our goal is to derive HR and RR data that can be applied as continuous variables in electronic health record (EHR)-based tools to stratify children into risk groups or used as threshold limits in paper-based triage tools. Empirically derived vital sign distributions also may better determine alarm limits in different aged children to reduce alarm fatigue and may be useful to stratify children into risk groups for clinical trials.



MATERIALS AND METHODS


Data Source

Data in Cerner Health Facts® (21) are extracted directly from the EHR of hospitals in which Cerner has a data use agreement. All admissions, medication orders and dispensing, laboratory orders, and specimens are date and time stamped, providing a temporal relationship between treatment patterns and clinical information. Cerner Corporation has established Health Insurance Portability and Accountability Act-compliant operating policies to establish de-identification for Health Facts®.



Data Analysis

The HR and RR distributions by age were modeled using the generalized additive models for location, scale, and shape (GAMLSS) methodology and software (22, 23). GAMLSS adjusts for kurtosis and skews in the distributions and allows the generation of normalized standard centiles, or “z-scores,” and smooth centile curves by age. This process requires that data are fitted to one of several mathematical distributions (24) that approximate real-world distributions of vital sign measurements. For modeling HR, the Box–Cox power exponential (BCPE) distribution was chosen based on previous work (9, 25) and goodness of fit. For modeling RR, however, BCPE was unsuitable due to the highly leptokurtic (thin, slender peaked) and heavier tailed nature of the RR distributions (as shown in Figure 1); therefore, an alternative distribution, the Box–Cox “t” (BCT) (26), was employed.


[image: image1]
FIGURE 1 | Sample raw distributions of individual heart rate (HR) and respiratory rate (RR) parameters for a single age group.


For modeling the distributions of RR, a natural logarithm transformation was required for model convergence. It was also necessary to introduce Gaussian statistical noise of up to ±2 breaths/min (with a mean value of 0) to overcome the reduced variation due to digit bias in the raw RR measurements (9) and so induce greater conformity to the BCT modeling distribution.

For each vital sign, our modeling process entailed a stepwise fitting procedure to calculate optimal age-specific fits for mean, SD, skew, and kurtosis, with an additive term that used “penalized B-splines” to create smooth centile curves (22). The process was repeated with patient age raised to various exponents [designated in GAMLSS literature as the “power parameter” (27)] between 0.01 and 1 to further optimize model fit. The methodology used for smoothing is necessarily subjective in that the modeler may choose between iterative methods (22, 27) that result in varying degrees of over-fitting or under-fitting of the model to the empirical data. We chose the Schwarz Bayesian Criterion for minimizing local deviation between model and data, which resulted in acceptably smooth curves that retained a good fit to the underlying vital signs data (22). A technical specification of the GAMLSS parameters that describe our centile models is found in Data Sheet S1 in Supplementary Material.

Because our original intent was to examine both raw and TMP-corrected initial vital signs, our data capture was restricted to initial encounters having HR, RR, and TMP values taken within 15 min of one another. Encounters having two or more distinct measurements recorded for the same vital sign at the same date and time were not uncommon (comprising about 7% of the total). In such cases, we selected the average value, provided that the range of simultaneous values did not exceed 10% of the largest value for HR or RR (i.e., approximately 10–20 bpm for HR or 2–5 breaths/min for RR), or 3% of the largest value for TMP (i.e., approximately 1°C), arbitrarily chosen to exclude likely erroneous outliers; if exceeded, the encounter was excluded. Records in one or more of the following categories also were similarly excluded as likely outliers: (1) extreme (likely spurious) values of HR (<30 or >300 bpm), RR (0 or ≥120 breaths/min), or TMP (<30 or >46°C); (2) encounters classified as “Trauma Center” cases; or (3) encounters where the patient had a diagnosis of a chronic heart or respiratory condition present on admission. The latter two exclusion types (collectively ~0.4% of cases) were excluded since we did not want to include children who were more likely to have very abnormal vital signs. A summary of the selection and exclusion criteria used to determine the final data set for our study is given in Data Sheet S2 in Supplementary Material with details on specific diagnostic exclusions in Data Sheet S3 in Supplementary Material. A sensitivity analysis of the effects of these exclusions on the final modeled centile results was conducted, as described below.



Model Validation

To test model reproducibility, we performed a stratified split-sample validation whereby the full data set used for each vital sign was divided into a “training”subset consisting of two-thirds of randomly selected records from each age group, and a “test” data subset consisting of the remaining one-third of records. The training subset was modeled by GAMLSS to generate centile cutoffs, and the percentage of records with vital sign values above and below these modeled cutoffs for the 95th, 99th, 5th, and 1st centiles, respectively, were compared between the training and test data subsets using exact chi-square tests. Holm (step-down Bonferroni) (28) corrections, performed separately for HR and RR, were used to adjust for the multiple testing of each metric.



Sensitivity Analysis

To determine the effect of excluding encounters classified as “Trauma Center,” or those where the patient had a diagnosis of a chronic heart or respiratory condition, the modeling of HR and RR distributions was repeated including these encounters. The resultant modeled centile values, rounded to the nearest whole number for HR and RR, were then compared between datasets of children with and without exclusions.



Comparison to Empirically Derived and Guideline-Based Vital Sign Thresholds

We graphically plotted the empirically derived 5th, 50th, and 95th centiles by age compared with the same centiles calculated by O’Leary et al. (10), derived from a large single-center ED population. We also show the upper and lower HR and RR thresholds for awake children recommended in the American Heart Association Pediatric Emergency Assessment, Recognition, and Stabilization, and PALS courses (29).




RESULTS


Data Selection

The Health Facts® data used comprises initial vital sign values and relative measurement times for HR and RR collected from ED encounters involving children (ages 0–17 years) at 169 U.S. hospitals (five were children’s hospitals) for calendar years 2009 through 2013. For all encounters, only patient types classified as “Emergency” were selected, which excludes children who were hospitalized from the ED since the Health Facts database does not specifically identify those admitted patients who entered the hospital via the ED. Patient age was recorded as an integer age in months for children <2 years or in years for older children. Because ages were categorical rather than continuous, age was converted to represent each category by its midpoint (e.g., 0–1 month becomes 0.5 months) for modeling purposes.

Our preliminary analysis of patient TMPs taken in the ED found that TMP distributions varied according to patient age and route of measurement, making generalized TMP corrections of HR and RR problematic. Therefore, we analyzed HR and RR without TMP correction.



Characteristics of Study Subjects

A total of 1,203,042 encounters were used to study the distribution of initial HR by age, with slightly fewer (1,202,984) available for an analysis of RR. Patient information and encounters included in our study for each of the vital signs examined are presented in Tables 1 and 2 and Data Sheet S4 and S5 in Supplementary Material. As expected, the sample sizes for age categories representing children <2 years were smaller than those for children 2 years or older due to the shorter age interval (1 month versus 1 year) represented by these categories (Table 1). Table 2 lists information on patient demographics and length of stay for contributing encounters. Data Sheet S4 in Supplementary Material presents patient encounter frequencies according to the contributing hospitals’ demographics. Data Sheet S5 in Supplementary Material summarizes contributing patient encounters by principal diagnosis using Clinical Classifications Software (30) categories, an Agency for Healthcare Research and Quality methodology for condensing patient ICD-9 diagnostic data into clinically meaningful groups.


TABLE 1 | Number of contributing encounters by patient age group.
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TABLE 2 | Contributing encounters: patient demographics and length of stay.

[image: image1]


Representative raw distributions (histograms) for the HR and RR (Figure 1) illustrate the positive skew (longer right tail) in the distributions of each vital sign, and the high kurtosis and heavy tails evident in the distribution of RR.



Centile Curves

For HR and RR (Figures 2A,B), the centile curves reveal a somewhat complex relationship of vital sign distributions with age for neonates and infants up to about two years of age, followed by smoothly decreasing vital sign values with age for all centiles, with values becoming nearly constant over the late adolescent age range.


[image: image1]
FIGURE 2 | Modeled centile curves for pediatric vital sign metrics. (A) The centiles from the first centile (C1) to the 99th centile (C99) for heart rate (HR) by age and (B) the respiratory rate (RR) centiles.




Model Validation

The results of the split-sample validation of model result reproducibility (Table 3) for all metrics and each centile group tested showed no significant difference in the proportion of cases identified by applying the model derived cutoffs obtained from the training data subset to the empirical data in the training and test subsets, respectively, based on either the raw or Holm-adjusted chi-square P statistic.


TABLE 3 | Validation of vital sign centile modeling results.
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Table 3 also shows the high general agreement between the modeled centiles and the empirical data. Ideally, the modeled centile groups “>99th” and “<1st” should each identify about 1% of the empirical data, while groups “>95th” and “<5th” should each identify about 5%. Deviations between the modeled and the empirical percentages are apparent only in the RR “<5th” and “<1st” (which identify about 3.9 and 0.7% of the respective empirical data for these groups).



Centile and z-Score Tables

The modeled values of HR, and RR from the 1st to 99th centiles for each age group are provided as Tables 4 and 5. Supplementary Material Data Sheet S6 and S7 in Supplementary Material present similarly formatted model results by age group for HR and RR as normalized standard centiles (z-scores) ranging from −3.0 to +3.0 SDs for HR and RR.


TABLE 4 | Heart rate (HR, bpm) centilesa by age.
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Sensitivity Analysis

Each sensitivity analysis compared modeled centiles between data sets with and without predefined exclusions for 11 centile levels and 40 age categories (as presented in Tables 4 and 5). Our finding of only one discrepancy out of 440 combinations of centile and age for HR and four for RR—with differences of just 1 bpm for HR and 1 breath/min for each RR—shows that our choice to exclude these encounters resulted in a negligible effect on modeled centile values compared with those obtained without the exclusions.


TABLE 5 | Respiratory rate (RR, breaths/minute) centilesa by age.

[image: image1]




Comparison to Current and Guideline Vital Sign Threshold

In infants, Figure 3A shows that the empirically derived 50th centile for HR was 9–16 bpm higher than the values determined by O’Leary et al. (10), and the 95th centiles for HR were 13–24 bpm higher than the O’Leary values, whereas the infant-aged PALS recommended upper and lower HR limits (29) were above and below the 95th and 5th centiles, respectively. The empirically derived 95th centile RR in infants (Figure 3B) was also higher by 7–11 breaths/min than O’Leary’s data, whereas the 50th and 5th centile were similar. The PALS recommended upper RR in infants was similar to the empirically derived 95th centile range, although by 10 months of age, it steadily exceeded the empirically derived 95th centile. The lower PALS RR limit was 6–10 breaths/min above the empirically derived 5th centile and was similar to the 50th centile by 7 months of age.


[image: image1]
FIGURE 3 | (A) The derived 5th, 50th, and 95th HR centiles by age compared with similar centiles derived by O’Leary et al. (10) The Pediatric Advanced Life Support (PALS) (29) upper and lower HR limits are also shown (dashed lines). The smaller panel shows the centiles from 0 to 12 months of age. (B) The derived 5th, 50th, and 95th RR centiles by age compared with similar centiles derived by O’Leary et al. (10). The PALS (29) upper and lower RR limits are also shown (dashed lines). The smaller panel shows the centiles from 0 to 12 months of age.


In children (≥1 year), Figure 3A shows substantial discrepancy between the empirically derived 95th centile HR and O’Leary’s (10) centile HR values up to around 10 years of age. The fifth centile for all three sets of data are similar, but the PALS upper HR limits are below the empirically derived 95th centile and are between the 50th and 75th centile for age up to ~6 years old (23–44 bpm lower from 1 through 6 years of age). Similarly, the empirically derived 95th centile RR (Figure 3B) is 3–6 breaths/min higher than the PALS and O’Leary values up to 4–5 years of age.




DISCUSSION

We hypothesized that empirically derived HR and RR distributions would deviate from PALS recommended distributions, and values derived from a low-acuity population of children seen in the ED. Ideally, an effective screening tool should balance high sensitivity to detect children at risk of deterioration while limiting too many false-positive patients leading to alert fatigue (5). It is important to recognize, however, that a vital sign-based screening tool is unlikely to identify all at-risk children. Instead, recent data show that combining an EHR-based screening tool with clinician identification, timelier joint team assessments and improved escalation of care processes results in high sensitivity and specificity for identification of severe sepsis/septic shock (31).

As seen in Figures 3A,B, the utility of “normal” vital sign thresholds recommended by PALS (29), APLS (32), and other reference texts is limited since they group normal values into relatively wide age ranges, which encompass large physiologic ranges and thus a wide expected distribution of vital signs, and they are not empirically derived. The PALS upper HR thresholds are well below the empirically derived 95th centiles and are between the 50th and 75th centile for age up to ~6 years, leading to substantial over-identification of at-risk children.

Similarly, the empirically derived 95th centile RR (Figure 3B) is higher than the PALS and O’Leary values up to 4–5 years of age. The upper PALS RR limit would over-identify many adolescents, whereas the lower PALS RR values generally exceed the empirically derived value up to 12 years of age falling 2–3 breaths/min below the empirically observed fifth centile. Using PALS criteria also would overclassify up to 50% of older infants as having an abnormally low RR (Figure 3B).

Thus, it is not surprising that in a ward inpatient sample of over 116,000 observations, 54% of the HR and 40% of the RR vital signs observed in hospitalized children were outside textbook “normal” vital sign distributions and 38% of HR and 30% of RR observations would have resulted in increased early warning scores (9). Similarly, in an analysis of 40,356 ED visits at Colorado Children’s Hospital (5), 16.3% of the children had a fever (>38.5°C) and 92.8% of these febrile children met SIRS vital sign criteria, as defined by the International Pediatric Sepsis Conference (12). Most of these children were discharged without any intervention.

Several groups have used data from EHR’s to redefine the distribution of vital signs observed in children in the ED (8, 10) or hospital wards (9, 33). These analyses clearly show that the standard textbook and guideline distributions and thresholds for “abnormal” for vital signs do not reflect empirically observed distributions (9). However, our empirically derived centiles differ from centiles derived from a large (111,696) data set of children presenting to a single ED (10). Of note, this study (10) restricted its analysis to the lowest acuity children, whereas our analysis included all acuities, but excluded children seen in the ED who were subsequently admitted. This may better represent the distributions of vital signs seen in children brought to the ED, who are likely stressed by the ED environment, but who presumably are not critically or seriously ill and, thus, do not require hospitalization.

We believe our empirically derived centiles based on a very large, multi-centered database of ED visits by children provide evidence-based vital sign parameters to use in either EHR or paper-based early warning scores, to set monitor alarm limits and to risk-stratify children for clinical trials or epidemiologic studies. Rather than using dichotomous threshold values, which are often set by consensus, to define “normal” from “abnormal,” we believe that these data can lead to the development of more useful objective risk stratification tools.

Although using vital sign parameter z-scores or centile ranks rather than “normal” versus “abnormal” is complex, EHR systems can be programmed to analyze these data to risk-stratify children, which enhances the statistical power of analyzing continuous data rather than using a dichotomous threshold (19, 20). By necessity, dichotomizing a continuous physiologic variable into two categories anticipates an unrealistic step function for risk at the threshold level. For example, if the upper limit of normal HR is set at 180 bpm, then an infant with a HR of 179 bpm is considered “normal,” even though this infant is not demonstrating the same physiologic response as the same aged infant with a HR of 120 bpm.

The potential value of using risk-stratified assessment of vital signs was seen in an ED-based study of 1,750 febrile children evaluated using seven different vital sign modeling strategies to identify children with serious bacterial infections (34). The model that worked best utilized the degree of deviation of age-adjusted HR and RR from median values, with or without TMP correction.


Centile and z-Scores

Although we generated smooth curves for the individual vital signs, the raw vital sign distributions for RR shown in Figure 1 are not Gaussian but rather show a strong kurtosis and right-tailed skew. The skewed RR may represent an increased prevalence of disease processes (i.e., respiratory conditions), which lead to more frequent elevated RR values in children presenting to the ED compared with a population of healthy, normal children.

We performed a stratified split-sample validation that showed (Table 3) for each vital sign metric there was no significant difference in the proportion of cases in the training versus the test subjects.



TMP-Adjusted Vital Signs

Most screening tools do not TMP adjust the HR or RR. It is well known that increased TMP increases metabolic demand, thus increasing HR and RR (33, 35, 36). Analysis of vital sign data in hospitalized children (not ICU) found a near linear increase in HR with increasing TMP of approximately 10 beats/min for each degree Centigrade increase in TMP, although the increase appears to vary by age, with the HR increasing by 15 bpm in infants per degree Centigrade versus 8 bpm in 14- to 18-year-olds (33).

We planned to analyze the effect of TMP on HR and RR, but we were not confident in adjusting oral TMP to core TMP and did not know how to correct for axillary or temporal artery TMPs. A recent systematic review of the accuracy of peripheral versus core TMPs in adults and children (37) found few studies comparing oral to core TMP in children. Axillary and infrared tympanic TMPs can vary widely from core TMP, especially in patients who have poor perfusion. Moreover, an inpatient study conducted at Cincinnati Children’s Hospital and Children’s Hospital of Philadelphia observed significantly different TMP histograms between the institutions, which disappeared when one of the institutions transitioned to the same thermometer used at the other hospital, showing that different thermometers can introduce additional variation in the measured TMP (33).



Limitations

Since we did not have precise ages, we used 1-month ranges (if <2 years of age) or 1-year age ranges for older children. It seems likely that the large sample size and smoothing of the data will limit the impact of including children within an entire year, especially since within any year range there is sizable normal variation based on child size and height as seen with blood pressure (38).

We chose to use extreme exclusion criteria for HR and RR. This may have resulted in the inclusion of data from children with erroneous or very abnormal vital sign values, but again the very large data set likely limits the impact of these outliers.

Further studies are needed to determine if using empirically derived vital sign thresholds would result in a lower sensitivity to identify high-risk children. Our previous analysis using empirically derived higher vital sign thresholds based on data from a single ED noted improved positive predictive value for severe sepsis/septic shock identification without affecting sensitivity (11).




CONCLUSION

In summary, the derived HR and RR centiles and z-scores from more than 1 million children seen in the ED of mostly adult hospitals were often different from currently derived centiles in children seen in the ED and from consensus-based PALS guideline vital sign thresholds. We believe our data provide a reliable representation of HR and RR distributions in stressed children seen in the ED who do not require hospitalization. These data could be used to create algorithms within EHR’s to develop pragmatic risk scores that increase sensitivity and specificity and reduce alarm fatigue characteristic of dichotomous vital sign thresholds. We also believe these parameters may help establish improved alarm limits for bedside monitors and these empirically derived HR and RR thresholds may improve the performance of paper-based tools, such as those based on PALS vital sign thresholds. Finally, the data may better inform the creation of disease-specific screening tools.
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Despite continued advances in neonatal medicine, sepsis remains a leading cause of death worldwide in neonatal intensive care units. The clinical presentation of sepsis in neonates varies markedly from that in older children and adults, and distinct acute inflammatory responses results in age-specific inflammatory and protective immune response to infection. This review first provides an overview of the neonatal immune system, then covers current mainstream, and experimental preventive and adjuvant therapies in neonatal sepsis. We also discuss how the distinct physiology of the perinatal period shapes early life immune responses and review strategies to reduce neonatal sepsis-related morbidity and mortality. A summary of studies that characterize immune ontogeny and neonatal sepsis is presented, followed by discussion of clinical trials assessing interventions such as breast milk, lactoferrin, probiotics, and pentoxifylline. Finally, we critically appraise future treatment options such as stem cell therapy, other antimicrobial protein and peptides, and targeting of pattern recognition receptors in an effort to prevent and/or treat sepsis in this highly vulnerable neonatal population.
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INTRODUCTION

Despite advances in neonatal care leading to improved survival rates and reduced complications in preterm infants (1), there has been little improvement in the prophylaxis, treatment, and adverse neurodevelopmental outcomes associated with neonatal sepsis over the last three decades (2–5). The incidence of neonatal sepsis is inversely correlated with gestational age (GA) and birth weight (BW). While ~20% of very low BW (<1,500 g; VLBW) infants suffer from one or more systemic infections during their hospital stay (6, 7), the rate may reach up to 60% in the most immature infants (8). Inflammatory conditions such as neonatal sepsis and necrotizing enterocolitis (NEC) are associated with persistently high morbidity and mortality rates in these infants (9, 10).



DEFINITION AND CLINICAL COURSE OF NEONATAL SEPSIS

While a consensus definition of pediatric sepsis exists, defined as a systemic inflammatory response syndrome (SIRS) in the presence of suspected or proven infection (11), no such consensus definition has yet been published for neonatal sepsis (12). Although a positive blood culture defines bacteremia and has been included in some proposed definitions of neonatal sepsis, such an approach does not take into account that in most cases of neonatal sepsis clinical signs are not associated with positive blood cultures (13). Recent studies included a combination of laboratory tests, clinical findings and/or the duration of antimicrobial treatment (≥5 days), reflecting complexity and heterogeneity in neonatal sepsis (3). Thus, in clinical practice, diagnosis of neonatal sepsis is complicated by the absence of a consensus definition, non-specific symptoms, and low sensitivity of the low volume bacterial blood cultures typically obtained (12). Furthermore, established diagnostic tests to predict severity and to guide treatment are lacking (3). Complete blood counts, including immature to total neutrophil ratios, C-reactive protein (CRP), interleukin (IL)-6 or CXCL-8 (IL-8), and procalcitonin (PCT) have some clinical utility (14). Cell surface markers on circulating cells, such as soluble CD14, CD64, and HLA-DR, offer some diagnostic value (15–17). However, much remains to be learned regarding optimal diagnostics and research in this area, including the application of systems biology approaches for biomarker discovery (18).

Early empiric treatment with antibiotics is essential for neonatal bacterial sepsis. Rapid clinical deterioration, however, may still ensue even if antibiotic treatment is started promptly. Possible life-threatening complications include the development of disseminated intra-vascular coagulation, pulmonary hypertension, congestive heart failure and shock (19). These complications can result from phases of excessive inflammation as well as immunosuppression (20–22). Until recently, the immunological basis of sepsis was thought to be a biphasic process with an initial hyperinflammatory phase followed by a later anti-inflammatory phase manifesting as functional immune suppression (23). However, genome-wide transcription profiling in human sepsis of term neonates, children, and adults demonstrates that phases of pro- and anti-inflammatory mechanisms occur during variable times over a sepsis episode and that patients may cycle through each phase multiple times during the course of sepsis (22, 24–28).



IMMUNOLOGICAL RISK FACTORS FOR NEONATAL SEPSIS

Little is known regarding the sepsis phases in preterm human neonates, but recent findings indicate that both gestational and postnatal age are significant factors affecting immune responses during the critical window of immune adaptation (20, 29, 30). During this window, pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) are potent inducers of inflammation and might shape immune responses early in life (31). Stimulation of pattern recognition receptors (PRRs) in human preterm blood by exogenous PAMPs induces T helper (Th) and anti-inflammatory profiles with impaired Th1 and pro-inflammatory cytokines (32). In this context, innate immunity in newborns has often been alluded to as “impaired,” “defective,” or “immature.” However, it is more accurately described as “distinct” since the fetus/preterm neonate is well-equipped for life in utero and the term newborn immune system appropriately mediates the transition from in utero to ex utero life. For maintenance of tolerance to maternal antigens and to avoid inflammation-triggered preterm delivery, neonatal immune responses are in general T helper (Th)-2 and Th-17 cell biased (33). However, such polarization also corresponds to GA-dependent susceptibility to invasive infections (32, 34). In addition, decreased complement-mediated/phagocytic activity (35, 36), reduced absolute neutrophil counts and functions (37), as well as altered phenotype and function of professional antigen-presenting cells (APCs) (38–40) in response to most Toll-like-receptor agonists (TLRAs) have been described. Moreover, the distinct composition of neonatal plasma, including high concentrations of adenosine (41–44), prostaglandins (45), placental hormones such as cortisol (46), estradiol, and progesterone (47), inhibits the production of Th1 cytokines. In addition, adenosine may also contribute to impaired neutrophil responses by inhibiting neutrophil-endothelial adhesion molecules (48). In contrast, high perinatal levels of cytokines such as the migration inhibitory factor (MIF) (49) and d-dopachrome tautomerase (DDT, also known as MIF-2) (50) counter regulate the activity of adenosine and prostaglandin E2 and together with interleukin-18 (51) further shape immune responses early in life. Taken together, a tightly regulated distinct balance of pro- and anti-inflammatory mediators in neonates shapes early life innate immune responses.

Of note, with respect to human in vitro assays, whereas responses to most pure TLRAs are reduced in early life, live organisms such as Group B streptococcus (GBS) may signal robust inflammatory responses including TNF production (52). GBS signals in part via TLR8 (53), a TLR pathway that recognizes microbial viability (54). GBS in human newborn blood potentially acts via vita-PAMPs, that is a subset of PAMPs expressed specifically by live microorganism (55), and TLR8 that detects bacterial RNA (52, 54, 56) and might therefore contribute to an exaggerated inflammation in bacterial neonatal sepsis in vivo (20). In addition, pro-inflammatory IL-1β responses are impaired in cord blood of preterm infants, but are restored to adult levels during the neonatal period, indicating rapid maturation of these responses after birth (57). Systemic inflammation characterized by high concentrations of proinflammatory cytokines are associated with poor long-term outcomes, and preterm infants are especially vulnerable to inflammatory injuries (10).

A non-inflammatory profile with mature immunoregulatory capacities is acquired in an age—dependent manner and a delayed adjustment of regulatory signaling pathways might in part explain the preterm infants' susceptibility to inflammatory conditions. Neonatal cord blood of term neonates contains extremely high concentrations of alarmins that act as endogenous DAMPs (58). In utero, alarmins induce an “endotoxin-like state” by altering MyD88-dependent pro-inflammatory gene programs with corresponding low Th1 responses (30). After birth, alarmin-levels decrease and regulatory TIR-domain-containing adapter-inducing interferon-β (TRIF)-dependent genes gradually increase (30, 58). A disruption of this critical sequence of transient alarmin programming and subsequent reprogramming of regulatory pathways, as occurs in preterm birth, increase the risk of hyperinflammation and neonatal sepsis (30). Of note, alarmins are increased in intra-amniotic infection/inflammation (59) and histologic chorioamnionitis correlates with a decreased risk of LOS (60) indicating that perinatal inflammation may enhance the immunoregulatory and/or functional maturation of the preterm immune system.

Other counter-inflammatory mechanisms, such as increased numbers of regulatory T cells (61, 62), and myeloid-derived suppressor cells (63, 64), as well as impaired phagocytosis-induced cell death (65, 66) might further affect the outcome of neonatal sepsis. However, the role of these mechanisms in neonatal sepsis has not yet been fully delineated, mostly because of limited access to neonatal peripheral blood samples and difficulties in performing longitudinal studies to investigate neonatal immune ontogeny.



EPIDEMIOLOGICAL RISK FACTORS OF NEONATAL SEPSIS

In addition to GA-specific immunological characteristics, sex (67), genetic predisposition (68, 69), the evolving microbiome/ microbial colonization (70), and underlying medical conditions shape immune responses and impact the risk of developing neonatal sepsis (4, 71). Given the number of cellular and molecular factors involved, emerging systems biology offer new avenues to monitor functional immune development in the near future (72–74).

The high susceptibility of preterm infants to invasive infections and associated poor long-term outcomes, have prompted the exploration of alternative therapies for neonatal sepsis. A number of interventions have been evaluated, and some such as oral lactoferrin have demonstrated promise (75), but beyond antibiotics and supportive care, there is presently no approved drug for the treatment or prevention of sepsis in preterm or term neonates (25, 76). This review summarizes past and present immunomodulatory concepts and outlines novel potential targets for the prevention and treatment of neonatal sepsis. A literature search for published meta-analyses, randomized controlled trials (RCTs), systematic reviews, individual clinical studies and emerging work from animal models was performed. A list of current approaches discussed in this article is presented in Table 1 (treatment) and Table 2 (prevention); the corresponding literature search strategy is outlined in Supplementary Figure 1.



Table 1. Meta-analyses on adjunctive therapy for neonatal sepsis.
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Table 2. Meta-analyses on preventive strategies for sepsis in preterm infants.
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PRIOR STUDIES THAT HAVE NOT DEMONSTRATED CLINICAL BENEFIT


Immunoglobulins

Preterm neonates born prior to 32 weeks gestation have low levels of passively acquired antibodies, and endogenous immunoglobulin (Ig) synthesis does not begin until 24 weeks of life (93, 94). Immunoglobulins provide opsonic activity, activate complement, and promote antibody-dependent cytotoxicity (95). Given these biological effects and the observation of decreased Ig levels in severe sepsis, several clinical studies have investigated the use of intravenous immunoglobulins (IVIG) to prevent and treat neonatal sepsis (78, 96–98).

A 2015 Cochrane Review, evaluating 9 IVIG studies and including a total of 3,973 infants showed no reduction of in-hospital mortality or in the combined outcome of death or major disability at 2 years of age in preterm infants with suspected or proven infection (Table 1) (78). Additionally, IgM-enriched IVIG preparations, which may provide higher opsonization activity and complement activation compared to IgG, did not significantly reduce mortality during hospital stay in infants with suspected sepsis (n = 66) (78). Based on these findings, routine administration of IVIG or IgM-enriched IVIG to prevent mortality in infants with suspected or proven neonatal infection cannot be recommended.

Given that >50% of cases of late-onset sepsis (LOS) in VLBW are caused by Staphylococcus spp., various type-specific antibodies targeted at different antigenic markers of Staphylococcus have been developed and studied in RCTs (82, 83). A 2009 Cochrane Review evaluated the effects of two anti-staphylococcal immunoglobulins, INH-A21 (pooled generic anti-staphylococcal immunoglobulin) and Altastaph (human polyclonal immunoglobulin against capsular polysaccharide antigens type 5 and 8), on the prevention of LOS in infants ≤ 32 weeks (82). No significant reduction in the risk of infection or mortality was identified (Table 2). A third anti-staphylococcal immunoglobulin, pagibaximab (anti-lipoteichoic acid monoclonal antibody) was studied, but again no significant reduction in sepsis or mortality was found (83, 84)(Table 2).

The reasons for these failed trials have not yet been elucidated but one might speculate that distinct immune responses in the preterm infant such as reduced complement or leukocyte activity may play a role or that the correct type or combination of antibodies has not yet been found (83). Future studies need to identify antibodies that (i) target optimal epitopes, (ii) have optimal bioactivity and/or (iii) can be targeted to carefully defined populations that are most likely to benefit from them. Studies of protective neutralizing antibodies against neonatal pathogens are ongoing (99). Prior to human studies, such investigations should evaluate the activity of potential immunomodulating products in an age-specific manner including in age-specific human in vitro platforms as well as in preterm animal models.



Glutamine

Endogenous glutamine, a conditionally essential amino acid, is insufficiently biosynthesized in states of metabolic stress. Accordingly the supplementation with glutamine improved clinical outcomes in critically ill adults (100). Glutamine is abundant in human milk, but levels in formula are much lower and it is not routinely supplemented in parenteral nutrition solutions for neonates.

Despite its potential role in metabolic stress, a systematic review of 12 RCTs including 2,877 VLBW did not find any effect of preventive glutamine supplementation on mortality or major neonatal morbidities (Table 1) (91). It remains unknown, whether glutamine supplementation may be beneficial in the recovery of critically ill infants, in particular, after gastrointestinal inflammatory processes such as NEC.



Antioxidants: Selenium, Melatonin, and Vitamin A

Preterm neonates are at increased risk of oxidative stress due to lower basal levels of plasma antioxidants and metal-binding proteins (ceruloplasmin, transferrin), reduced activity of antioxidant enzymes, and higher potential for exposure to reactive oxygen species (101–103). A 2003 Cochrane review including 297 preterm neonates (<32 weeks of gestation and/or BW ≤ 2,000 g) showed a significant reduction of sepsis episodes associated with prophylactic selenium supplementation but no difference in survival (Table 2) (92). A more recent RCT confirmed these findings (104); an updated meta-analysis is pending. Thus, selenium supplementation in preterm infants might reduce the incidence of sepsis, but does not affect overall mortality.

Melatonin has antioxidant, anti-inflammatory and anti-apoptotic properties that may improve neonatal sepsis outcome, in particular in mitochondrial injury (105). Three small single-center studies investigated the use of melatonin as adjuvant therapy in neonatal sepsis and results indicate a beneficial effect of melatonin (106–108). However, so far no follow-up RCTs have been conducted, thus, firm conclusions here are precluded.

No reduction of neonatal sepsis in vitamin A-treated patients has been demonstrated so far (109), and a recent meta-analysis could not demonstrate a significant reduction of mortality in term neonates, who were supplemented with vitamin A (110). Further results of on-going clinical trials investigating the effect of vitamin A for the treatment of sepsis and NEC are still pending (111).



Granulocyte and Granulocyte-Macrophage Colony Stimulating Factors

Myeloid colony stimulating factors (CSFs), including granulocyte-macrophage CSF (GM-CSF; CSF-2) and granulocyte CSF (G-CSF; CSF-3), stimulate innate immune function, improve myelopoiesis, and limit apoptosis. (112). The clearance of apoptotic cells is essential for the resolution of inflammation and phagocytosis of apoptotic granulocytes is diminished in neonates compared to adults (113). Neonates rapidly deplete their small neutrophil pool when septic, resulting in neutropenia and Gram negative sepsis was partially reversed by administration of G-CSF in preterm infants (114, 115). Thus, a number of clinical trials investigated the effect of G-CSF and GM-SCF in the prevention and treatment of neonatal sepsis over the last decades. A 2003 Cochrane Review of seven treatment and three prophylaxis studies however, demonstrated no significant survival advantage at 14 days from the start of therapy (79) (Table 1). Of note, a subgroup analysis of 97 infants, who in addition to systemic infection, had clinically significant neutropenia at trial entry, did show a significant reduction in mortality (79). Three prophylactic studies, on the other hand, did not demonstrate significantly reduced mortality in neonates receiving GM-CSF (79). The authors concluded that due to the small sample size, there was insufficient evidence to support the introduction of either G-CSF or GM-CSF into neonatal practice, either as treatment of established systemic infection to reduce resulting mortality, or as prophylaxis to prevent systemic infection in high-risk neonates (79).

A study from 2009 investigating 280 neonates ≤ 31 weeks' gestation demonstrated that even higher doses of postnatal prophylactic GM-CSF (10 μg/kg per day administrated subcutaneously on 5 consecutive days) did not reduce sepsis or improve survival or short-term outcomes (85). When this study was pooled with the three previously published small RCTs, no significant effects of prophylactic GM-CSF on mortality or sepsis incidence were observed (79, 85) (Table 2).

In summary, available data do not support the use of G- or GM-CSF for prophylaxis of infections in neonates. This might in part be explained by a hyporesponsiveness of neonatal granulocytes to G- or GM-CSF induced anti-apoptotic effects compared to adults (116). Preterm neonates with moderate (<1,700/μL) or severe (<500/μL) neutropenia and systemic infection, however, might benefit from adjuvant treatment with G-CSF or GM-CSF, respectively (117). Optimal timing of administration and monitoring of G- or GM-CSF levels will be crucial to maximize the beneficial aspects of these cytokines in these infants.



Granulocyte Transfusions

Granulocytes of term and preterm neonates exhibit quantitative and qualitative differences compared to those of adults, which may contribute to the neonates' higher risk for developing bacterial infections (114). Treatment of neonatal sepsis with granulocyte transfusions was thus investigated to determine whether it might enhance quality and quantity of neutrophils thereby leading to improved outcome. However, no significant difference in mortality was found in infants with sepsis and neutropenia who received granulocyte transfusions when compared to placebo (Table 1) (80). Of importance, potentially severe side effects have been reported: fluid overload, transmission of blood-borne infection, graft-vs.-host disease, pulmonary complications secondary to leukocyte aggregation and sequestration and sensitization to donor erythrocyte and leukocytes (80, 101). Thus, the application of granulocyte transfusions cannot be recommended due to insufficient evidence of safety and efficacy in preterm infants.



Exchange Transfusions

Exchange transfusion may remove toxic bacterial products and potentially harmful circulating inflammatory mediators, including cytokines, in an effort to improve perfusion and tissue oxygenation, replace clotting factors, and enhance humoral immune responses.

One retrospective and one prospective single center study investigated the effect of exchange transfusions in a cohort of 101 and 83 preterm infants, respectively. In these cohorts of preterm infants with severe sepsis/septic shock no significant reduction in mortality rates was found (118, 119). Nevertheless, a trend in mortality reduction was reported (119) and another study found a statistically significant protective effect, after controlling for potential confounding factors significantly associated with death (GA, serum lactate, inotropic drugs, oligo/anuria) (118). Although hypoglycemia, electrolyte disturbances, hemodynamic instability, and thrombosis are potential complications of exchange transfusion, the authors reported no side effects (120). Thus, based on the current evidence and safety data, no firm conclusion on the recommendation of exchange transfusions for the treatment of neonatal sepsis can be made.



Recombinant Activated Human Protein C

Recombinant human activated protein C (rhAPC) possesses a broad spectrum of activity including modulation of coagulation, inflammation, and apoptosis (121). However, results among adults and children demonstrated lack of efficacy and an increased risk of bleeding associated with higher mortality rates (122, 123). Consequently, rhAPC was withdrawn from the market before any randomized trials were performed in preterm neonates, and in 2012 a clear recommendation against the treatment with rhAPC for neonatal sepsis was proclaimed (124).




CURRENT INTERVENTIONS WITH CLINICAL EVIDENCE OF BENEFIT


Human Milk

Human milk contains multiple distinct bioactive molecules, including antimicrobial proteins and peptides (APPs), that protect against infection and contribute to immune maturation, and healthy microbial colonization (Figure 1C) (140). Ethical limitations preclude RCTs on the topic but feeding preterm infants with their own mother's milk (MOM) offers an impressive array of benefits, including decreased rates of LOS, NEC and retinopathy of prematurity, lower rates of re-hospitalizations in the first year of life, and improved neurodevelopmental outcomes (141–144).


[image: image]

FIGURE 1. Immunomodulatory approaches for the treatment and prevention of neonatal sepsis. (A) PTX, a phosphodiesterase inhibitor, mediates most of its functions by enhanced cyclic AMP (cAMP) due to a reduced degradation of cAMP (125, 126). Relatively high concentrations of adenosine are present in neonatal blood plasma and neonatal mononuclear cells demonstrate increased sensitivity to the cAMP-mediated inhibitory effects of adenosine (127, 128). As immunomodulatory properties of PTX are mediated via adenosine-dependent pathways, adenosine and PTX in combination, lead to a profound inhibitory effect on pro-inflammatory cytokine production (129). On neonatal APCs, PTX demonstrates anti-inflammatory properties by (1) down-regulating TLR4 expression and signaling, (2) downregulation of surface molecules such as CD14 and CD11b, and (3) inhibition of inflammatory cytokine production (70). (B) The microbiome of premature infants has a smaller proportion of beneficial bacteria and higher numbers of pathogenic bacteria compared to term infants, likely owing to higher frequencies of cesarean sections, antibiotic use, exposure to the hospital environment, and artificial feeding (130). The administration of probiotics up-regulates local and systemic immunity by (1) decreasing proinflammatory cytokines, (2) increasing the production of anti-inflammatory cytokines, and (3) decreasing the permeability of the gut to bacteria and toxins (131). (C) Human milk contains a range of distinct bioactive molecules that protect against infection and inflammation including immunoglobulins, long-chain PUFAs, and LF. Among them, the antimicrobial and immunomodulatory effects of lactoferrin are best studied: (1) Inhibition of bacterial adhesion and biofilm formation (132–134), (2) binding of endotoxins from intestinal pathogens (135), (3) blocking of receptors essential for epithelial invasion of microbes (136) thereby (4) prevention of bacterial translocation (137), (5) promotion of anergic/anti-inflammatory effects in LPS or LTA stimulated macrophages by TLR expression and pathway interference (138, 139).



The term “human milk feeding” is frequently used to encompass both MOM and donor human milk (DHM), implying that the multiple beneficial outcomes attributed to MOM can be generalized to DHM (145, 146). This assumption, however, may only be partially correct due to differences in milk composition and processing. Preterm mothers' milk shows great variation in total protein levels and inverse correlation with lactation and daily milk volume (147). This demand-adapted regulation of protein intake, including APPs is hampered in DHM, because GA of donors' infants and infants receiving their milk might be mismatched or DHM might be pooled. More importantly, pasteurization of DHM destroys or significantly decreases the concentration of many of the protective elements in human milk, including lysozymes, secretory IgA, growth factors, lactoferrin, antioxidants, and microbiota (145, 146, 148–150). Nevertheless, improved outcomes of infants fed DHM may be primarily to avoiding potentially injurious effects of formula feeding (145, 146, 151). A meta-analysis showed that feeding with formula compared with DHM results in a higher risk of developing NEC (86). However, feeding DHM instead of formula did not significantly affect mortality or rate of invasive infection (Table 2) (86).



Prebiotics

A wide range of prebiotic components (substrates that are selectively utilized by host microorganisms conferring a health benefit) and antimicrobial and anti-inflammatory factors are delivered by breast milk (141–143). These provide passive protection to the neonate and stimulate maturation of host intestinal defenses, which are particularly relevant for premature infants (144). Prebiotic components of human milk promote the growth of a physiologic, probiotic flora including Bifidobacteria spp. and Lactobacilli spp. in the colon. Although there is currently no evidence regarding the effectiveness of the isolated application of prebiotics in preventing nosocomial sepsis in preterm infants (152), combinations of probiotics and synbiotics, i.e., a synergistic combination of probiotics and prebiotics, may be beneficial for prevention of LOS, as described below (153).



Probiotics

In healthy term infants the gut is colonized with maternal probiotic bacteria including Lactobacilla spp. and Bifidobacteria spp., which upregulate local and systemic immunity, increase anti-inflammatory cytokines, and decrease the permeability of the gut to bacteria and toxins (Figure 1B). Treatment with antibiotics and delayed enteral feeding are common in preterm infants and contribute to the development of sepsis and NEC (154). Probiotics, live non-pathogenic microorganisms, might confer a benefit to neonatal host immunity. By altering host epithelial and immunological responses (155), they may reduce several neonatal inflammatory conditions (156).

A 2014 Cochrane review of 24 randomized or quasi-RCTs evaluated the effect of probiotics in the prevention of NEC and LOS in preterm infants <37 weeks GA or <2,500 g birth weight, or both (157). Enteral probiotic supplementation significantly reduced the incidence of severe NEC ≥ stage II and mortality but initially, no evidence of significant reduction of LOS was found (157). Recent meta-analyses, including 37 RCTs (n = 9,416) have demonstrated a significant protective effect of probiotics against LOS and all cause mortality (87, 88, 158) (Table 2). The optimal composition of probiotics remains to be determined, but there is evidence that probiotics consisting of multiple strains are more effective than single-strain probiotics in preventing mortality and NEC (90).

Side effects of probiotic treatment are rare and most clinical studies did not report significant adverse effects. However, occasional cases of sepsis caused by administered probiotic species have been reported (159).

In summary, growing evidence suggests that the preventive use of probiotics reduces the risk for neonatal sepsis in preterm infants. Further studies are necessary to optimize formulation, composition, standardization and optimal dosing of probiotics.



Synbiotics

The potential benefit of synbiotics, a combination of probiotics and prebiotics is currently being investigated and so far one large RCT has been published. This recent RCT of an oral synbiotics preparation (Lactobacillus plantarum plus fructo-oligosaccharide) enrolled 4,556 infants >2,000 g or 35 weeks of gestation, in rural India and found a significant reduction of the primary outcome sepsis and death in the treatment arm (risk ratio 0.60, 95% confidence interval 0.48–0.74) (160). Preterm infants represent a major challenge in resource-poor settings where NEC and sepsis carry greater risks of death (161). The risk–benefit ratio of prophylactic probiotics or synbiotics might differ between healthcare settings. Results indicate an equal or even more pronounced beneficial effect in neonates from developing countries and support further RCTs in both, high and low resource settings.



Lactoferrin

Lactoferrin is the major whey protein in mature human milk and is present in even higher concentrations in colostrum (153). This multifunctional, 80 kDa iron-binding glycoprotein is part of the innate immune system and possesses a broad range of antimicrobial, immunostimulatory, anti-inflammatory, and anti-apoptotic properties (Figure 1C) (162).

Lactoferrin directly interacts with TLR4 and CD14 and demonstrates bacteriostatic activity through its high affinity for iron its ability to directly bind LPS (163, 164). In addition to its function as an antimicrobial protein, lactoferrin has also demonstrated immunoregulatory properties in vitro and in vivo (131, 165, 166). These studies indicate a potential role of lactoferrin as an immune-sensor to maintain immune homeostasis with an immunosuppressive effect on inflammatory monocytes/macrophages of preterm neonates (30, 131, 167).

Bovine lactoferrin (bLF) is only 69% homologous to human lactoferrin (hLF), but both serve similar biological functions (168). In RCTs the oral supplementation with bLF was associated with a decreased incidence of LOS caused by bacteria and invasive fungal infections in preterm infants (169). A recent Cochrane Review including six RCTs demonstrated that oral bLF supplementation with or without probiotics decreased LOS and NEC stage II or III but not mortality (Table 2) (75). Of note, to date no adverse effects regarding the use of bLF in human infants have been reported (75). Talactoferrin, a recombinant hLF, has been tested in a phase I study in preterm neonates (170). In contrast to bLF, talactoferrin does not need to be pasteurized and might therefore differ in function and effectiveness. Studies comparing talactoferrin and bLF remain to be done. Given the common use of probiotics, potential interactions between oral probiotics and bLF/talactoferrin should be tested (171).

Thus, optimum dosing regimens, type of lactoferrin (human or bovine), and effects on long-term outcomes still need to be defined, but lactoferrin might prove to be an effective agent in helping to prevent LOS in very preterm infants.



Zinc

Preterm infants are born with low zinc (Zn) stores and a diminished capacity for Zn absorption and retention. Zn supplementation decreases oxidative stress markers and limits pro-inflammatory cytokine production by targeting Nuclear Factor Kappa B (NF-κB) (172, 173). A RCT in 352 infants aged 7–120 days with probable serious bacterial infection showed that Zn supplementation significantly reduced treatment failure, defined as need to change antibiotics, need for intensive care, or death (174). In a RCT high doses of Zn (9.7–10.7 mg/day) reduced mortality in preterm infants (24–32 weeks) without signs of infection at initial inclusion (175). Two RCTs have evaluated the effects of enteral Zn supplementation in preterm infants (≥32 weeks) with suspected sepsis (176, 177) and one of them (177) showed a significant reduction in mortality (178). A Cochrane review of the effects of enteral Zn supplementation in preterm neonates morbidity and mortality is currently pending (179).



Pentoxifylline

Pentoxifylline (PTX), a non-specific phosphodiesterase inhibitor with immunomodulatory properties (Figure 1A), may be beneficial in preterm neonates with sepsis and NEC. PTX inhibits the production of TLR—and inflammasome-mediated inflammatory cytokines and the expression of LPS-stimulated surface markers in vitro (127, 128). PTX's effects are more pronounced in neonatal immune cells than in adults and it suppresses pro-inflammatory cytokines to a greater degree than anti-inflammatory cytokines (127, 128). This corresponds to the observation of limited clinical benefit in adult sepsis, but promising results from RCTs in neonates. Moreover, PTX's anti-inflammatory effects on PRR signaling are distinct from those of other anti-inflammatory agents such as dexamethasone and azithromycin with which PTX can act in synergy (180).

A meta-analysis of six RCTs encompassing 416 infants concluded that PTX, when used as an adjunct therapy to antibiotics in neonatal sepsis, might decrease mortality (Table 1) (77). Statistical subgroup analyses of four of these studies revealed lower mortality in preterm infants, infants with confirmed sepsis, and infants with Gram-negative sepsis. However, according to the authors, the overall quality of evidence was low (77). A recent double-blind RCT of 120 preterm infants with LOS demonstrated several beneficial adjuvant effects of PTX including a reduced length of hospital stay (p = 0.04), duration of respiratory support (p = 0.02) and less need for vasopressors (p = 0.01) but was not powered for clinical outcomes (181). Of note, no adverse effects of PTX were reported. Further in vivo studies, both in animal sepsis models and in human clinical trials, may help to define the optimal timing and dosing of PTX as well as its efficacy in improving short—and long-term outcomes following neonatal inflammation. Initiated in 2016, a randomized, placebo controlled multi-center study with a cohort size of 900 very preterm infants with LOS or NEC, is currently investigating PTX's effect on disability-free survival (Australian New Zealand Clinical Trials Registry 12616000405415).




FUTURE CONCEPTS WITH POTENTIAL BENEFITS

Although certain measures have indicated benefit, there remains an urgent and unmet need for novel, safe and efficacious strategies to reduce the huge burden of sepsis-related morbidity in the preterm population. We herein discuss new approaches with potential future applications that have not yet been tested beyond phase 1 clinical trials.


Maternal Immunization

Maternal immunization boosts the concentration of vaccine-specific IgG antibodies in the mother and increases antibody concentration in the infant at birth. Currently three vaccines have specific recommendations for routine use in pregnancy: tetanus, influenza and pertussis (182). Future prospects include potential development of maternal vaccines against GBS (183), cytomegalovirus (CMV) (184) and respiratory syncytial virus (RSV) (185).

In term infants, maternal vaccination may provide protection until the period of maximum susceptibility or risk has passed or until the infant has completed the routine immunizations. This benefit may be reduced in preterm infants due to reduced transplacental antibody transport before the third trimester with resulting lower antibody-concentrations compared to term infants (186). While much remains to be learned regarding the optimal timing, safety and efficacy of maternal vaccines as well as their potential effect on subsequent infant responses to vaccines (187), maternal immunization is an important strategy to substantially reduce morbidity and mortality from infectious diseases after birth.



Antimicrobial Proteins and Peptides (APPs)

Both in vitro and in vivo data support the hypothesis that APPs are important contributors to intrinsic mucosal immunity. Alterations in the level of APP expression or biologic activity can predispose the organism to microbial infection (188). Primarily released by neutrophils, monocytes, and macrophages, APPs are also produced within the skin and at mucosal surfaces by epithelial cells and thus are present within body fluids, including saliva, airway surface liquid, and breast milk (189). Circulating and intracellular levels of APPs are relatively low in early life, especially in preterm infants, potentially lessening protective immunity (190). APPs expressed in neonates include α- and β-defensins, cathelicidins, bactericidal/permeability-increasing protein (BPI), and lactoferrin (191). While some studies argue for lactoferrin in the prevention of LOS in VLBW infants (192), preclinical data also support antibacterial and anti-endotoxin properties of therapeutic APPs. For example, the recombinant bactericidal/permeability-increasing protein (rBPI21) has demonstrated beneficial effects in children with severe meningococcal sepsis (193, 194). Further research on APPs for prevention and treatment of neonatal sepsis is ongoing and has recently been reviewed in detail (190). Synthetic peptides with combined antimicrobial and immunomodulatory properties, such as clavanin-MO, an adenosine monophosphate (AMP) isolated from Styela clava, and Innate defense regulator (IDR)-1018, derived from bovine bactenecin, represent a promising approach to treat invasive infections of various bacterial strains, including multidrug-resistant hospital isolates (195, 196). Of the APPs lactoferrin (Lf) has demonstrated benefit as oral agent in the prevention of neonatal sepsis (75). Regarding other APPs, although the results of preclinical studies are encouraging, to our knowledge neonatal clinical trials have not yet been conducted.



Innate Immune Stimulants

Exposure to non-pathogenic components that augment the innate immune responses to prevent neonatal sepsis is promising, but has not yet been thoroughly investigated. Possible candidates are PRR- agonists; among them TLRAs are most extensively studied. In newborn mice, pre-treatment with TLRAs was associated with increased cytokine responses to subsequent polymicrobial infection, induced via intraperitoneal injection of a cecal slurry, with enhanced recruitment of phagocytes and reduced mortality (197). Although Th1-polarizing TLR- responses are diminished in preterm neonates compared to term neonates and adults (38, 39, 198), Th1 cytokine responses to TLR7/8 agonists such as R848 reach adult levels (37, 199). Whether any benefits confer to human neonates from TLRAs currently used as stand-alone agents (e.g., imiquimod cream, TLR7A) or as components of adjuvanted vaccines in clinical and preclinical trials in adults (200) needs to be carefully investigated in preclinical studies.

Most recently a beneficial effect of subcutaneously administered aluminum salts (alum) in the prevention of neonatal polymicrobial sepsis in mice was demonstrated (201). Alum, the most widely used adjuvant in human vaccines, does not activate TLRs but, rather, promotes caspase-1 activation and IL-1β production via the NACHT, LRR and PYD domains-containing protein 3 (NLRP3)-inflammasome (202).

Live attenuated vaccines such as Bacille Calmette–Guérin (BCG) provide inherent PRR-activating activity that may contribute to enhanced immune responses and a decreased susceptibility to invasive non-TB infections in developing countries, where BCG is routinely administered (54, 203). BCG may exert its beneficial potential through heterologous, “non-specific” effects. This heterologous innate immune protection may be due to “trained immunity,” the phenomenon whereby innate activation results in a heightened state of innate responses to a broad range of pathogens and thus broad protection, via innate memory as has been reviewed elsewhere (204). Of note, the combined administration of BCG plus the alum-adjuvanted hepatitis B vaccine (HBV) demonstrates age-dependent synergistic enhancement of IL-1ß, production potentially enhancing both innate and adaptive immune responses (205).

Thus, results from animal and human in vitro studies are indicative for a beneficial effect of innate immune stimulants in the prevention of neonatal sepsis and should be further investigated.



Stem Cells

Mesenchymal stromal cells (MSCs) are non-hematopoietic, multipotent stromal precursor cells that can be isolated from the placenta, cord blood, and Wharton's Jelly (206, 207). MSCs are capable of modulating immune responses (208) by both cell-to-cell contact and through the release of soluble paracrine factors including nitric oxide, indoleamine 2,3-dioxygenase, PGE2, TGF-β, and IL-10 (209, 210). MSCs may improve bacterial clearance by various mechanisms, including enhancement of phagocytic activity of APCs and up-regulation of TLR-2 and TLR-4, and β-defensin 2 secretion (211, 212). A comprehensive review of 18 preclinical studies published between 2009 and 2015 demonstrated that MSC therapy in animal models of sepsis significantly reduced the overall odds of death (OR 0.27, 95% CI 0.18–0.40) (213). A clinical trial of infusion of MSCs to adults demonstrated a significant increase in survival rate (214, 215). Further adult clinical trials are on-going, but to our knowledge neonatal sepsis trials have not yet been conducted (216). However, several studies currently investigate the use of umbilical cord blood derived-MSCs for the prevention and treatment of bronchopulmonary dysplasia (BPD) in human preterm infants at risk, after phase 1 trials showed an acceptable safety profile (217).

Of note, the abundance of hematopoietic stem and progenitor cells (HSPCs) in preterm compared to term cord blood, may contribute to the beneficial effects of delayed cord clamping in very preterm infants (218, 219). A recent systemic review of 2,834 preterm infants found high-quality evidence for reduced hospital mortality, but no clear evidence for a reduction of LOS in infants with delayed cord clamping (220).



Inflammasome Inhibitors

The inflammasome is a newly identified group of PRRs and specific blockage of these by small-molecule inflammasome inhibitors is a promising approach in different inflammatory conditions, including microbe-induced inflammation (221, 222). Numerous inflammasomes have been described so far; among them the (NLRP3) has been best characterized. Interactions among the three proteins of the NLRP3 inflammasome (NLRP3 protein, adapter protein apoptosis-associated speck-like protein (ASC) and procaspase-1) tightly regulate inflammasome function to ensure immune activity only when appropriate. In vivo neutralization of the NLRP3 inflammasome with an orally available small molecule inhibitor decreased inflammasome dependent cytokine secretion (IL-1β /IL-18) in a murine Staph. aureus infection, and improved the bacterial clearance through improved acidification of the phagosome (223). Newborn neonatal caspase-1/11 knockout mice, showed improved survival following septic challenge compared with wild-type mice (224). This effect was independent of NLRP3 activation (224). Despite promising results from clinical trials in adults treated with inflammasome inhibitors for inflammatory diseases other than sepsis (225, 226), more information is needed regarding the mode of inflammasome action in neonates to inform potential targeted therapeutic inhibition in this distinct age group.



Antibiotics With Anti-inflammatory Properties

Inflammation in sepsis is usually triggered by microbial components, hypoxia, arterial hypotension, and reperfusion. Some antimicrobial agents, such as β-lactam antibiotics, may exacerbate inflammation through the lysis of bacteria (227).

In contrast to proinflammatory effects of certain antibiotics that lyse bacteria, several protein synthesis inhibiting antibiotics exhibit anti-inflammatory activities. Macrolides, rifampicin, and tetracycline demonstrate anti-inflammatory and immunomodulatory properties with a potential application in systemic inflammation (228–231). Rifampicin and tetracycline are contraindicated in the neonatal period; the use of macrolides for other indications, namely, Ureaplasma spp. infection and the prevention of BPD in preterm neonates, however, has been studied (232, 233). Prophylactic azithromycin significantly reduced BPD and the composite outcome of BPD/death in preterm infants (232).

The macrolide azithromycin, specifically inhibits IL-1α and IL-1β secretion and non-canonical inflammasome activation upon TLR agonist, including LPS, stimulation in vitro (180) and in vivo (234). A decrease in IL-1β-mediated inflammation has been attributed to destabilizing mRNA levels for NALP3, a key inflammasome component (235). In a murine sepsis model, mortality was lower along with decreased sepsis scores when mice were treated with a combination of ampicillin and azithromycin instead of ampicillin alone (236). In adults, azithromycin was associated with more ICU-free days in severe sepsis patients with and without pneumonia (237), however questions on the applicability of these results in neonates remain including the consideration of side effects (238–240).

None of these new approaches has been tested in human neonates thus far and the potential in vitro and in vivo effects of new therapies need to be fully explored before any clinical studies in neonates can be performed. In addition to possibly beneficial single agent such as PTX, future studies will evaluate if a multimodal approach including a combination of immunomodulatory agents may prevent or mitigate neonatal sepsis and associated long term- morbidities in preterm infants.




CONCLUSION

Administration of human milk is a key approach in preventing neonatal sepsis. The use of probiotics and lactoferrin might be effective but more evidence is needed to confirm preliminary observations and to optimize formulation, composition, and dosing of these agents. In certain settings/populations, vaccination with BCG is associated with a reduction in neonatal sepsis via heterologous (“non-specific”) effects possibly related to trained immunity. With respect to treatment of neonatal sepsis, PTX holds promise, but larger studies with long-term outcome data are still pending. Several other immunotherapies evaluated for the prophylaxis of neonatal sepsis including IVIG, myeloid CSFs and granulocyte transfusions have failed to demonstrate benefit. As we look to the future, APPs, PRR-agonists, stem cell therapy and inhibitors of the inflammasome might offer new therapeutic or preventive avenues in neonatal sepsis with preclinical and clinical studies yet to be done.

The successful development of new prophylactic and treatment options should take into account age-specific immune responses. Timing of therapy and dosage may determine whether immunomodulatory agents induce a protective immune response or whether the same approach causes potentially harmful interference with the developing immune system.
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Background: Blood cultures are essential for the diagnosis and further appropriate treatment in children with suspected sepsis. In most hospitals, children will be empirically treated or closely monitored for at least 48 h awaiting results of blood cultures. Several studies have challenged the optimal duration of empiric treatment in the era of continuously monitored blood culture systems. The aim of our study was to investigate time-to-positivity (TTP) of blood cultures in children with proven sepsis.

Methods: The Swiss Pediatric Sepsis Study prospectively enrolled children 0–16 years of age with blood culture positive sepsis between September 2011 and October 2015. TTP was prospectively assessed in six participating academic pediatric hospitals by fully automated blood culture systems.

Results: In 521 (93%) of 562 bacteremia episodes (493 children, median age 103 days, range 0 days−16.9 years) a valid TTP was available. Median TTP was 12 h (IQR 8–17 h, range 0–109 h). By 24, 36, and 48 h, 460 (88%), 498 (96%), and 510 (98%) blood cultures, respectively, were positive. TTP was independent of age, sex, presence of comorbidities, site of infection and severity of infection. Median TTP in all age groups combined was shortest for group B streptococcus (8.7 h) and longest for coagulase-negative staphylococci (16.2 h).

Conclusion: Growth of bacteria in blood cultures is detectable within 24 h in 9 of 10 children with blood culture-proven sepsis. Therefore, a strict rule to observe or treat all children with suspected sepsis for at least 48 h is not justified.

Keywords: sepsis, children, bacteremia, blood cultures, time-to-positivity


INTRODUCTION

Surviving Sepsis Campaign guidelines recommend obtaining blood cultures before initiation of antibiotic treatment in newborns, infants and children with suspected sepsis (1, 2). Due to globally increasing antibiotic resistance rates, the World Health Organization (WHO) has urged countries to develop action plans against antibiotic resistance (3). Blood cultures represent a cornerstone of antibiotic stewardship to streamline targeted treatment and to reduce unnecessary use of antibiotics. However, blood cultures in patients with suspected sepsis are often negative. For example, the number of neonates with suspected sepsis needed to treat for 1 culture proven neonatal sepsis varies between 44 and 100 (4–6).

In most hospitals, children with suspected sepsis will be empirically treated or closely monitored for at least 48 h awaiting results of the blood cultures. However, this measure is based on limited evidence. The American Academy of Pediatrics recommends stopping antibiotic therapy in neonates treated for suspected early-onset sepsis after 48 h if cultures remain negative (7). Several studies in infants <90 days of age have challenged whether this empiric treatment and observation period is still justified in the era of continuous monitoring blood culture systems (8–10): They demonstrated that ≥96% of all blood cultures were positive by 36 h (9, 10) and that ceasing antibiotic treatment after implementation of an evidence-based care process model including an empiric treatment period of 24–36 h did not show any adverse events (8).

Limitations of currently available data on optimal use of time-to-positivity (TTP) for decision making on empiric antibiotic treatment in suspected sepsis are (1) lack of data on pediatric age groups beyond early infancy, (2) lack of multicenter studies, and (3) lack of detailed characterization of host and pathogen features. The aim of this study was to analyse TTP in children with blood culture positive sepsis recruited through a large prospective multicenter population-based pediatric sepsis cohort study and to investigate host and pathogen factors associated with TTP.



METHODS

As part of the Swiss Pediatric Sepsis Study, we analyzed TTP values in children with blood culture positive sepsis between September 2011 and October 2015. Details of the Swiss Pediatric Sepsis Study have previously been reported (11, 12). The study was approved by the respective ethics committees of all participating centers (Cantonal Ethics Committee, Inselspital, University of Bern, no. KEK-029/11). Written informed consent from patients, and/or their legal guardians was obtained before study enrollment. In patients who fulfilled inclusion criteria but consent was not available (224 of 521), waiver from informed consent had been granted by the ethics commission for collection of anonymized clinical data.

Children 0–16 years of age with bacteremia in the presence of a systemic inflammatory response syndrome (SIRS) were enrolled in all 10 major pediatric hospitals in Switzerland during the study period. SIRS, severe sepsis and septic shock were defined according to the international consensus conference on pediatric sepsis (13). Briefly, for children beyond the neonatal period, SIRS was defined as the presence of at least 2 of the following four criteria, one of which had to be abnormal temperature or leukocyte count: body temperature <36°C or >38.5°C; abnormal heart rate for age; abnormal respiratory rate for age; leukocyte count elevated or depressed for age or >10% immature neutrophils. Age specific limits for heart rate, respiratory rate, and leukocyte count were applied as defined in the 2005 consensus definitions. For neonates (<28 days old, or <44 weeks postconceptional age in premature newborns) at least 2 of the following signs were required to be present: tachycardia >180/min, tachypnea >60/min or increased apnea frequency, temperature instability, leukocyte count 34 × 103 /mm3 or immature:total neutrophil ratio >0.2, capillary refill >2 s, apathia or irritability.

Severe sepsis was defined as sepsis plus one of the following: cardiovascular organ dysfunction or acute respiratory distress syndrome or two or more other organ dysfunctions.

Septic shock was defined as sepsis and cardiovascular organ dysfunction.

Each bacteremia episode received a study number and was analyzed. The present sub-study is restricted to 6 of the 10 participating centers (designated A to F) where fully automated blood culture systems were used, which allowed prospective assessment of TTP. TTP was defined as the time interval between placement of the blood culture bottle into the automated system and detection of a positive signal. The following blood culture systems were used: Beckton Dickinson (BD), Allschwill, Switzerland, Bactec Aerob/Anaerob, Peds Plus/F und mycosis IC/F Mycosis und Pedi (center A), BD Bactec FX (center B), BD Bactec Lytic/10 Anaerobic/F, BD Bactec Aerobic Plus/F BD Bactec Peds Plus/F (center C), bioMerieux, Geneva, Switzerland, BacT/ALELRT PF Aerob/anaerob, BacT/ALERT FA Aerob, BacTALERT FN Anaerob (center D), BD Bactec peds plus/F, BD Bactec lytic/10 anaerobic/f, BD Bactec plus aerobic/F (center E), BD Bactec plus aerobic/F, BD Bactec plus anaerobic/F, BD Bactec peds plus (center F). Centers B to F used fully automated blood culture systems from the beginning of the study, center A introduced it mid-2013.

Early-onset neonatal sepsis was defined as sepsis occurring <72 h of age and late-onset neonatal sepsis as ≥72 h in term infants and 72 h of age to <44 weeks of gestational age in premature infants. Hospital-acquired infection (i.e., blood culture obtained >48 h after admission) and central line-associated bloodstream infection (CLABSI) were defined according to the criteria of the Centers for Disease Control and Prevention (CDC) (14). In patients with suspected sepsis, positive blood cultures were only included if contamination was ruled out by the treating physician. The definition of contamination was based on the following criteria: absence of a central line at the time the blood culture was taken; blood culture growing a mixed flora of different coagulase-negative staphylococci (CoNS); and blood cultures growing pathogens considered as contaminants by the treating physician.

Chronic inborn or acquired medical conditions, recent surgery, or burns where considered as comorbidities and were categorized according to the pediatric complex chronic conditions classification system, version 2 (15).


Pre-planned Subgroup Analyses and Statistics

For statistical data analysis all extracted data was stored in spreadsheets (Microsoft Excel 2010, version 14.0). For descriptive analyses, the total number of cases and all cases stratified by study center were analyzed. For comparative analyses of TTP, we analyzed cases from all study centers combined and all bacteria combined, stratified by sex. For further analyses, cases were stratified by study centers, the 5 most frequently isolated organisms, age (0–27 days, 28–365 days, 1–5 years, 6–10 years and >10 years), focus of infection, outcome/severity of infection, prematurity, comorbidity, and community-acquired vs. nosocomial infection.

Descriptive statistics are presented as median (IQR) for continuous variables and as frequencies (%) for categorical variables. We fitted a generalized linear model with a log-link function and Gamma distribution for potential determinants of TTP with age, gender, presence of comorbidity, sepsis severity, site of infection, and pathogens using a random effect to correct for correlation between multiple observations at the same hospital. We added 0.01 h to all TTP measurements to remove zero values. We separately fitted univariable models or all variables and a multivariable model containing all variables. We present the results of the multivariable model as estimates (multiplicative factor by which to multiply the TTP of the respective reference group) with 95% CIs and p-values of likelihood ratio testing. We additionally fitted a multilevel binomial regression model for potential determinants of death within the first 30 days after sepsis onset with the TTP (adjusting for patient age, sex, presence of comorbidity, severity of sepsis, site of infection, and pathogen) using a random effect to correct for correlation between multiple observations at the same hospital.

Statistical significance was defined at a two-sided p-value of <0.05. We did regression analyses with R version 3.4.3.




RESULTS


General Characteristics

During the study period, 493 patients with 562 bacteremia episodes were enrolled in study centers A-F. Of these, 521 (93%) had blood culture TTP recorded and they are the subject of these analyses; 311 (60%) of 521 episodes occurred in male patients with no difference between infants <90 days of age and patients >90 days of age (Supplement Table 1). Median age of patients was 103 days (range: 0 days−16.9 years; IQR 11 days−3.8 years); 196 (38%) were neonates (i.e., ≤28 days old), 257 (49%) were <90 days old and 125 (24%) were <365 days old.

In 291 (56%) episodes the sepsis was community-acquired and 86 (30%) of these patients had at least 1 comorbidity. In 230 (44%) episodes the sepsis was hospital-acquired and 205 (89%) of these patients had at least 1 comorbidity.

In 417 (80%) episodes a focus for sepsis could be identified and most commonly this was related to a central venous catheter Case fatality rate was 7% (N = 37). Children <90 days of age had significantly more episodes with severe sepsis than children >90 days of age (Supplement Table 1).

Blood culture isolates by study center are summarized in Table 1. Overall 336 (64%) were Gram-positive and 185 (36%) were Gram-negative pathogens. The distribution of pathogens stratified by age, i.e., <90 days and >90 days, is shown in Supplement Table 1.



Table 1. Bacterial pathogens isolated from blood cultures by study center (A-F).
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Time to Positivity and Associations With Pathogens and Host Characteristics

Median TTP was 11.7 h (IQR 8.3–17.1) with minimal variability between different study centers (Supplement Table 2).

Table 2 shows results of multivariable analysis of TTP by patient and disease characteristics. TTP was independent of age, sex, presence of a comorbidity (see Table 3), site of infection, and severity of sepsis. Compared to coagulase-negative staphylococci, TTP was shorter in Staphylococcus aureus (−26%, 95% CI 5–43), group B streptococci (−56%, 95% CI 41–67), Streptococcus pneumoniae (−47%, 95% CI 26–63), and Escherichia coli (−44%, 95% CI 29–57). TTP of all organisms is demonstrated in Figures 1A,B and TTP of selected bacterial pathogens separated by different age groups in Figure 2.



Table 2. Median (IQR) TTP by patient and infection characteristics and adjusted* estimates of TTP investigating potential predictive factors in a generalized linear model.
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Table 3. Comorbidities detected in patients with 521 episodes of blood culture-proven sepsis.
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FIGURE 1. (A) TTP of all organisms, Kaplan-Meier-Curve. (B) cutout of (A).
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FIGURE 2. Blood culture TTP in selected bacterial pathogens by age group. aGroup A streptococcus, viridans group streptococci, other gram positive bacteria. bKlebsiella species, Neisseria meningitides, Pseudomonas aeruginosa, other gram negative bacteria.



Of the 521 sepsis episodes, 100 (19%) were severe and 97 (19%) presented with septic shock. There was no significant association between 30-day in hospital mortality and TTP: in children who died in the first 30 days after sepsis onset, median TTP was 12.0 (IQR 7.50–16.3) compared to 11.7 (IQR 8.4–17.1) in those who survived (p = 0.8).



Characteristics of Sepsis Episodes According to TTP Thresholds (TTP >24 to ≤36 h, >36 to ≤48 h and >48 h)

By 24 h, 460 (88%) of 521 blood cultures were positive as were 498 (96%) and 510 (98%) by 36 and 48 h, respectively (Table 4). When comparing infants <90 days of age with those >90 days of age, proportions of positive blood cultures within 24, 36, and 48 h were almost identical with 88% vs. 89%, 96% vs. 95%, and 98% vs. 97%, respectively. Of the 11 blood cultures which became positive after 48 h, 4 were obtained in infants <90 days of age including 3 preterm babies with a gestational age of 25+6 weeks, 26+2 weeks and 28+4 weeks, representing 1.6% of all positive blood cultures in this age group. Three each grew E. coli, Bifidobacterium longum and Fusobacterium species, one grew Staphylococcus aureus and one grew Capnocytophaga species. Two of the 3 children with E. coli septicemia and a TTP of >48 h had urinary tract infections and no organ dysfunction. The third child, without any comorbidities, suffered from peritonitis with septic shock. Of the other 8 episodes with TTP >48 h, 4 patients presented with signs of septic shock. One of them, an extremely premature baby (gestational age 25+6), died. Similar to the overall proportion of patients with comorbidities (69%), 6 (55%) of the 11 patients with TTP >48 h had a comorbidity and 2 of them developed severe sepsis with septic shock.



Table 4. Patient characteristics with sepsis episodes by TTP thresholds.
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DISCUSSION

We report on prospectively assessed TTP in a large national prospective cohort of children with blood culture proven sepsis. In our multivariate analysis, TTP was only dependent on pathogens, whereas sex, age, site of infection, presence of a comorbidity and severity of sepsis were not relevant.

Nine of 10 blood cultures turned positive within 24 h and 19 of 20 turned positive within 36 h after incubation. These findings contrast with the wide practice to treat children with suspected sepsis with antibiotics for >48 h while waiting for blood culture results. This “48 h rule” has historically evolved in the era prior to automated TTP recording systems. Our results indicate the need to critically reevaluate this rule.

Blood cultures represent one of the most widely used test in pediatrics, despite a low positivity rate, issues related to false positive tests due to contaminations, and false negative tests due to antibiotic pre-treatment and small inocula (16–18)., These limitations are increased if the cultures are obtained incorrectly, especially if the volume is inadequate (19). However, if positive, they confirm the diagnosis of bacteremia or sepsis and appropriate antibiotic treatment can be initiated (20). Fully automated blood culture systems with recording of TTP have evolved and several studies have since then been conducted to challenge the minimum of 48 h to observe or even treat a child with suspected bacteremia used by many centers (9, 10).

The recording of TTP in a large prospective population-based cohort of children with confirmed sepsis can inform clinicians in decision making about the appropriate length of empiric antibiotic treatment in the absence of a positive blood culture. Most clinicians stop antibiotic treatment if (a) the blood culture remains negative, (b) there is no focus of infection that would require continued antibiotic treatment, and (c) the clinical course of the disease is favorable. Yet, the chosen threshold of time after which blood cultures are highly unlikely to become positive will have a large influence on duration of antibiotic treatment. Longer periods of antibiotic treatment expose patients to risks such as medication errors, adverse events including selection of antibiotic resistance, nosocomial infections. Further, antibiotics increase the risk of necrotizing enterocolitis and death in preterm newborns (21). Moreover, prolonged hospital stays do increase health care costs and stress to patients, their relatives, and care-givers (22–24).

Our findings support previous studies performed in infants <90 days of age investigating TTP, which suggested that a shorter observation period and/or empiric antibiotic treatment, i.e., 24 or 36 h rather than the current practice of 48 h, might be appropriate (8–10). The decision by the treating physician to stop or continue antibiotics is not only based on blood culture result but also patient risk factors, clinical signs and severity of disease on presentation and during the course, response to treatment, inflammatory markers, and age. Procalcitonin-guided decision making has been shown to also guide the duration of antibiotic treatment in neonates with suspected early-onset sepsis (25, 26). It is well established that the likelihood to isolate an organism from blood culture increases with the amount of blood obtained for inoculation. Therefore, particularly in neonates blood cultures are often false negative (27). Unfortunately, there is limited data on the optimal volume in the pediatric age groups and different recommendations exist (28, 29).

In our study, the sensitivity of blood cultures increased only marginally (i.e., by 2%) when comparing a 48 h incubation threshold with a 36 h period. This demonstrates that the 48 h cut-off is arbitrary and based on tradition rather than strong evidence. However, the difficulty of decision making is exemplified by the fact that the longest TTP values in our study were 68 and 109 h for E. coli in the age groups 28–365 days and 1–5 years, respectively (Figure 2). Furthermore, our study was not designed to evaluate the prediction of which children, presenting with SIRS, will have a positive blood culture beyond 24 or 36 h. Hence, individual factors always need to be taken into account for decision making. Also, if the patient's clinical course is favorable and antibiotic treatment is stopped in the presence of a negative blood culture, parents still need to be advised to recognize signs and symptoms of concern and they need to be contactable for arrangement of a clinical reassessment as true pathogens might be detected after 36 or 48 h.

Not surprisingly, and also described in the literature, TTP varies by pathogen (30, 31). In our study, median TTP values were shortest for E. coli and GBS (approximately 9 h each) and longest for S. aureus and CoNS (14 and 16 h, respectively). While some studies found short TTP for organisms such as Enterobacter, E. coli or S. aureus correlated with poor outcomes in adults (30–32), median TTP value—irrespective of pathogen—did not predict poor outcome or admission and treatment on PICU in our study.

Also, a comparison of children <90 days of age and >90 days of age, as most studies in the literature investigated only children <90 days of age (9, 10), did not show any significant difference in their median TTP (11 h vs. 12 h). However, as infants <90 days of age and particularly neonates, represent a special pediatric cohort, especially in regards to their management, our data provides valuable information also on children >90 days of age. Children <90 days of age had significantly different sites of infection (e.g., primary blood stream infection) and sepsis episodes tend to be more severe. Also, as expected, pathogens differed significantly between these 2 groups, with Escherichia coli and CONS being the most common pathogens in infants <90 days of age and that is, in regards to Escherichia coli consistent with the literature (9, 10).

We did not see any significant differences in median TTP for children with or without comorbidity. A study in adults looking especially at patients with solid tumors or hematological disease found significantly lower TTPs in these patients compared with patients with benign tumors (33).

In our study, 42% of sepsis cases were hospital-acquired infections. Similar magnitudes have been reported before (34, 35). In a retrospective cohort study in South Africa investigating blood culture positive bacterial and fungal infections in children with a median age of 11.5 months, the proportion of hospital-acquired infections was 53.5% (34). Similarly, a study in South African neonates revealed a proportion of nosocomial infections of 62.2% of all positive blood cultures (35).

Whereas, as already mentioned above, most previous studies (retrospective or observational) investigated mainly neonates and infants <90 days of age or specific foci of infection (9, 10, 36), strengths of this study include the prospective, multicenter, population-based design and recruitment, use of a strict case definition, and inclusion of the entire pediatric age range with detailed capture of host and pathogen characteristics.

Our study had several limitations: Study centers that did not use automated laboratory systems had to be excluded. TTP “sensu strictu” (i.e., duration of incubation until blood culture becomes positive) must be distinguished from TTP “sensu latu” (i.e., time interval between collection of blood for culture and report of positive result to the treating physician). In our and most previously reported studies, TTP sensu strictu was analyzed. For patient management in the clinical context, TTP sensu latu reflects reality better than TTP sensu strictu and should be the subject of future studies. Also, the study protocol did not specify the maximum time allowed between obtaining blood cultures and processing them in the microbiology laboratory. Thus, bacteria may have started to replicate earlier in some episodes than formally measured, thereby leading to shorter TTP values. Furthermore, different blood culture systems were used in different study centers and the amount of inoculated blood, which is defined in each center according to the recommendations either given by the culture systems manufacturers or by local hospital guidelines, was not recorded. While these factors probably have increased heterogeneity of TTP findings in our study, they reflect a real world scenario in a pragmatic study design (37–39). Also, our study included children with comorbidities and it would have been interesting to carry out subgroup analyses on populations of special interest such as neutropenic patients. However, as numbers of specific comorbidities were low, such analyses would not have been meaningful. Finally, our study was based on children with positive blood cultures, and we cannot comment on blood culture negative bacterial infections. In addition, the study was not designed to analyse the performance of other clinical and laboratory criteria to guide antimicrobial therapy. As per international best practice, infectious diseases and/or antimicrobial stewardship team advice was routinely sought in the study centers once blood culture positivity was known.

In conclusion, blood cultures were positive within 36 h of incubation in 90% of children with sepsis. TTP was <24 h in the great majority of children with sepsis, but occasionally it was >36–48 h in individual sepsis episodes. Therefore, a strict and general rule to treat or observe all children for at least 48 h is not justified; rather, the decision to continue with empiric antibiotic treatment in the absence of a positive blood culture should be reconsidered after 24 and 36 h and antibiotic treatment should be stopped if the diagnosis of sepsis cannot be held up. Future studies are needed to test whether empiric antibiotic treatment in children with negative blood cultures can be safely reduced to <48 h and to identify factors that would allow to predict which children with SIRS will still have positive blood cultures beyond 36 h of incubation. Still, TTP is an important pillar on which the decisions for or against antibiotic treatment and its duration should be based. Therefore, standardized measurement of TTP in children with sepsis continues to be valuable, and ongoing analyses should be encouraged.
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Sepsis in children is typically presumed to be bacterial in origin until proven otherwise, but frequently bacterial cultures ultimately return negative. Although viruses may be important causative agents of culture-negative sepsis worldwide, the incidence, disease burden and mortality of viral-induced sepsis is poorly elucidated. Consideration of viral sepsis is critical as its recognition carries implications on appropriate use of antibacterial agents, infection control measures, and, in some cases, specific, time-sensitive antiviral therapies. This review outlines our current understanding of viral sepsis in children and addresses its epidemiology and pathophysiology, including pathogen-host interaction during active infection. Clinical manifestation, diagnostic testing, and management options unique to viral infections will be outlined.
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INTRODUCTION

Sepsis is a leading cause of pediatric mortality (1). Defined as systemic inflammatory response syndrome in the presence of a suspected or confirmed infection, it is a clinical syndrome principally characterized by dysregulation of the host innate immune response and may result in an immune phenotype of coexistent systemic inflammation and immunosuppression (2). Pathological cross-talk between inflammatory and coagulation cascades, complement activation, and neuroendocrine signals wreak havoc on homeostatic controls. This hyperinflammatory response has untoward effects on the cardiopulmonary system, vascular endothelium, and gut, precipitating progressive organ dysfunction until the host succumbs (3). The morbidity, mortality, and costs associated with pediatric sepsis impose a significant burden on the healthcare community and global economy (4, 5). Watson et al reported a mean hospital length of stay of 31 days, with approximately $2 billion spent annually in healthcare cost associated with severe pediatric sepsis (1). International guidelines for management of sepsis and septic shock stress the importance of rapid resuscitation, prompt antimicrobial administration, and supportive care of organ dysfunction as the mainstays of pediatric sepsis treatment (6).

Viral sepsis can be defined as a severe inflammatory response to a suspected or confirmed viral infection. However, making the definitive diagnosis of viral sepsis in a child is particularly challenging for clinicians. The astute clinician must incorporate the patient's history of present illness, physical exam, laboratory and radiographic data to determine the likelihood of a viral etiology for sepsis. Even with a positive viral test, limitations of the testing result should be considered. Despite these challenges, timely diagnosis of viral sepsis has significant implications on clinical management, including guiding the use of appropriate antiviral therapy and informing isolation and containment strategies. Moreover, timely diagnosis of viral sepsis may prevent unnecessarily prolonged antibacterial treatment exposure and thus could help prevent consequent antibacterial resistance and deleterious effects on the host microbiome. This review outlines our current understanding of viral sepsis in children, including its epidemiology and the pathophysiology of the viral-host response during active infection. The clinical manifestations, appropriate diagnostic testing, and management unique to viral infections are outlined.


Epidemiology

The true incidence of viral sepsis, particularly in the pediatric population, remains unknown. Since bacterial sepsis is amenable to treatment and is presumably more common, viral testing is frequently foregone in the acute presentation of sepsis. However, a recent study of adult patients with sepsis showed that viral respiratory pathogens, namely influenza A virus, human metapneumovirus, coronavirus, and respiratory syncytial virus (RSV), were overlooked in 70% of patients (7). In a multi-national epidemiological study of children with severe sepsis, an infectious etiology was only proven in 65% of patients and out of these, approximately one-third had a viral infection (8). The most frequent sites of infection were the respiratory tract (40%) and bloodstream (20%), with rhinovirus, RSV, and adenovirus most commonly isolated. In contrast, the Australia and New Zealand sepsis study group identified a pathogen in approximately 50% of patients with sepsis and septic shock (9). Of these patients, only one-fifth had a viral etiology, with RSV, cytomegalovirus (CMV), Epstein-Barr virus (EBV), herpes simplex virus (HSV), varicella zoster virus (VZV) and influenza being the most common viruses identified in this study. Recently, Ames et al. reported that 16% of pediatric patients who presented with septic shock had a primary viral disease (10). In another study of neonates with sepsis, bacterial etiology was found in only approximately 15% of cases, making viral infection more likely as a plausible cause of sepsis in these patients (11).

In the pediatric intensive care unit (PICU), influenza virus is a leading cause of viral sepsis and caries an especially high mortality rate (12). RSV has also been found to cause severe bronchiolitis and may present with sepsis, especially in children with history of premature birth, chronic lung disease, congenital heart disease or primary immunodeficiency (13, 14). Sepsis has also been observed in neonates with HSV, human parechovirus (HPeV) and enteroviral infection (15–18). Patients with immunodeficiency due to human immunodeficiency virus (HIV) infection are highly susceptible to viral sepsis depending on the stage of disease and access and response to the treatment (19). In these patients, common viral infections observed to cause sepsis include RSV, influenza, parainfluenza, adenovirus, CMV, EBV, and VZV (19). Diarrheal diseases secondary to viral infections can also lead to sepsis, especially in developing countries (20). Although rare, rotavirus has been associated with sepsis due to bacterial coinfection (21). Despite several large studies on viral sepsis in general (ref as above), as well as on specific viruses, in the absence of routine viral testing during the diagnostic evaluation of sepsis, the true incidence of viral infection as the cause of sepsis remains unclear.



Pathophysiology and Host Response to Viral Sepsis

The host response to infection consists of a multitude of simultaneous processes designed to neutralize the infectious threat and initiate repair of injured tissue. Sepsis is characterized by systemic and dysregulated inflammation, which can lead to a vicious cycle of vascular endotheliopathy, microcirculatory hypoperfusion, intestinal barrier dysfunction, circulatory shock, mitochondrial failure, and death (22–24). Moreover, the concomitant compensatory anti-inflammatory response syndrome that is characterized by lymphocyte apoptosis and immune paralysis predisposes the host to secondary nosocomial infection and latent viral activation (25, 26). The type of mechanisms employed vary by virus but generally result in some combination of (1) cytokine release, (2) endotheliopathy, and (3) host cytotoxicity (27). While an in-depth review of the pathogenesis of all human disease-causing viruses is beyond the scope of this manuscript, we have outlined the general pathophysiology below, highlighting major illustrative viral examples where possible.

Cytokine Release (Figure 1)

Pathogen-recognition receptors (PRRs) are cellular sensors that recognize specific molecular structure of a pathogen (28). Toll-like receptors (TLRs) and retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) are two types of PRRs that are involved in viral sensing (28). TLRs, which are found on the cell surface or within endosomes of monocytes, macrophages, dendritic, epithelial and endothelial cells, encounter pathogen-associated molecular patterns (PAMPs) (29, 30). Intracellular TLR-7 and TLR-8 recognize single-stranded Ribonucleic Acid (RNA) of viruses like HPeV, the enteroviruses, human metapneumovirus, and influenza; intracellular TLR-9 recognizes double-stranded (ds) DNA of viruses like the herpes viruses (e.g., HSV-1 and -2, EBV), adenovirus, and CMV; and TLR-3 recognizes dsRNA produced during intracellular viral replication (31). TLR activation culminates in myeloid differentiation primary response 88 (MyD88, through TLR-7,-8, and -9) or Toll/Interleukin (IL)-1 receptor domain-containing adapter protein inducing IFN-β (TRIF, through TLR-3) activation (32). These proteins, in turn, activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and IFN-regulatory factor (IFR)-mediated cytokine transcription (33–35). RLRs are cytosolic innate immunity sensors for viral RNA. Three members of RLRs have been identified: RIG-I, melanoma differentiation associated factor 5 (MDA5], and laboratory of genetics and physiology 2 (LGP2) (36). RIG-I and MDA5 recognize dsRNAs in response to different RNA viruses and signal the production of pro-inflammatory cytokines and type-1 IFNs (37). Cytokine proliferation instigates a pro-inflammatory cascade that results in complement activation, neutrophil chemotaxis, cytotoxic cluster of differentiation (CD) 8+ T-cell recruitment, and protease release from leukocytes and endothelial cells, particularly trypsin (38) and heparanase (39). Trypsin is upregulated and released by the vascular endothelium (38) and has been shown to cleave circulating pro-matrix metalloproteinase (pro-MMP) released from macrophages to form activated MMPs (40). MMPs, in conjunction with heparanase, degrade the endothelial glycocalyx (41, 42). Moreover, viral particles induce reactive oxygen species generation by circulating neutrophils, eosinophils, and macrophages (43, 44) that further injure the endothelial glycocalyx (45) and activate NF-κB cell-signaling (46), propagating a positive-feedback loop that results in endotheliopathy and end-organ damage.
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FIGURE 1. Viral-induced cytokine upregulation and release. Double stranded viral ribonucleic acids are (dsRNA) recognized within the host cellular cytosol by retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs)- RIG-I, MDA5, and LGP2. The RLRs bound to viral dsRNA undergo conformational change and complex with mitochondrial antiviral signaling (MAVS) protein on the mitochondrion surface. The RLR-MAVS interaction instigates an assembly of host proteins to activate TNF- receptor-associated factors (TRAFs), thereby inducing nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and interferon regulator factor (IRF)-mediated cytokine transcription in the host cell nucleus. Viral nucleic acids are also recognized within Toll-like receptors (TLRs) within host cell endosomes, triggering myeloid differentiation primary response 88 (MyD88) and Toll/interleukin-1 receptor-domain-containing adaptor-inducing interferon-β (TRIF) pathways that also activate NF-κB and IRF-mediated cytokine transcription in the host cell nucleus.



Endotheliopathy (Figure 2)

Systemic viral dissemination appears to be the etiology of viral sepsis. The exact mechanisms by which viruses that are normally isolated to the respiratory or integumentary epithelium reach the bloodstream are not known. However, it is plausible that viremia occurs through direct invasion of epithelial cells (or neurons as in case of HSV or varicella disease) to reach the surrounding vasculature (47). Once in the blood, the virus may induce endothelial glycocalyx degradation by activating leukocytes, platelets, and endothelial cells to secrete MMPs and heparanase that target glycocalyx components (39, 48). Endothelial glycocalyx disruption exposes selectins and intracellular adhesion molecules, making them available for leukocyte adhesion and activation (49). Glycocalyx degradation also releases heparan sulfate that may bind and activate antithrombin III and exposes membrane-bound glycoprotein Ib/IX/V complexes (50) that can bind circulating von Willebrand factor (51) and P-selectins on platelets (52, 53), precipitating coagulopathy. Moreover, loss of integrity of the protein-rich glycocalyx alters the microvascular fluid equilibrium between the vascular lumen and subglycocalyx, increasing fluid and macromolecule filtration through the endothelium to the surrounding interstitium (54). The end result of endothelial glycocalyx damage is pro-inflammatory propagation and vascular leak that can compromise organ function.
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FIGURE 2. Pathophysiologic mechanisms of viral-induced endotheliopathy. Innate immune system activation during viral sepsis precipitates leukocyte degranulation and release of enzymes and reactive oxygen species (ROS) that degrade the endothelial glycocalyx. Denuded endothelial glycocalyx exposes cellular adhesion molecules (e.g., ICAM-1, VCAM-1, E-selectin, P-selectin) that increase the margination and activation of leukocytes, further promoting the inflammatory response. Additionally, inflammatory mediators, namely thrombin, ROS, and vascular endothelial growth factor (VEGF), promote Weibel-Palade body exocytosis, releasing angiopoietin-2 (Agpt-2) into the circulation. Agpt-2 antagonizes the endothelial cell Tie2 receptor, allowing the Src-mediated RhoA enzyme to reconfigure the endothelial cell cytoskeleton and promote VE-cadherin internalization from the adherens junction. Loss of glycocalyx and adherens junction integrity permits increased trans-cellular protein and fluid movement from the vascular lumen to the interstitium. ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1.



Circulating viral particles may also induce endothelial cell structural changes that lead to barrier disruption and further vascular leak. Endothelial cells are anchored to each other through adherens junctions comprised predominantly of vascular endothelial (VE)-cadherin, which is attached to the endothelial cytoskeleton through beta-catenin and p120-catenin (55, 56). In human endothelial cells, pathogenic strains of hantavirus appear to bind to cellular surface β3-integrins, thereby promoting VE-cadherin internalization and adherens junction destabilization (57). VE-cadherin destabilization may also be mediated through the cellular membrane Tie2 receptor. Tie2 receptor is activated by angiopoietin-1 (Agpt-1) that is derived by periendothelial cells (58, 59). When activated, the Tie2 receptor activates PI3K/Akt cell-survival signaling and Rac1-mediated cytoskeletal stabilization (60). Inflammatory mediators, such as thrombin (61), reactive oxygen species (62), and VEGF (63), stimulate endothelial cell Weibel-Palade body exocytosis, releasing the Tie2 antagonist Agpt-2 (64). Agpt-2 acts in an autocrine fashion to inhibit Tie2 signaling, thereby promoting RhoA kinase activity and VE-cadherin destabilization (60). Mice infected with a pathogenic strain of H3N2 influenza virus develop acute lung injury that is rescued by the Tie2 agonist vasculotide (65), suggesting that the Tie2 receptor is integral in the development of endotheliopathy during viral sepsis. The exact mechanisms each virus employs to induce endothelial cell dysfunction are not clear; however, the typical presentation of capillary leak with viral sepsis suggests a common pathway by which endothelial integrity is compromised.

Host Cytotoxicity (Figure 3)

Viral-induced host cytotoxicity is mediated by cytopathic effects, cellular reprogramming, and/or initiation of host immune cytotoxic responses. Viruses take over and utilize host intracellular machinery to replicate, depleting host cells of energy stores and transcription potential. Furthermore, viral-infected cells may be activated for caspase-dependent apoptosis (66). Viruses may also indirectly promote apoptosis through macrophage reprogramming. Macrophages infected with H5N1 avian influenza have been shown to upregulate production and release of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) that promote T-cell apoptosis (67). Though the effect of TRAIL on other cell lineages was not determined, it is plausible that the effect seen in T-cells may be more diffuse. Systemic viral dissemination from sites of primary infection (e.g., human metapneumovirus in the respiratory tract or HPeV in the gastrointestinal tract) may occur through these apoptotic mechanisms, whereby new virions are released, infect local endothelial cells, and cause further cellular apoptosis and systemic viral spread. The invasiveness and pervasiveness of the viral infection is likely dictated by cell tropism and genetically determined virulence as viruses with greater cytopathogenicity, such as H5N1 avian influenza (66) and HPeV-3 (68), are more likely to cause sepsis in immunocompetent hosts than viruses with typically minimal associated cytopathology (e.g., RSV or parainfluenza) (69). Lastly, effectors of the host immune system, such as natural killer (NK), cytotoxic CD8+ T cells and complement, attack, and destroy virally infected host cells.
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FIGURE 3. Viral-induced host cytotoxicity through the extrinsic and intrinsic apoptotic pathways. Tumor necrosis factor-alpha (TNF-α) is released after viral recognition by the innate immune system, and TNF-related apoptosis-inducing ligand (TRAIL) is released from viral-reprogrammed macrophages, both of which bind their respective host cell surface death receptors to activate the extrinsic apoptotic pathway. Natural killer (NK) and cluster of differentiation 8 (CD8+) T cells inject perforin into the membranes of infected host cells, through which they secrete granzymes that elicit the intrinsic apoptotic pathway. The intrinsic pathway may be activated after viral protein recognition by the host cell or suicide gene insertion by cytotoxic viruses.



Viral pathogenesis in children also varies according to the degree of host immunocompetence. Generally, young infants have significantly reduced TLR expression, antigen-presenting cell activity, NK cell responsiveness, T-cell functionality, B-cell maturity, and complement concentration (70). This immaturity of the developing immune system places young infants at significantly higher risk for severe disease from viruses that would typically cause minimal harm to older children and adults (e.g., HSV, HPeV, enteroviruses, CMV). Similarly, children with congenital or acquired immunodeficiencies are more susceptible to viral pathogens. Specific immunodeficiencies that place children at higher risk for viral sepsis include NK cell deficiency, interferon (IFN)-γ receptor deficiency, TLR-3 deficiency, nuclear factor-kappa B essential modulator deficiency, severe combined immunodeficiency, severe T-cell lymphopenia in DiGeorge syndrome, agammaglobulinemia, and hyperIgM syndrome (71). Severe RNA viral infections have also been observed in patients with loss-of-function mutation of the IFN induced with helicase C domain 1 (IFIH1) gene that encodes the RLR MDA5 (36, 37, 72). Moreover, children receiving immunomodulatory or immunosuppressive therapies due to malignancy, transplantation, or autoimmune disease are more susceptible to viral infection or reactivation.



Clinical Features and Risk Factors for Viral Sepsis

The constitutional symptoms and clinical features of viral sepsis are frequently indistinguishable from bacterial or fungal sepsis. Presenting symptoms and signs include fever, chills, rash, respiratory distress, nausea, vomiting, diarrhea, dysuria, confusion, and altered mental status. None of these symptoms is pathognomonic of sepsis, let alone viral induced sepsis. Moreover, classic features of systemic inflammation might not be seen in every individual, especially in immunocompromised children. Fever is one of the most common symptoms seen in septic children, attributable to the pyrogenic activity of IL-1, IL-6, IFNs, and TNF-α. It has been observed that these substances increase prostaglandin E2 synthesis in the hypothalamus (73, 74), resulting in the elevation in the host central nervous system core temperature set-point regulated by the pre-optic and dorsomedial hypothalamic nuclei (75). Hypothermia, on the other hand, is a less frequent but more specific indicator of sepsis that may be predictive of illness severity and death, especially in younger children and chronically debilitated patients (74). Injury to the vascular endothelium may result in broad array of failing organs that manifests as confusion, nausea, vomiting, diarrhea, oliguria, and coagulopathy. A myriad of cardiopulmonary manifestations ranging from mild tachypnea and tachycardia to acute respiratory distress syndrome and shock can be seen (76). The presenting symptoms usually depend on the type of virus. Clinical presentation in patients with respiratory viral infections can range from completely asymptomatic to severe respiratory distress due to pneumonia. Diarrheal illness has been observed in patients infected with rotavirus, norovirus, enterovirus, and adenovirus. VZV and HSV infection may present with vesicular rash. Children with HSV or arbovirus infection may have confusion, altered mental status or seizures from encephalitis. Elevated transaminases are common with HSV and enteroviral infections which may be complicated by hepatitis, coagulopathy and encephalitis. Neonatal HPeV infection can mimic other enteroviral infections in the initial presentation. Often these patients present with fever, rash, irritability, feeding intolerance, and seizures (17). They can develop sepsis like illness and encephalitis. Patients with acute HIV infection often have flu-like symptoms such as fever, headache and rash, which usually resolve spontaneously. These patients soon enter a phase of clinical latency until they develop acquired immunodeficiency syndrome, usually heralded by acquisition of an opportunistic infection.

As with other types of sepsis, virus-induced sepsis requires a high index of suspicion, especially in very young children and those with chronic medical conditions. Neonates and young infants are at higher risk of sepsis from HSV, HPeVs, and enterovirus. HSV is usually acquired perinatally from mothers with genital herpes. Mothers with primary herpes are more likely to transmit the infection when compared to those with recurrent and non-primary herpes (77). Nielsen et al reported that second born children are at higher risk of HPeV-3 infection than the firstborn (78). Seizures, drowsiness and lethargy, and absence of oral lesions are associated with severe enteroviral infection in children (79). In RSV infection, comorbid conditions reported to increase the risk for severe infection include the history of prematurity, congenital heart disease, chronic lung disease, and immunodeficiency (13). In a recent study, Eggleston et al found that patients with metapneumovirus infection were more likely to be older and have congenital heart disease compared to RSV infected patients (80). In contrast, asthmatics and premature infants were at higher risk for rhinovirus infection (81). Finally, predisposing conditions for severe pediatric influenza infection include age less than 2 years; asthma; cardiac, renal, hepatic, hematologic, neurologic or neuromuscular conditions; long-term aspirin therapy; immunosuppressive therapy and residence in a chronic care facility (82). Risk of mother-to-child perinatal HIV transmission is higher in mothers with CD4 count < 200 cells/μL and lower in infants receiving antiretroviral prophylaxis (83, 84). If patients with any of these conditions present with sepsis, diagnostic viral testing and appropriate empiric antiviral treatment should be strongly considered according to the individual's risk factors.



Association With Secondary Bacterial Infections and Viral Coinfections

Secondary bacterial infections are commonly associated with respiratory viral infections (85). In the winter of 1995–96, an outbreak of Streptococcus pneumoniae pneumonia developed in otherwise healthy children who had a preceding influenza A viral illness (86). During the 2009–10 influenza A pandemic, one third of critically ill children afflicted with influenza were diagnosed with concurrent bacterial infections (87). In this study, the leading three bacterial coinfections were Staphylococcus aureus, Pseudomonas spp., and Haemophilus influenza (87). In children hospitalized for RSV, Haemophilus influenzae and Streptococcus pneumoniae were the most common organisms isolated in those who developed bacteremia (88). These secondary bacterial infections may exacerbate innate immune dysfunction (89) and convey substantially increased risk of worse outcomes (90, 91). However, to date, the mechanisms underlying bacterial synergism and increased susceptibility to secondary bacterial infection in the setting of a preceding respiratory viral infection remain unclear. In general, this phenomenon appears to involve impairment of respiratory epithelial and innate immune system defenses. Viral destruction of the airway epithelium affects mucociliary clearance, allowing bacterial attachment to mucins and eventual colonization of the respiratory tract (92, 93). Additionally, viral-induced upregulation of IFN-γ and TNF-α may lead to a dysregulated host T-cell response, decreased neutrophil chemotaxis, and impaired macrophage phagocytosis that increases the host susceptibility to secondary bacterial pathogens (94). Upregulation of the surface platelet-activating factor receptor on epithelial cells and leukocytes by pro-inflammatory cytokines may also increase adhesion and invasion of certain virulent pneumococcal strains (95).

Rotavirus infection has also been associated with secondary bacterial infections (21). Although, the exact mechanisms leading to sepsis and organ dysfunction are unknown, a leading hypothesis entails translocation of bacteria and endotoxin through damaged intestinal epithelium into the splanchnic circulation, systemically increasing production of nitric oxide and circulating pro-inflammatory cytokines like TNF and IL-1β, and high mobility group box 1 protein, resulting in sequential organ failure (96). HIV infection can lead to apoptosis of CD4 T-lymphocytes, defective T and B lymphocyte function, decreased production of IFN-γ, IL-2 and immunoglobulins, and decreased NK cell activity (97–99). This leads to not only increased risk of secondary bacterial infections but also increased susceptibility to other viruses and intracellular organisms such as mycobacteria and Pneumocystis jiroveci.

Similar to bacterial coinfections, critically ill children can be simultaneously infected by multiple viruses. The course of illness in patients with viral coinfections depend on virus-virus interaction. Various mechanisms for disease virulence in viral coinfections have been proposed, including viral gene interactions, immunologic interactions and alteration in host environment (100). Even though the clinical significance such interactions is unknown, a study by Rhedin et al. reported increased risk of severe respiratory disease in patients with viral coinfections compared to those with single viral infections (101). Approximately 20% of the patients had viral coinfection and RSV, bocavirus and adenovirus were the most common viruses associated with coinfections (101). In another study performed in Canada on patients with respiratory viral infections, approximately 17% of the patients had viral coinfections (102). There was no difference in the risk of hospitalization or the severity of illness in patients with single viral infections and those with viral coinfections (102). Another study done in Greece revealed a much higher viral coinfection rate (42%) with most common coinfections with RSV, influenza, rhinovirus and parainfluenza viruses (103). Increased risk of hospitalization has been observed in patients with viral coinfections (103). However, systematic reviews and meta-analyses of children with viral coinfections have not shown any association with increased clinical severity (104, 105). Patients infected with HIV are at high risk of secondary viral infections such as CMV, HSV and respiratory viruses like RSV, influenza and metapneumovirus.



Diagnostic Testing

The diagnosis of viral sepsis is typically one of exclusion. Bacterial sepsis, whether primary or secondary, is usually of higher initial concern because failure to recognize this diagnosis and promptly administer systemic antibiotics has lethal consequences. Unfortunately, in our current state of limited antiviral therapies, even the prompt recognition and treatment of viral sepsis may not quickly improve a patient's clinical course. Nonetheless, early, definitive diagnosis of a primary viral septic process may inform treatment decision-making and help limit unnecessary systemic antibiotic administration. In symptomatic critically ill children, identification of a viral etiology can play an important role in the management and impact the outcome of these patients.

There are currently no standard approaches to viral diagnostic testing. Point-of-care (POC) antigen-based testing is relatively inexpensive and provides rapid detection of common respiratory viruses from a nasopharyngeal swab, such as RSV or common strains of human influenza. However, POC testing may lack the sensitivity needed to determine the etiology of life-threatening sepsis (106). Direct fluorescent antibody (DFA) testing may provide better specificity and a broader range of viral strain detection than POC testing, but the test depends on the collection of sufficient numbers of epithelial cells for adequate viral detection (107). Cell culture is the traditional gold-standard for viral diagnoses, including for HSV, however the long turn-around time for results significantly limits its utility for expedient diagnosis (108). Commercial or laboratory-developed nucleic acid amplification tests (NAATs) (e.g., polymerase chain reaction, PCR, or reverse transcription-loop-mediated isothermal amplification) may provide greater sensitivity and specificity than POC or DFA testing but requires sophisticated equipment and specially trained laboratory staff to complete (109, 110). NAATs have the added benefit of being highly multiplexed with new commercially available technology like Biofire® FilmArray® multiplex PCR (111). Unfortunately, the use of NAATs is limited by the high cost, delay in results and the inability to distinguish between viral nucleic acids from live viruses (112). Ultimately, the methods available for timely viral detection are limited by technique of sample collection and institutional resource availability.

Several limitations to the current diagnostic testing for causative viruses are worth noting, and results of viral testing always need to be interpreted with caution. For instance, although a type of enterovirus, HPeV cannot be detected on routine enterovirus PCR assay. HPeV-specific PCR is required to detect this virus in respiratory, CSF and stool samples of infected children and should be considered as a part of workup for neonates and young children presenting with sepsis (113). The clinical utility of viral respiratory PCR panels is also limited by their high rates of positive detections without clinical correlates. Detection of a virus in a patient with sepsis does not necessarily indicate causation. Some studies have shown that a respiratory virus can be detected in about one third of asymptomatic children (114, 115). Viral PCR testing is particularly difficult to interpret due to its high sensitivity for viral nucleic acids, making it challenging for the clinician to distinguish between active viral disease and viral nucleic acid or live viral carriage (112, 116, 117). A positive test could be a result of asymptomatic colonization, prolonged viral shedding or viral coinfection. In a study by Rhedin et al. comparing PCR results between symptomatic and asymptomatic patients, RSV, metapneumovirus and parainfluenza viruses had a significantly higher detection rate in children with acute respiratory infection, suggesting causation; however, other viruses (enterovirus, coronavirus, bocavirus, rhinovirus, and adenovirus) had an equally high detection rates in asymptomatic children (101). Because of these positive viral detections in asymptomatic children, it is important that clinicians consider the big picture, and factor in other pertinent information that may indicate an active ongoing bacterial infection before discontinuing antibacterial agents based on a viral assay. The use of serum biomarkers (see section below) and whole blood gene expression analysis (118) may serve a crucial role in this setting to discern viral from bacterial sepsis. When faced with a septic child who has an unusual sepsis presentation, does not respond to usual therapies, or has persistently negative diagnostic evaluations, a viral etiology must be considered and consultation with an infectious disease expert is recommended.



Biomarkers for Viral Sepsis

Several serum biomarkers, including lactate, C-reactive protein (CRP), and procalcitonin (PCT), are used to guide management in sepsis and are an important part of early goal directed therapy (119). PCT is more commonly used in the ICU setting for early determination of the likelihood of a bacterial etiology for sepsis and to guide antimicrobial duration (120, 121). Serum PCT has been shown to be elevated in bacterial infections and is superior to CRP in assessing the severity and course of the disease (122). However, the mean sensitivity of PCT as a biomarker of sepsis remains low at 77%, with a specificity of 79% (123, 124). Unfortunately, in general, these biomarkers are non-specific in distinguishing bacterial vs. viral infection (125).

In recent years, several viral-specific biomarkers have been identified. Many transcriptional signatures have been designed to distinguish viral infections from bacterial infections as well as non-infectious conditions (126, 127). Zaas et al. identified a 30-gene signature to discriminate symptomatic influenza A-infected subjects from both healthy and bacterially-infected subjects (128). In a recent study by Herberg et al., a 2-transcript RNA signature [FAM89A and IFI44L) showed promising results in its ability to distinguish between bacterial and viral infections, demonstrating that the expression of IFI44L was increased in patients with viral infection, whereas expression of FAM89A was increased in patients with bacterial infection (118). Another recent study identified a four-gene expression signature in whole blood to distinguish viral infections from other etiologies (129). Human myxovirus resistance protein 1 (MxA) is an important intermediate product in the IFN-mediated antiviral response against a variety of viruses. Serum MxA levels are significantly higher in patients with viral infections compared to bacterial infections in pediatric population and thus may be an additionally useful biomarker to discriminate viral from bacterial illness (130).



Preventive Strategies and Management

There is a paucity of data regarding treatment and management of viral infection. Supportive care is the current mainstay of therapy for most viral infections, particularly for respiratory viruses. Though broad-spectrum antibiotic therapy may be prudent until a bacterial source for sepsis has been definitively ruled-out, sustained antibiotic treatment has no role in the management of viral sepsis except in the case of bacterial coinfections. Many viral infections can be prevented with the use of hand hygiene, environmental decontamination, use of personal protective equipment, elimination of second-hand smoke, and isolation of infected children (131). Additional protection can be conferred by administering vaccines for common communicable viruses. These preventive strategies are of particular importance in high-risk patients. As the scope of available vaccines and anti-viral therapies remains rather limited, development of novel vaccines and treatment is critical (131).

For RSV infection, management is currently limited to passive immunization for at-risk infants. Palivizumab, an RSV-specific monoclonal antibody, is Food and Drug Administration (FDA) approved for the prevention of infection in high-risk infants during RSV season. The American Academy of Pediatrics has issued more clear recommendations for palivizumab use, stating that it should be administered as a monthly injection during RSV season in children born less than 29 weeks, 0 days gestation and are less than 12 months of age or in children with congenital heart disease, chronic lung disease (132). Studies have shown variable efficacy of palivizumab, with reduction in RSV hospitalization rate by approximately 60% (133). Currently, aerosolized ribavirin is the only FDA-approved treatment available for the management of RSV infection, though its use remains controversial (134). To date, RSV vaccines and antiviral therapies remain an active area of investigation (135). A randomized, controlled trial performed in adult patients with RSV infection compared the RSV entry inhibitor GS-5806 to placebo and demonstrated a decrease in both viral load and the clinical severity of infection in patients treated with GS-5806 (136). Similar fusion inhibitors such as ALX-0171 (137), JNJ-2408068 (138), MDT-637 (139), and VP14637 (138) demonstrate efficacy in vitro, and ALX-0171 is undergoing a phase II clinical trial in infants hospitalized for RSV (clinicaltrials.gov registration no. NCT02979431). The use of ALS-008176, an RSV polymerase inhibitor, has similarly been shown to reduce viral load, rapidly clear RSV, and improve the severity of disease in adults with RSV infection (140). ALN-RSV01 is a lipid-based nanoparticulate system, containing small-interfering RNA (siRNA] that demonstrates promising antiviral effects against RSV in lung transplant patients (141) by targeting the mRNA of the RSV nucleocapsid protein, thereby limiting viral replication (142). However, until these novel treatments have undergone appropriate clinical trials, the pediatric medical community must continue to wait for effective RSV antiviral therapy.

Unlike RSV, seasonal vaccines and several antiviral therapies are available to treat influenza viral infections. The seasonal influenza vaccine has demonstrated reasonable efficacy at attenuating influenza A and B viral disease (143). Currently, two forms of the influenza vaccine are available for use in children: a live attenuated vaccine in the form of a nasal spray and an inactivated vaccine in an injectable form. Antiviral agents used in the treatment and post-exposure prophylaxis of influenza infections include neuraminidase inhibitors (oseltamivir and zanamivir) and the adamantanes (amantadine and rimantadine). Oseltamivir is the most commonly used medication due to high prevalence of adamantane resistance. Oseltamivir has shown to be beneficial and tolerable in children with influenza if received within first 48 h of illness (144, 145). However, in cases of severe infection, initiation of oseltamivir beyond 48 h of symptom onset may still provide benefit (146). Nanotechnology-based vaccines are also being developed for influenza virus. InflexalR V and InfluvacR are two virosomal vaccines that have been shown to be efficacious against influenza infection (147, 148). STP702, another nanotherapeutic agent, is an siRNA under development designed to inhibit conserved regions in H1N1 and H5N1 strains of the influenza virus and prevent viral replication (116). Nanotraps such as sialylneolacto-N-tetraose c (LSTc)-bearing liposomal decoys bind to hemagglutinins on the influenza virus and prevent viral spread in vitro, demonstrating the potential have shown to be effective against influenza virus (117). The influenza polymerase inhibitor T-705 (favipiravir) has been demonstrated significant attenuation of influenza virus activity (149). Interestingly, at higher concentration, it has also shown to be effective against poliovirus, rhinovirus and RSV (149). Other agents under investigation include CS-8958, a long-acting neuraminidase inhibitor, and DAS181, an attachment inhibitor (150). Animal studies have also shown promising results with combination therapy (150). Various immunomodulatory agents have also been posited to temper the dysregulated host inflammatory response in severe influenza (151), including cyclooxygenase-2 inhibitors (152), doxycycline (153), glucocorticoids (154), macrolides (155, 156), peroxisome proliferator-activated receptor agonists such as gemfibrozil (157), sphingosine-1-phosphate (158), and the Tie2 receptor activator vasculotide (65). Further studies are needed to determine the efficacy of these treatments in human influenza infection.

Pleconaril, an orally administered viral capsid inhibitor, has shown to be effective against picornaviruses, especially enteroviruses and rhinoviruses (159). Abzug et al. reported greater survival in patients with neonatal enteroviral sepsis who received pleconaril (159). Similarly, patient with rhinovirus infection treated with pleconaril have shorter duration of symptoms, depending on susceptibility of the virus to the medication (160). No antiviral activity has been observed from pleconaril against HPeV (18). Intravenous immunoglobulin has shown potential benefit in management of enteroviral infections (161).

Prevention of neonatal HSV infection is more elusive as neonatal HSV disease often occurs after transmission from asymptomatic women with primary HSV infection (162). In cases of active maternal genital herpes, cesarean sections can decrease the incidence of neonatal HSV infection, especially when performed within 4 h of rupture of membranes (163). A subunit HSV vaccine has shown promising results in prevention of genital herpes and is currently under Phase III trial (164). Although not routinely recommended, antiviral prophylaxis with acyclovir in late pregnancy has been demonstrated to decrease viral shedding, leading to reduction in cesarean rates and recurrent herpes (165, 166). Patients with severe neonatal HSV infection (those with disseminated disease and CNS infection) should be treated with intravenous acyclovir for 21 days (167).

Viral sepsis may occur in HIV-infected children due to opportunistic or other secondary viral infections (19). Increasing use of highly active antiretroviral therapy (HAART) has significantly improved survival of HIV infected children by decreasing the progression to acquired immunodeficiency syndrome (AIDS), thereby maintaining host immunocompetence that protects against the development of viral sepsis (168–171). However, HAART is associated with potentially deleterious sequelae, making timing of the therapy very controversial in patients with active sepsis (19).



Outcomes

Extensive studies have not been done to characterize the effect of viral sepsis on outcomes. In a recent study, Hon et al. found no difference in mortality between patients with and without viral infections who were admitted to PICU (172). Shi et al performed a systematic review of RSV infections in 2015 and estimated case fatality rates in children with RSV infection to be around 2.2% (<6 months of age) and 2.4% (6–11 months of age) in developing countries. Case fatality rates in higher income countries were significantly lower (0.2 for <6 months and 0.9 for 6–11 months) (173). In another study, the highest mortality from RSV infection was seen at mean age of 6.2–7.5 months with three quarters of these cases associated with comorbid conditions (174).

Seasonal influenza epidemics and various pandemics have historically led to significant morbidity and mortality in the past, either due to exacerbation of an underlying condition or due to secondary bacterial infections. Mortality with influenza varies not only with season, but with predominant influenza strain and effectiveness of influenza vaccine each season. During the first year of the pandemic 2009 H1N1, global mortality in children aged 0–17 years was estimated to be as high as ~ 45,000 cases, with majority of deaths occurring in Southeast Asia and Africa (175). Both pediatric and adult patients during this pandemic had a very rapid progression to respiratory failure and required prolonged mechanical ventilation and vasopressor support (176, 177). Various extrapulmonary complications secondary to influenza sepsis have been reported in the literature. These include, but are not limited to renal failure, rhabdomyolysis, encephalopathy, myocarditis, and multiorgan failure. These complications also lead to poorer outcomes (178).

Sepsis from HPeV can lead to significant morbidity in neonates and young children. Although, most infections are self-limited, long-term neurological deficits such as learning disability, developmental delay, paralysis and epilepsy have been observed in these patients (179, 180). HPeV infections have also been associated with encephalitis, hepatitis and coagulopathy (18). In addition, rare complications have also been observed in these patients including necrotizing enterocolitis, myocarditis, myositis, hemolytic uremic syndrome, and Reye's syndrome (18). Other enteroviral infections can lead to similar complications and long-term neurological deficits. Hepatic and cardiac dysfunction can also be observed in these patients (181–183). In HSV infection, neurological complications such as developmental delay and seizures have been observed in infected neonates (15). Mortality from systemic HSV infection is usually due to severe coagulopathy, hepatitis and pneumonitis (15). In a multicenter study, Spaeder et al. observed a mortality rate of 9% in patients with severe metapneumovirus infection (184). Increased mortality from metapneumovirus infection has been observed in children with chronic medical conditions, female gender and patients who acquired the infection in the hospital (184). Similarly, RSV, parainfluenza and influenza infections, when acquired in hospital, have been associated with increased mortality (185). Rotavirus infection can lead to extraintestinal complications like seizures and meningoencephalitis (186, 187). In HIV patients, likelihood of progression to AIDS and of mortality are impacted by time of acquisition of HIV, viral load, CD4 count and timing of HAART initiation. Approximately 80% mortality has been observed in developing countries with limited access to HAART (188). Complications that lead to increased morbidity and mortality in these patients include severe CMV infection, encephalopathy, recurrent life-threatening bacterial infections, tuberculosis, and pneumocystis infection (189).

End-organ failure is a major contributor to mortality in sepsis and septic shock, including virus-induced sepsis. Complications such as acute respiratory distress syndrome, disseminated intravascular coagulation, and acute renal injury often leads to a worse prognosis. Developing countries often have disproportionately higher mortality in patients with viral infections (190), likely due to delayed diagnosis and treatment. Risk of severe sepsis is also related to the site of infection, with endocarditis and CNS infections being associated with mortality as high as 20% (1). Besides the site of infection, the type of virus also determines the risk of mortality. For example, meningitis from HPeVs is a common cause of sepsis in neonates and young children but consequent mortality is low in these patients (179). HPeV3 is associated with more severe disease than HPeV1 (113). Moreover, the extent of systemic involvement can predict the development of multiple organ failure and thus mortality (191). Sepsis related mortality has been reported in other viral infections including dengue fever (192). However, further studies are necessary in order to estimate the burden of viral sepsis on outcomes including morbidity, mortality, and health care related costs.




SUMMARY

Although the incidence of viral-induced sepsis is not precisely known, it is suspected to be common and may represent an important subset of children with “culture-negative sepsis.” It is therefore critical for clinicians to suspect and test for viral infection in children with culture-negative sepsis if appropriate infection containment measures are to be instituted in a timely fashion and in the interest of early identification of children with viral infections amenable to treatment. These considerations are especially urgent for high-risk children, such as those born prematurely or those having congenital heart disease, chronic lung disease, or immunodeficiency. Appropriate diagnosis of viral sepsis may provide the clinician added confidence to limit the duration of empiric antibacterial exposure in children with sepsis, and therefore may be helpful in the fight against antibiotic-resistant bacteria. Further studies are needed to identify novel viral-specific biomarkers and therapeutics.
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Background and Aims: Neonatal ventilator associated pneumonia (VAP) is a common nosocomial infection and a frequent reason for empirical antibiotic therapy in NICUs. Nonetheless, there is no international consensus regarding diagnostic criteria and management. In a first step, we analyzed the used diagnostic criteria, risk factors and therapeutic management of neonatal VAP by a literature review. In a second step, we aimed to compare suspected vs. confirmed neonatal VAP episodes in our unit according to different published criteria and to analyze interrater-reliability of chest x-rays. Additionally, we aimed to evaluate the development of VAP incidence and antibiotic use after implementation of multifaceted quality improvement changes regarding antimicrobial stewardship and infection control (VAP-prevention-bundle, early-extubation policy, antimicrobial stewardship rounds).

Methods: Neonates until 44 weeks of gestation with suspected VAP, hospitalized at our level-III NICU in Lucerne from September 2014 to December 2017 were enrolled. VAP episodes were analyzed according to 4 diagnostic frameworks. Agreement regarding chest x-ray interpretation done by 10 senior physicians was assessed. Annual incidence of suspected and confirmed neonatal VAP episodes and antibiotic days were calculated and compared for the years 2015, 2016, and 2017.

Results: 17 studies were identified in our literature review. Overall, CDC-guidelines or similar criteria, requesting radiographic changes as main criteria, are mostly used. Comparison of suspected vs. confirmed neonatal VAP episodes showed a great variance (20.4 vs. 4.5/1,000 ventilator-days). The interrater-reliability of x-ray interpretation was poor (intra-class correlation 0.25). Implemented changes resulted in a gradual decline in annual VAP incidence and antibiotic days from 2015 compared with 2017 (28.8 vs. 7.4 suspected episodes/1,000 ventilator-days, 5.5 vs. 0 confirmed episodes/1,000 ventilator-days and 211 vs. 34.7 antibiotic days/1,000 ventilation-days, respectively).

Conclusion: The incidence of suspected VAP and concomitant antibiotic use is much higher than for confirmed VAP, therefore inclusion of suspected episodes should be considered for accurate evaluation. There is a high diagnostic inconsistency and a low reliability of interpretation of chest x-rays regarding VAP. Implementation of combined antimicrobial stewardship and infection control measures may lead to an effective decrease in VAP incidence and antibiotic use.

Keywords: neonatal ventilator associated pneumonia, diagnostic criteria, quality improvement, antibiotic stewardship, infection control, risk factors


BACKGROUND AND AIMS

Ventilator associated pneumonia (VAP) is defined as a nosocomial lower airway infection, i.e. pneumonia, in intubated patients with onset after 48 h or more of invasive mechanical ventilation1 (1). VAP is usually caused by airway colonization by potential pathogens, which disseminate due to inadequate immune response of the newborn's immature innate immune system. The immaturity of the immune system is especially significant in premature and growth restricted newborns (2). Sources of airway colonization can be the patient's own flora, i.e., bacterial overgrowth in oral secretions, reflux and aspiration of gastric fluid or the patient's environment with its caretakers and equipment (2, 3).

VAP is one of the most frequently diagnosed nosocomial infections (4) and, after suspected early onset sepsis, second most reason for antibiotic intervention in NICUs (5, 6). There is no international consensus on definition of VAP regarding the neonatal population (3, 7). In most recommendations radiographic changes are considered as one of the main crireria. However, underlying lung disease may complicate the interpretation of radiographic changes in this population. Reported frequency of neonatal VAP show a large range (2.7–10.9 cases per 1,000 ventilator days) in developed countries (3). VAP incidence can be reduced by infection control measures such as VAP-prevention-bundles (8–10). Epidemiologic studies demonstrated that quality improvement initiatives, not the introduction of new therapies or research approaches, resulted in a decline of mortality of neonates in the last decade (11).

Antibiotics are among the most frequently used medications in neonatal intensive care (12). There is a high variance of antibiotic use when comparing different NICUs. This observation suggests relevant overuse and underlines the need for implementation of antibiotic stewardship (13, 14). Prompt antibiotic therapy for possible infections in this vulnerable population is crucial for good outcome (15). On the other hand, inadequate antibiotic use results in increasing occurrence of multidrug resistant bacteria (16). In addition, recently published studies underline that antibiotic treatment in early life has an impact on the individual's microbiome with potential consequences for future health (17–20). Prolonged duration of antibiotic use in preterm infants is also associated with higher mortality and morbidity such as chronic lung disease, retinopathy of prematurity, periventricular leukomalacia and necrotizing enterocolitis (16, 21). Neonatologists and pediatricians should be aware that starting antibiotics may be in some circumstances more harmful than beneficial. The mind-set of antibiotic treatment just for safety reasons is no longer justified (20).

Aim of this study was to perform a review of the current literature to present an overview of the most commonly used diagnostic criteria, risk factors and therapeutic management for neonatal VAP. Secondly to analyze all suspected neonatal VAP episodes in our unit within the study period according to various predefined diagnostic criteria1 (22, 23). We hypothesized that a high variance in incidence between clinically suspected and confirmed neonatal VAP would exist. Additionally, because interpretation of chest x-rays is a corner stone of VAP diagnosis, we wanted to analyze the interrater-reliability of all chest x-rays done for suspected neonatal VAP episodes, hypothesizing that interrater-reliability would be modest to low. Last, we aimed to describe and compare annual incidence of neonatal VAP and antibiotic use for neonatal VAP in our NICU during a quality improvement initiative with implementation of multifaceted changes focused both on antimicrobial stewardship and infection control. We hypothesized that implementation of these changes decreases incidence of, as well as antibiotic use for neonatal VAP.



METHODS


Literature Review

The literature review was done applying the approach of the PRISMA-statement for systematic reviews (24). PubMed was searched using the following search terms: “diagnosis + neonatal ventilator associated pneumonia,” “antibiotic therapy + neonatal ventilator associated pneumonia,” and “neonatal ventilator associated pneumonia” sorted by best match, with restriction to available full text in English or German. The first search was run in December 2017, the last search was run in March 2018. In addition, further studies were identified reviewing references in found publications. Inclusion was based on the described population (only neonatal population) and the content of the study (diagnostic criteria and/or risk factors and/or management of VAP).



Study Setting

For our study, approval of the national ethics committee was obtained (Project-ID 2017-01842). The patients' parents/guardians were informed beforehand and gave consent for the study. Recordings of suspected neonatal VAP episodes as well as the single-center quality improvement initiative were undertaken at our level-III NICU in Lucerne. The Children's Hospital Lucerne is a teaching hospital for Pediatrics and Neonatology and the unit is a referral level III NICU (perinatal center) with all pediatric specialties including neonatal surgery, but without cardiac surgery (except surgical closure of persistent ductus arteriosus). The NICU is part of the Swiss neonatal collaboration with regular quality assessment and center-to-center comparison (25).

For this study, neonatal VAP was defined as VAP occurring in neonates below 44 weeks of corrected gestational age. Therefore, the study population consists of neonates with a corrected gestational age between 23 0/7 and 43 6/7 weeks hospitalized during the study period of September 1st, 2014 to December 31st, 2017. September 1st, 2014 data collection was started with implementation of a prospective surveillance program assessing VAP, central line associated blood stream infections (CLABSI) and use of antibiotics on the NICU. Every morning between 6 and 8 a.m. the on-site physician recorded patients with suspected VAP, CLABSI and patients on antibiotic treatment. The recordings were verified and entered into the NICU's surveillance database by the NICU's data manager.



Definitions of Suspected and Confirmed Neonatal VAP

Suspected VAP was defined according to the following criteria: ventilation for more than 48 h and new start or change of antibiotic therapy due to worsening of ventilation conditions and/or clinical deterioration and/or radiological changes compatible with pneumonia and/or changes of tracheal secretions and/or abnormal laboratory parameters (CRP > 20 mg/l, leukocytosis/-penia, I:T ratio > 0.2).

To compare the variance between clinically suspected (all episodes in our study population) and confirmed neonatal VAP, four different frameworks for diagnosis of VAP were applied on all suspected VAP episodes of our study population retrospectively. Patients fulfilling the diagnostic criteria of at least one of the frameworks were defined as confirmed VAP. Suspected episodes not fulfilling any criteria were addressed as non-confirmed VAP. The frameworks we used for further diagnosis were: 1. Center for Diseases Control and Prevention (CDC): Criteria for defining nosocomial pneumonia for infants ≤ 1 year old (22); 2. European Centre for Disease Prevention and Control (ECDC)1; 3. Diagnostic criteria for laboratory confirmed VAP according to a surveillance study with definition for infection specifically adapted for neonates from a Dutch NICU (23); 4. Diagnostic criteria for clinical VAP according to a surveillance study with definition for infection specifically adapted for neonates from a Dutch NICU (23). Table 1 shows a listing of all used definitions.



Table 1. Used definitions for diagnosing neonatal VAP.
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Interrater-Reliability of Chest-X-Ray Interpretation

Chest x-rays for suspected VAP episodes were ordered according to the physician in charge. The primary evaluation was done by the radiologist in charge and used for evaluation of confirmed neonatal VAP. For analysis of interrater-reliability, all chest x-rays ordered for suspected neonatal VAP were reviewed separately by all board approved neonatologists, pediatric pulmonologists and pediatric infectious disease specialists of the children's hospital of Lucerne (total of 10 senior physicians: 7 board approved neonatologists, 2 board approved pediatric pulmonologists and 1 board approved specialist for pediatric infectious diseases). They all reported if radiographic changes caused by neonatal VAP were present with a 4-point Likert scale (yes, possibly yes, possibly no, no). All x-rays were anonymized and all raters were blinded for the written interpretation by the radiologist.



Quality Improvement Initiative

Within our quality improvement initiative we analyzed prospectively all episodes of suspected neonatal VAP and antibiotic use during and after implementation of multifaceted changes regarding infection control and antimicrobial stewardship in our NICU. The prospective surveillance program started in September 2014. The staff of the NICU was aware of the quality improvement initiative focused on antimicrobial stewardship, but was not informed regarding details of the ongoing analyzes for the study.

Since 2007, prescription of antibiotics in our unit is standardized by use of a web based guideline (www.idosecalc.ch) specifying drug, dose and duration of therapy (7–10 days of therapy recommended for hospital acquired pneumonia). Starting December 2015, the following multifaceted quality improvement changes were introduced over 2 years (Table 2): Firstly, a new policy for early-extubation minimizing duration of invasive ventilation was introduced in December 2015. Secondly, since December 2015, infectious disease specialists have been involved in the NICU every week for an antimicrobial stewardship round. Thirdly, a care bundle was implemented in our neonatal and pediatric ICU in December 2016, including the following measures: strict hand hygiene before and after patient contact and handling respiratory equipment, wearing gloves when in contact with secretions, ventilator circuit changes every 14 days or when visibly soiled, oral care every 2–4 h, head of bed elevation, draining ventilator condensate before repositioning of the patient, using endotracheal tube (ETT) with cuff when possible (usually not applicable for preterm neonates), choosing size of the ETT carefully to reduce numbers of reintubation.



Table 2. Implemented quality improvement changes in our NICU.
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Data Sources

Clinical signs, oxygen requirement, ventilation requirements and further physical measurements as required according to the criteria for VAP were extracted from patient files. Antibiotic days and laboratory results were obtained from electronic patient files and reports of hospitalization. All laboratory measurements were ordered according to the request of the physician in charge and the unit's policy to use full white blood count (WBC), I:T ratio and C-reactive protein (CRP) for evaluation of suspected infection and guidance of duration of antibiotic therapy. According to the unit's policy, blood cultures and cultures of tracheal aspirates ought to be obtained before start or change of antibiotic therapy. Results were obtained from electronic patient files. Tracheal aspirates were examined microscopically with a semi-quantitative analysis of leukocytes. Purulent tracheal aspirates were defined as leucocytes ≥2 within the scale from 0 to 3.



Statistical Analyses

All data were anonymized before statistical analysis. Data collection in our NICU is generally performed for the period of a whole year (January to December), therefore annual calculations of suspected and confirmed VAP episodes and antibiotic use could only be done for the 3 complete years of the study: 2015, 2016, and 2017. The episodes in 2014 were not included in calculations as the observational period started in September.

Incidence of suspected and confirmed neonatal VAP episodes, as well as incidence of all separate groups (1–4) were calculated for the period of January 2015–December 2017 and extrapolated for 1,000 ventilator-days. Comparison of agreement between the four different diagnostic criteria was calculated using intra-class correlation coefficients (ICC). Risk factors such as gestational age, birth weight and duration of mechanical ventilation were compared between the two groups of non-confirmed and confirmed neonatal VAP. Agreement between raters for the evaluation of the chest x-rays with the 4-point Likert scale was assessed utilizing intra-class correlation coefficients (ICC). All raters evaluated all chest x-rays (fully crossed design). An ICC > 0.8 was considered as excellent, >0.6 as good agreement between raters. Annual incidence of suspected and confirmed VAP episodes and antibiotic days were calculated for 1,000 ventilator-days. To assess the existence of a possible trend regarding annual incidence of suspected VAP episodes, duration of antibiotic therapy per suspected episode and antibiotic days for suspected episodes, the nonparametric test for trend proposed by Cuzick was used (Wilcoxon-type test for trend) as the approximation works for small sample sizes (26).




RESULTS


Literature Review

A total of 17 studies were included in the review. The flow chart in Figure 1 shows the process of selecting studies for inclusion in the literature review. Table 3 is a listing of these recent studies, giving an overview of the used diagnostic criteria, the most important risk factors and the used therapeutic management for VAP in newborns. The CDC guidelines for infants ≤ 1 year old were the most often applied criteria followed by similar and adapted criteria. Except for the criteria used in the study by Katayama et al. (33), all request abnormal chest x-rays as part of their criteria. Longer duration of mechanical ventilation, low birth weight, low gestational age and numbers of reintubation were the prevalent risk factors for VAP. Long duration of mechanical ventilation was the most important risk factor. Even though the database was reviewed for studies regarding antibiotic therapy, only three studies (31, 33, 37) discussed the treatment of VAP.
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FIGURE 1. Flow-chart showing literature research.





Table 3. Systematic review: Overview of incidence, diagnostic criteria, risk factors and treatment.
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Suspected vs. Confirmed Neonatal VAP

Comparison of suspected with confirmed neonatal VAP episodes showed a great variance over the whole study period: 20.4 vs. 4.5/1,000 ventilator-days. The particular incidence of confirmed neonatal VAP after applying the 4 different diagnostic criteria (groups 1–4) is shown in Table 4. Comparison of agreement between the different diagnostic criteria showed an ICC of 0.55, thus showing a moderate agreement.



Table 4. Incidence of suspected and confirmed neonatal VAP (in total and for groups 1 – 4).
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The age of neonates in our study population (n = 36) ranged between 24 3/7 and 41 1/7 (median 28 4/7) gestational weeks at the time of diagnosis. They weighed between 345 and 3,770 g (median 650 g). The 26 neonates with non-confirmed VAP were between 24 3/7 and 41 1/7 (median 27 6/7) gestational weeks old and weighed between 345 and 3,770 g (median 630 g). Duration of mechanical ventilation varied between 3 to 103 days (median 12.5 days). The 10 neonates with confirmed VAP episodes were between 26 5/7 and 40 0/7 (median 29 1/7) weeks and had a birth weight between 345 and 3,690 g (median 670 g). They were intubated between 10 and 37 days (median 26 days) at time of diagnosis. Figure 2 shows a comparison of the patients' gestational age, birth weight and duration of intubation between the non-confirmed and confirmed neonatal VAP cases.


[image: image]

FIGURE 2. Comparison of gestational age, birth weight and duration of intubation; non-confirmed (n = 26) vs. confirmed (n = 10) neonatal VAP episodes.



Thirty-one out of the 36 analyzed tracheal aspirates showed bacterial growth (Table 5). Thirteen of the 31 culture positive tracheal aspirates also showed a purulent sputum. Among the 10 neonates with confirmed VAP, 8 had culture positive tracheal aspirates, thereof 4 presented with purulent sputum. Table 5 shows a listing of these results and of all isolated pathogens. In 13 cases only cultures of tracheal aspirates without blood cultures were taken. Of the 23 analyzed blood cultures only one showed bacterial growth (Staphylococcus aureus). This patient also showed growth of Staphylococcus aureus in the tracheal aspirate but was not diagnosed as a confirmed VAP according to our applied criteria.



Table 5. Results of analyzed tracheal aspirates.
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Comparison of agreement in rating all chest x-rays done for suspected neonatal VAP episodes showed an ICC of 0.25, thus showing a poor agreement between the 10 raters.



Quality Improvement Initiative

Characteristics of the NICU's patient population for 2015 - 2017 are shown in Table 6. There were no relevant differences except a reduction in mean ventilation days per patient from 2015 to 2017. Implemented changes resulted in a gradual decline in annual neonatal VAP incidence and antibiotic days. The annual neonatal VAP incidence for 2015 vs. 2017 was 28.8 vs. 7.4 suspected episodes/1,000 ventilator-days and 5.5 vs. 0 confirmed episodes/1,000 ventilator-days (Table 7). Antibiotic days declined from 211 in 2015 to 34.7 antibiotic days/1,000 ventilator-days in 2017 for suspected episodes and from 52 in 2015 to 0 antibiotic days/1,000 ventilator-days in 2017 for confirmed episodes. Duration of antibiotic treatment of suspected VAP episodes also declined over the years with a median duration of 8 (7–10) days in 2014 vs. 5 (2–7) days in 2017 (Figure 3). Cuzick's nonparametric test for trend showed a statistically significant trend for decreasing annual incidence of suspected VAP episodes, decreasing duration of antibiotic therapy per suspected VAP episode as well as decreasing annual antibiotic days for suspected VAP episodes from 2015 to 2017 (Table 7).



Table 6. Annual comparison of clinical characteristics of the patient population in our NICU.
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Table 7. Incidence of suspected and confirmed neonatal VAP and antibiotic use.
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FIGURE 3. Comparison of duration of antibiotic treatment (antibiotic days/VAP episode) according to year. Left: all episodes (n = 36), right: non-confirmed (n = 26) vs. confirmed (n = 10) neonatal VAP.






DISCUSSION

Our literature review showed that CDC guidelines for infants ≤ 1 year old or similar criteria to diagnose neonatal VAP were most often applied. These criteria are not especially adapted for the neonate or premature born population. The diagnostic criteria in 16 out of the 17 studies in our literature review requested abnormal chest x-rays. Evaluation of all chest x-rays done for suspected VAP episodes in our NICU showed a poor agreement between 10 senior physicians. This is in line with published studies describing the challenges of interpreting radiographic changes in patients with underlying lung diseases (29, 42, 43). An alternative diagnostic tool for lung pathologies is lung ultrasound (LUS). Different studies described the usefulness and accuracy of lung ultrasound for diagnosis of pneumonia in children (44, 45). Also, LUS has shown to be highly accurate for diagnosis of neonatal respiratory distress syndrome (46–48). LUS has been shown to be equivalent to chest x-rays in these studies. Hiles et al. (47) even described less intra-observer discrepancy in identification of small pneumonias. Further studies concerning sonographic diagnosis of pneumonia in the neonatal population are needed.

Additionally, unspecific clinical and laboratory findings challenge further the correct diagnosis of neonatal VAP (3, 49). Existence of purulent sputum is part of most used diagnostic criteria for VAP1 (22, 23). Only 4/10 of our confirmed neonatal VAP episodes showed purulent sputum. On the other hand, 31 out of all 36 neonates and 23 of the 26 non-confirmed VAP episodes showed bacterial growth in the analyzed tracheal aspirate. This might be caused by a high rate of colonization without clinical relevance. Cultures of tracheal aspirates are routinely taken if VAP is suspected although they are not part of most diagnostic criteria (37). Other authors described the frequent occurance of colonized tracheal aspirates (37, 50). A study by Ruiz et al. (51) showed no significant difference in diagnostic accuracy between noninvasive (tracheobronchial aspiration) vs. invasive (fiberoptic bronchoscopy with protected specimen brush and bronchoalveolar lavage) investigation techniques regarding VAP, thus not supporting more invasive procedures with more side effects. A study comparing treated vs. untreated episodes of culture-positive endotracheal aspirates showed that treated episodes also showed worse ventilation conditions, clinical symptoms and laboratory parameters (37), highlighting the limited usefulness of one diagnostic parameter by itself.

The moderate correlation for diagnosis of VAP according to 4 different frameworks in our study underlines the diagnostic problem. Incidence of VAP is often used as quality indicator and the discussed insecurity regarding diagnosis is a potential bias (49). Our findings, consistent with the published literature regarding the difficulty to diagnose neonatal VAP, demand an adaption of current diagnostic criteria for the neonatal population. On the other hand, due to the critical illness of neonates on the ventilator, early start of empiric antibiotic therapy for suspected VAP is mandatory. The challenge is to reevaluate empiric therapy after 24 to 36 hours combining clinical, laboratory and cultural findings. Figure 4 shows a possible algorithm to approach suspected VAP.
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FIGURE 4. Possible algorithm to approach suspected VAP.



Comparison of incidence between suspected and confirmed neonatal VAP episodes in our NICU showed a 4.5 times higher rate for suspected vs. confirmed VAP episodes/1,000 ventilator-days (20.4 vs. 4.5). Our rate of 4.5 confirmed VAP episodes/1,000 ventilator-days over the whole study period is in line with the published incidence in the studies in our systematic review (2.7–11.8 in developed countries). Prompt antibiotic therapy for possible infections is important for optimal outcome in the neonate population (15) and newborns with suspected VAP are often treated empirically without reviewing defined criteria for VAP (6). Median duration of antibiotic treatment for suspected and confirmed VAP episodes in our cohort was 7 (2–18) and 7.5 (5–18) days, respectively. Also, Cantey et al. recently reported a wide range of antibiotic treatment duration for culture-negative neonatal pneumonia from 5 to 14 days (median 7 days) (5). Taking into account antibiotic treatment for all episodes of suspected neonatal VAP, overall antibiotic use is much higher than reported for confirmed VAP. Our results show a 3.5 times higher number in antibiotic days when including all suspected VAP episodes. We conclude that an inclusion of suspected VAP episodes should be considered for accurate assessment and quality control of VAP incidence and antibiotic use in the neonatal population.

Implementation of multifaceted changes regarding antimicrobial stewardship as well as infection control in our NICU resulted in an annual decrease of suspected and confirmed VAP episodes. Infection control measures are aimed at the prevention of nosocomial or healthcare-associated infections (52). Methods used for infection control include hand hygiene, isolation guidelines, handling and disinfection of patient care equipment, instruments and devices and use of personnel protective equipment (53). Introduction of VAP-care-bundles to prevent infections has already been done in different units showing a potential significant reduction of VAP episodes after implementation (8, 9). Furthermore, our changes resulted in an important annual decline in overall antibiotic days and treatment days per VAP episode. Antimicrobial stewardship aims to reduce inappropriate antibiotic therapy by improving selection, duration, dosage and application route of drugs (54). A systematic review by Kaki et al. (54) showed that implementation of antimicrobial stewardship interventions in different hospitals resulted in reduction of overall antibiotic use, inappropriate therapy, duration of therapy and adverse events toward antibiotics. A recently published antibiotic stewardship study by Cantey et al. (5) reported a safe reduction of antibiotic use for pneumonia in a NICU population. The implemented changes in our unit not only reduced confirmed neonatal VAP episodes, but also the numbers of suspected episodes. This resulted in a 6-fold reduction of at least partly unnecessary antibiotic days per 1,000 ventilator-days (211 vs. 34.7/1,000 ventilator-days for 2015 vs. 2017) and a statistically significant trend for decreasing duration of antibiotic therapy and antibiotic days in total over time from 2015 to 2017. Both, reduction of antibiotic days as well as declining VAP incidences resulted in this trend, with reduction of VAP episodes statistically being the more important composite. As several changes were initiated at various time points, it is not possible to distinguish the impact of a single measure. We assume that both, infection control and antibiotic stewardship measures together had an impact on the observed reduction in incidence of neonatal VAP and antibiotic use: antimicrobial stewardship measures by increasing awareness toward antibiotic therapy, and infection control measures by reducing VAP episodes and thus antibiotic therapy. A position paper published by the Association for Professionals in Infection Control and Epidemiology (APIC), the Society for Healthcare Epidemiology of America (SHEA), and the Society of Infectious Disease Pharmacists (SIDP) stated the importance of joining antimicrobial stewardship and infection control measures, as implementation of a combination of both is more effective than one measure by itself (10).

All studies in our systematic review state long duration of mechanical ventilation as a risk factor for developing neonatal VAP. Comparing patient population of non-confirmed vs. confirmed VAP episodes, confirmed episodes in our NICU were also associated with longer duration of mechanical ventilation. Studies by Hentschel et al. (55) and Geffers et al. (56) showed lower pneumonia rates in patients ventilated with CPAP-devices compared to intubated patients. These studies support the strategy toward early extubation. Implementation of our early-extubation policy in our unit resulted in a decrease of duration of invasive ventilation without increase of mortality.

There are several limitations to our study: Firstly and most important, this is not an intervention study with a control group aiming to prove the causative benefit of the implemented changes. Nevertheless, the reduction of incidence and antibiotic use for neonatal VAP is remarkable. The NICU's patient population did not change remarkably over the three years and there were no other changes over the study period applied. Therefore, we could not determine any other apparent reason for the decline in numbers. Secondly, the sample size of VAP episodes is small and therefore it was not possible to further analyze and compare more risk factors or clinical indicators. Also numbers for confirmed VAP episodes are only descriptive as no further statistical calculations were done due to the even smaller sample size. Thirdly, whereas all VAP episodes were collected prospectively, diagnostic analyzes according to the 4 frameworks were done in retrospect.



CONCLUSIONS

Diagnosis and confirmation of neonatal VAP is difficult, resulting in a great variance between suspected and confirmed episodes. An adaption of current diagnostic criteria for the neonate population might be helpful for more consistency. Inclusion of both confirmed and suspected episodes should be considered for accurate evaluation and comparison of VAP incidence and antibiotic use in the neonatal population as quality indicators. Implementation of combined antimicrobial stewardship and infection control measures may lead to an effective decrease in both VAP incidence and antibiotic use.
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FOOTNOTES

10512-TED-PPS-HAI-antimicrobial-use-protocol. Available online at: https://ecdc.europa.eu/sites/portal/files/media/en/publications/Publications/0512-TED-PPS-HAI-antimicrobial-use-protocol.pdf (Accessed September 16, 2017).
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Background: Recent attempts to translate Sepsis-3 criteria to children have been restricted to PICU patients and did not target children in emergency departments (ED). We assessed the prognostic accuracy of the age-adjusted quick Sequential Organ Failure Assessment score (qSOFA) and compared the performance to SIRS and the quick Pediatric Logistic Organ Dysfunction-2 score (qPELOD-2). We studied whether the addition of lactate (qSOFA-L) would increase prognostic accuracy.

Methods: Non-academic, single-center, retrospective study in children visiting the ED and admitted with suspected bacterial infection between March 2013 and January 2018. We defined suspected bacterial infection as initiation of antibiotic therapy within 24 h after ED entry. Age-adjusted qSOFA, SIRS, qPELOD-2, and qSOFA-L scores were compared by area under the receiver operating characteristics curve (AUROC) analysis. Primary outcome measure was PICU transfer and/or mortality and secondary outcome was prolonged hospital length of stay.

Results: We included 864 ED visits [474 (55%) male; median age 2.5 years; IQR 9 months-6 years], of which 18 were transferred to a PICU and 6 ended in death [composite outcome PICU transfer and/or mortality; 23 admissions (2.7%)]. 179 (22.2%) admissions resulted in prolonged hospital length of stay. PICU transfer and/or death was present in 22.5% of visits with qSOFA≥2 (n = 40) compared to 2.0% of visits with qSOFA<2 (n = 444) (p < 0.01). qSOFA tends to be the best predictor of PICU transfer and/or mortality (AUROC 0.72 (95% CI, 0.57–0.86) compared to SIRS [0.64 (95% CI, 0.53–0.74), p = 0.23] and qPELOD-2 [0.60 (95% CI, 0.45–0.76), p = 0.03)]. Prolonged hospital length of stay was poorly predicted by qSOFA (AUROC 0.53, 95% CI 0.46–0.59), SIRS (0.49, 95% CI 0.44–0.54), and qPELOD-2 (0.51, 95%CI 0.45–0.57). qSOFA-L resulted in an AUROC of 0.67 (95% CI, 0.50–0.84) for PICU transfer and/or mortality and an AUROC of 0.56 (95% CI, 0.46–0.67) for prolonged hospital length of stay.

Conclusion: The currently proposed bedside risk-stratification tool of Sepsis-3 criteria, qSOFA, shows moderate prognostic accuracy for PICU transfer and/or mortality in children visiting the ED with suspected bacterial infection. The addition of lactate did not improve prognostic accuracy. Future prospective studies in larger ED populations are needed to further determine the utility of the qSOFA score.

Keywords: Sepsis-3, (q)SOFA, SIRS, (q)PELOD-2, risk-stratification, prognosis, outcome, pediatrics


INTRODUCTION

As SIRS criteria lack specificity when identifying patients with infection who are at higher risk of mortality, the Adult Sepsis Definition Taskforce published the Third International Consensus Definitions for Sepsis and Septic Shock in 2016 (1). This new Sepsis-3 consensus emphasizes that sepsis can be differentiated from uncomplicated infection by the existence of a dysregulated host response, manifested as hazardous organ dysfunction. The Sequential Organ Failure Assessment (SOFA) score was suggested to be used as a discriminator of in-hospital mortality and has been validated in adult patients with suspected or confirmed infection (1, 2). The quick SOFA (qSOFA) score, incorporating only altered mentation, systolic blood pressure and respiratory rate, has been suggested as manageable bed-side tool to promptly identify infectious patients prone to poor outcomes, and could therefore be especially useful in the Emergency Department (ED) (1, 2). Since publication of the Sepsis-3 consensus, several adult studies in ICU and ED populations have reported that both SOFA- and qSOFA score have better prognostic accuracy compared to formerly used sepsis criteria (2–5).

Regrettably, the Sepsis-3 taskforce excluded pediatric populations from development and validation. Hence, there is a remaining demand for data-driven pediatric sepsis criteria, especially because of pediatric specific challenges in sepsis recognition. Firstly, febrile children present to the ED with milder infections of lower acuity compared to adults. Secondly, pediatric sepsis could have a more fulminant course compared to adults and death could occur very early (6–8), making early recognition even more crucial. Several recent attempts have been made to translate Sepsis-3 criteria to children (9) and although the SOFA score has originally only been validated in patients above 12 years of age (10, 11), age-adapted SOFA and qSOFA show promising results in children admitted to a PICU. Matics and Sanchez-Pinto published a SOFA AUROC of 0.94 for in-hospital mortality (12) and Schlapbach and colleagues reported superior discrimination of age-adjusted SOFA for mortality compared to PELOD-2 and SIRS (13). In the latter, qSOFA performance was slightly better than SIRS, though inferior to SOFA and PELOD-2 scores. A large limitation of these studies is however that they were limited to the PICU, whereas earliest possible recognition of sepsis should occur in the ED.

The aim of this study is to assess the accuracy of the qSOFA score in predicting outcome among children presenting at the ED with suspected bacterial infection. Additionally, we compare our findings with SIRS criteria and the qPELOD-2 score. Lastly, since lactate could be measured in a timely, practically bedside, manner, we hypothesized that the qSOFA score would perform better with lactate included (qSOFA-L) in the risk stratification tool.



MATERIALS AND METHODS


Study Population

We performed a non-academic single-center retrospective study in patients <18 years who visited the ED and were subsequently admitted to the pediatric ward with suspected bacterial infection between March 2013 and January 2018. We defined suspected bacterial infection as initiation of therapeutic antibiotic therapy within 24 h after ED entry. We considered 11 antibiotics as therapeutic; amoxicillin, amoxicillin clavulanic acid, benzylpenicillin, cefotaxime, ceftazidime, ceftriaxone, cefuroxime, clarithromycin, clindamycin, flucloxacillin, and vancomycin. Patients admitted with a surgical diagnosis were excluded.



Clinical Data Collection

Data was retrieved electronically via the hospital patient information system. Data on demographics, antibiotic treatment, vital signs (temperature, heart rate, diastolic, and systolic blood pressure, respiratory rate), laboratory values (lactate, white blood cell count), level of consciousness (AVPU scale, Glasgow Coma Scale) (14), hospital length of stay, PICU transfer and mortality were collected. We calculated four sepsis scores; qSOFA (13), SIRS (15, 16), qPELOD-2 (17, 18), and qSOFA-L (Supplementary Table 1 presents age-adapted scores). These scores were based on the first measured values within 24 h after ED entry. A threshold of two or more points was used to indicate a positive test result for every sepsis score. If only 1 variable was not obtained (i.e., not measured in the first 24 h of admission), we considered this variable to be normal (i.e., no contribution was made to the total score). If two or more variables were not obtained, the total score was considered missing in order to prevent false-negative scores. Cut-off value for lactate was 2mmol/L (19).



Outcomes Measures

The primary outcome measure was a composite of PICU transfer (to an academic, tertiary care center) and/or mortality. Criteria for PICU transfer were cardio-respiratory or neurological failure. The secondary outcome measure was prolonged hospital length of stay, defined as a hospital length of stay of 7 days or longer.



Statistical Analysis

Statistical analyses were performed using SPSS version 24.0 (Armonk, USA). Normality of distribution was assessed through Shapiro-Wilk analysis. Data is presented as percentages, means with standard deviation or medians with ranges, as appropriate. χ2-tests were used to compare categorical data by subgroups. We measured the prognostic accuracy of each sepsis score using the area under the receiver operating characteristics curve (AUROC). AUROC comparison was performed using the DeLong method (20) with MedCalc version 18.2.1. Sensitivity, specificity, negative predictive value (NPV) and positive predictive value (PPV) were calculated for each score. P < 0.05 were considered statistically significant.



Ethical Aspects

This study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. The study protocol was approved by the local ethical review board (MEC-2018-1063). Necessity for written informed consent was waived.




RESULTS


Study Population

We identified 864 ED visits (55% males) with suspected bacterial infection that resulted in admission. Median age was 2.5 years (IQR 9 months-6 years). Six admissions (0.7%) ended in death within 30 days and 18 children (2.1%) were transferred to a PICU. Causes of death were; neurological failure due to cerebral hemophagocytic lymphohistiocytosis (n = 1), respiratory failure due to viral infection (n = 2) and aspiration pneumonia (n = 1), pulmonary artery embolus as a result of ethmoiditis (n = 1), and cardiorespiratory failure due to pneumonia (n = 1). The composite outcome; PICU transfer and/or death occurred in a total of 23 (2.7%) admissions (equivalent to 23 children). For 806 (93%) ED encounters, the total hospital length of stay was known, of which 179 (22.2%) patients were admitted during 7 days or longer. Of 864 visits, data on temperature was obtained in 855 (99%) patients (median time after ED entry 24 min (IQR 5-62), on heart rate in 784 (91%) patients (median time after ED entry 24 min (IQR 5-68), on systolic blood pressure in 269 (31%) patients (median time after ED entry 86 min (IQR 14-290), on respiratory rate in 676 (78%) patients (median time after ED entry 29 min (IQR 6-100), on lactate in 39 (4.5%) patients (median time after ED entry 71 min (IQR 20-471), on white blood cell count in 663 (77%) patients (median time after ED entry 65 min (IQR 35-111), and on level of consciousness in 426 (49%) patients (median time after ED entry 34 min (IQR 9-135). qSOFA, SIRS, qPELOD-2, and qSOFA-lactate scores were positive for 40 out of 484 (8.3%), 415 out of 755 (55%), 11 out of 545 (2.0%), and 40 out of 151 (26.5%) visits, respectively (Figure 1).
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FIGURE 1. Distribution of qSOFA, SIRS, qPELOD-2, and qSOFA-L scores in pediatric ED encounters with suspected bacterial infection.





Performance qSOFA Score

In patients with qSOFA ≥ 2, PICU transfer and/or mortality prevalence was 22.5% compared to 2.0% in patients with qSOFA < 2 (between group difference 20.5%, p < 0.01). Sensitivity, specificity, negative predictive value and positive predictive value of a positive qSOFA score for PICU transfer and/or mortality were respectively 50.0, 93.3, 98.0, and 22.5%. The positive qSOFA score AUROC for PICU transfer and/or death was 0.72 (95% CI, 0.57–0.86) and 0.53 (95% CI, 0.46–0.59) for prolonged hospital length of stay (Table 1).



Table 1. Prognostic accuracy of positive qSOFA, SIRS, qPELOD-2, and qSOFA-L scores for PICU transfer and/or mortality and prolonged hospital length of stay.
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The prognostic accuracy of the individual qSOFA components, systolic blood pressure, level of consciousness and respiratory rate, for PICU transfer and/or death were: AUROC 0.56 (0.39–0.74), 0.74 (0.58–0.90), and 0.54 (0.43–0.66), respectively. The prognostic accuracy of these individual qSOFA components for prolonged hospital length of stay were: AUROC 0.52 (0.44–0.60), 0.54 (0.47–0.61), and 0.50 (0.44–0.55), respectively (Table 2).



Table 2. Prognostic accuracy of the individual components of qSOFA for PICU transfer and/or mortality and prolonged hospital length of stay.
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Performance qSOFA Score Compared to SIRS and qPELOD-2

The AUROC of a positive qSOFA score for predicting PICU transfer and/or mortality tends to be higher than SIRS (AUROC, 0.64 [0.53–0.74], p = 0.23) and was significantly higher than qPELOD-2 (AUROC, 0.60 [0.45–0.76], p = 0.03) (Figure 2). The AUROC of a positive qSOFA score for predicting prolonged hospital length of stay (0.53 [0.46–0.59]) was not comparable to SIRS (AUROC, 0.49 [0.44–0.54], p = 0.82) and qPELOD-2 (AUROC, 0.51 [0.45–0.57], p = 0.25) (Table 1). The prognostic accuracy of each individual SIRS component is presented in Table 2.
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FIGURE 2. Comparison of area under the receiver operating characteristics curves for qSOFA, SIRS, qPELOD-2, and qSOFA-L scores to discriminate primary outcome (PICU transfer and/or mortality).





Performance qSOFA-Lactate

Addition of venous lactate as an extra component to the qSOFA score resulted in an AUROC of 0.67 (95% CI, 0.50–0.84) for predicting PICU transfer/death and 0.56 (95% CI, 0.46–0.67) for prolonged hospital length of stay (Figure 2). qSOFA-lactate AUROC was significantly lower than qSOFA AUROC for PICU transfer and/or mortality (p < 0.01) (Table 1).




DISCUSSION

This single-center retrospective study of 864 ED visits and subsequent admissions for suspected bacterial infection, shows that qSOFA is a moderate predictor of PICU transfer and/or mortality in children. A previous study on qSOFA performance in the pediatric ICU showed comparable moderate prognostic accuracy of qSOFA for mortality (13). The discriminatory capacity of qSOFA for prolonged hospital length of stay was poor. This is not surprising since the qSOFA score was not validated for hospital length of stay.

Although not significantly, the prognostic accuracy of qSOFA for PICU transfer and/or mortality tends to be higher than commonly used SIRS criteria. Our relatively small sample size and small number of adverse events probably have hindered this analysis. Therefore, larger studies in the near future should compare qSOFA with other scores. qPELOD-2 has been suggested as a reasonable alternative for qSOFA, since PELOD-2 was found to discriminate decently for mortality in a PICU population of children with suspected infection (17). However, the prognostic accuracy for PICU transfer and/or mortality was significantly higher for qSOFA than qPELOD-2 in our cohort.

To further improve predictive accuracy, we explored whether the addition of lactate would be beneficial. A recent study in children reported a strong and independent association between increased lactate levels and mortality risk in the PICU (21). Furthermore, lactate has been shown to predict pediatric sepsis severity and was suggested to have utility in early risk stratification (19, 22, 23). In our study, inclusion of lactate in the qSOFA score decreased discriminatory capacity for PICU transfer and/or mortality. It has to be taken into consideration that this analysis is largely limited by the small numbers of obtained venous lactate levels. Moreover, arterial and capillary lactate measurements were unknown.

It could be debatable whether the included qSOFA variables (blood pressure, respiratory rate, and altered mental state) are sufficient in predicting outcome for children with infections. When looking at the prognostic accuracy of the individual qSOFA variables, systolic blood pressure and respiratory rate were poor predictors for PICU transfer and/or death, while level of consciousness showed to have moderate prognostic accuracy, similar to the qSOFA score. Arterial hypotension is known to be a very late sign of pediatric sepsis with poor sensitivity (24, 25), suggesting that blood pressure is not suitable in early detection of patients at risk for poor outcome. Secondly, respiratory rate could be influenced by many non-infectious factors, such as pain and inconvenience. Thus, the blood pressure and respiratory rate variables included in qSOFA may be aspecific for children and we question whether these variables will result in an adequate bedside prediction tool. Possibly, an algorithm applied to larger datasets of children with suspected infection could identify other suitable variables, either individually (e.g., level of consciousness, lactate) or as an addition to the qSOFA score. For example, heart rate has been suggested to be superior to respiratory rate in predicting critical care requirement (26). This trend was also seen in our cohort. Future studies are therefore urgently needed to identify parameters which could be useful in predicting adverse outcome in the ED.

The results of our study need to be interpreted with caution because this study is limited by the small sample size, high percentage of missing (i.e., not obtained) data, and relatively small number of adverse events. Future multicenter studies in larger populations are needed to draw firmer conclusions. In children with (suspected) bacterial infections presenting to the ED, mortality ranges from 0 to 2.2% and PICU transfer from 5.7 to 42% (22, 27–29). In our cohort, mortality (0.7%) and PICU transfer (2.1%) was lower. The reason for this is unclear; possibly, our cohort from a non-academic (secondary care) hospital involves children with relatively milder illness severity as compared to academic hospitals. Another reason could be that the threshold to admit patients and start antibiotics is lower in this center compared to others. However, children suspected for bacterial infections are managed according to our national guidelines. Furthermore, a large proportion of data was not obtained. Because our ED triage system does not oblige assessment of systolic blood pressure and level of consciousness, we hypothesize that these parameters have not been obtained in children not appearing ill. Our cohort also includes children with viral infections, resulting from our definition of suspected bacterial infection as initiation of antibiotic therapy within 24 h after ED entry without taking microbiology results into account. Ideally, prognostic scores should be evaluated in confirmed bacterial infections or in all febrile children visiting the ED. Another limitation of our study is that we were unable to adjust for comorbidities in the AUROC analysis, due to unknown data on patient history. Also, parameters (of score components) could have been measured at different times for different patients and since we monitored adverse outcomes during hospital stay, i.e., also past 24 h, the qSOFA score may not accurately reflect illness severity.

In conclusion, this is the first study to assess qSOFA criteria in a pediatric ED population. Since we compared qSOFA with other prognostic scores, our study contributes to current attempts to translate sepsis-3 criteria to children. qSOFA shows moderate prognostic accuracy for PICU transfer and/or mortality. The prognostic accuracy of qSOFA tends to be higher than SIRS and is significantly higher than qPELOD-2. Prognostic accuracy of qSOFA did not improve after inclusion of lactate. Prospective multicenter studies in larger ED populations of febrile children should be performed to further determine the utility of the qSOFA score in the pediatric ED. Pediatric sepsis researchers should assure that pediatric Sepsis-3 criteria are applicable to ED patients as well.
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Background: Neonates and infants comprise the majority of the 6 million annual deaths under 5 years of age around the world. Most of these deaths occur in low/middle income countries (LMICs) and are preventable. However, the clinical identification of neonates and infants at imminent risk of death is challenging in developing countries.

Objective: To systematically review the literature on clinical risk factors for mortality in infants under 12 months of age hospitalized for sepsis or serious infections in LMICs.

Methods: MEDLINE and EMBASE were systematically searched using MeSH terms through April 2017. Abstracts were independently screened by two reviewers. Subsequently, full-text articles were selected by two independent reviewers based on PICOS criteria for inclusion in the final analysis. Study data were qualitatively synthesized without quantitative pooling of data due to heterogeneity in study populations and methodology.

Results: A total of 1,139 abstracts were screened, and 169 full-text articles were selected for text review. Of these, 45 articles were included in the analysis, with 21 articles featuring neonatal populations (under 28 days of age) exclusively. Most studies were from Sub-Saharan Africa and South Asia. Risk factors for mortality varied significantly according to study populations. For neonatal deaths, prematurity, low birth-weight and young age at presentation were most frequently associated with mortality. For infant deaths, malnutrition, lack of breastfeeding and low oxygen saturation were associated with mortality in the highest number of studies.

Conclusions: Risk factors for mortality differ between the neonatal and young infant age groups and were also dependant on the study population. These data can serve as a starting point for the development of individualized predictive models for in-hospital and post-discharge mortality and for the development of interventions to improve outcomes among these high-risk groups.

Keywords: risk prediction, neonatal mortality, infant mortality, systematic review, developing countries, infectious disease, sepsis, hospital mortality


INTRODUCTION

Significant progresses have been made over the past two decades in reducing global under-5 mortality from 91 deaths per 1,000 live births in 1990 to 43 deaths per 1,000 live births in 2015 (1). However, mortality in neonates (under 28 days of age) and infants (under 1 year of age) remains disproportionately high, representing over two-thirds of under-5 deaths in children below 5 years of age (2). Of these deaths, 90% occur in developing countries (3), with the highest neonatal mortality rates occurring in Sub-Saharan Africa. Thus, interventions among neonates and infants are urgently needed in these countries if the recent UN Sustainable Development Goals are to be achieved, targeting to decrease under-5 mortality to < 25 per 1,000 live births and neonatal mortality to < 12 per 1,000 live births by 2030 (4, 5).

Reducing mortality in neonates and young infants has lagged significantly behind that of older pediatric populations (6). Although no consensus has been made, some studies suggest preterm birth, intrapartum complications, and sepsis are leading causes of death among neonates (7). The relative risk of death from these events ranges from 10 to 36 times greater in LMICs, as compared to high income countries (3).

A population-based health survey in 56 countries from 1990 to 2002 identified main factors contributing to infant mortality around the world, including first births, shorter birth interval, male sex, gestational multiplicity, and rural setting (8, 9). Infants of mothers with less education or who lived further away from health care resources were also at greater risk of death (8, 9).

However, in spite of this knowledge, our ability to develop effective interventions for this age group remains limited, as causes of death are multi-factorial and often involve a greater social context. Published systematic reviews have attempted to discern more age-specific factors, but these studies have largely focused on high resource settings (10). Given that the greatest burden of neonatal and infant deaths occur in LMICs, this is an important limitation (11). Finally, underserved populations tend to have limited research, making the benefits of systematic reviews in the identification of gaps in these cases all the more impactful (12, 13).

The objective of this systematic review was to develop an evidence base of studies assessing risk factors for mortality among newborns and infants who are hospitalized in LMICs. The focus of this literature review was serious infections and sepsis, as they are the most commonly identified, and potentially highly preventable (14), causes of neonatal and infant deaths in LMICs.



METHODS


Study Eligibility Criteria and Systematic Search

This systematic review focused on children < 1 year old evaluated for sepsis or other serious infections in LMICs. Study eligibility was defined according to the conventional Populations, Interventions, Comparators, Outcomes, and Study Design (PICOS) criteria, determined a priori (Table 1).



Table 1. PICOS criteria outlining study eligibility.
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A study was included if (i) it presented original data from either a prospective or retrospective cohort study or from a randomized controlled trial, (ii) the majority of the subjects were under 1 year of age or a multivariate analysis adjusting for age was conducted, or a subgroup analysis for specific mortality risk factors was collected for patients < 1 year old, (iii) the study was conducted in a developing country (defined as countries classified by the United Nations Development Program (UNDP) in its 2016 report as having a low or medium Human Development Index (15)), and (iv) published in English.

Studies were excluded if (i) some or all of the patients were not admitted (ex. ambulatory or community health facilities), (ii) it represented a surgical population since mortality risk factors for surgeries would likely differ from those of acute illness, or (iii) the study population included nosocomial infections (Table 1).

MEDLINE and EMBASE databases were searched with the assistance of a medical librarian (Appendix 1 and Appendix 2), using the Ovid platform. The search dates were from database inception to April 2017.



Study Selection and Data Extraction

Two investigators (LL and NK) independently conducted two rounds of review to determine study eligibility among identified articles. Articles were first screened based on the abstract using the PICOS criteria defined in Table 1, where articles clearly meeting exclusion criteria were immediately discarded. A second round of review involved screening the remaining manuscripts in full text, to determine final eligibility. At both stages, discrepancies were resolved by consensus or by arbitration by a third investigator (MW).

For all included articles in the analysis, the following study characteristics were extracted, including: country/region, study period, study design, study population, number of subjects, number of deaths, proportion of participants under 12 months and under 1 month of age, type of analyses conducted for risk factors (i.e., multivariate vs. univariate) and length of post-discharge follow-up. All variables included in the mortality risk factor analyses were recorded. If both univariate and multivariate analyses were performed, only the results from the multivariate analysis were recorded. Data extraction was completed by one investigator and checked by a second investigator for accuracy and consistency.



Outcomes and Data Analysis

The primary aim of this systematic review was to determine the risk factors for mortality among neonates and infants hospitalized with an infectious process in developing countries. All risk estimates pertain to in-patient mortality, except those specifically noted as risk factors for outpatient (i.e., post-discharge) mortality.

As all studies were interpreted from a cohort design perspective, their quality was assessed using the Newcastle-Ottawa Scale (16). Each study was reviewed by one investigator (LE) for criteria related to selection, comparability, and outcome assessment.

Due to expected heterogeneity in study population, risk factors and analysis, it was determined a priori that formal meta-analysis would not be conducted. The primary form of analysis was therefore descriptive and conducted using Microsoft Excel (Redmond, WA). Studies were grouped according to both participant age group (neonatal vs. infant) and underlying population (i.e., disease etiology).




RESULTS


Summary of Included Articles

Through the systematic literature search, 1,139 abstracts were identified. Of these, 970 were excluded during the abstract screening stage. The full-text of the remaining 169 articles were reviewed, after which an additional 124 articles were excluded. Thus, a total of 45 articles were included (Figure 1) (17–62).
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FIGURE 1. Systematic review flowchart.



Among these 45 studies, the majority of studies were prospective or retrospective cohort studies (Tables 3, 4). Upon assessment using the Newcastle-Ottawa scale, the average score for included studies was 6.3 out of 9 stars, based on selection criteria, comparability of cohorts, and assessment of outcomes encompassing attrition. Included studies were found to have low comparability, with only 40% controlling for confounders in the study design or statistical analysis. Approximately 70% of studies chose representative samples and reported reliable inclusion criteria.

Among the 45 included studies, multiple geographic regions were represented: 18 from Sub-Saharan Africa, 12 from South Asia, 7 from the Middle-East and 8 from other regions (Table 2). Twenty-one (46.6%) focused exclusively on the neonatal populations, whereas the other 24 studies (53.3%) focused on children under 1 year of age (Table 2). Nearly all of the studies (n = 42, 93.3%) focused exclusively on in-hospital deaths, while two (4.4%) studies focused exclusively on post-discharge death and one study (2.2%) on both in-hospital and post-discharge death. Seventeen (37.8%) of the included studies were published before 2000. The median number of study participants was 201 children (IQR 102-697).



Table 2. Study characteristics.
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Among 21 neonatal studies, nine focused on tetanus, seven on sepsis, one on meningitis, one on respiratory infections, and three on general admissions (Table 2). Among the 24 infant studies, 13 focused on children with respiratory infections. The remaining focused on diarrhea (n = 4), sepsis or serious infections (n = 3), meningitis (n = 2), measles (n = 1) and general admissions (n = 1; Table 2). Key results, along with definitions for all parameters, are highlighted in Tables 3, 4. For each illness, the most common risk factors, prioritized by frequency, are presented in these tables to ensure conciseness. Risk factors discussed only in a single study were not included in these tables, but are reported in the Supplementary Table 1.



Table 3. Summary of risk factors for neonatal mortality by underlying disease.
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Table 4. Summary of risk factors for infant mortality by underlying disease.
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Neonatal Mortality

Tetanus

A total of nine studies evaluated predictors of mortality for neonatal tetanus. Mortality rates ranged from 10.3 to 67.9% in these studies. The most consistent predictors of mortality were young age of presentation and onset, presence of fever and risus sardonicus. For young age at presentation, the adjusted odds ratios ranged from 1.64 (95% CI: 1.22–2.18) to 5.29 (95% CI: 1.73–16.17). The presence of fever was associated with increased odds of mortality, ranging from 4.6 (95% CI: 2.8–7.6) to 17.92 (95% CI: 2.29–135.53). Three of the five studies reported fever as a statistically significant variable, but did not provide odds ratios. The odds of mortality among patients with risus sardonicus study were 4.5 (95% CI: 2.4–8.6) in one study. Two studies also found risus sardonicus and young age of onset to be significantly associated with mortality, although specific values were not provided.

Variables frequently assessed as potential risk factors, but which consistently showed no association with mortality in this population included sex, tetanic spasms/spasticity, umbilical inflammation, sepsis, trismus, maternal tetanus immunization status, lack of sucking, omphalitis, irritability, high heart rate and high respiratory rate.

Sepsis/Serious Infections

Seven studies evaluated mortality among populations of neonates with sepsis or severe infection. Mortality rates were very high, ranging from 14.6 to 36.0% of admitted patients. Prematurity and low birth weight were significantly associated with mortality in two studies for each of these factors. The odds ratio for prematurity was 2.22 (95% CI: 1.07–4.63) for one study and not given for another study. Similarly, the odds ratio for low birth weight was 6.1 (95% CI: 0.8–44.4) in one study and not given for another study. Platelet count, weight at presentation, sex and white blood cell counts did not show statistically significant correlations with mortality in these studies.

General Hospital Admissions

Three studies assessed mortality among general neonatal hospital admissions. These studies have included neonatal populations with diarrhea, malaria, pneumonia, jaundice, convulsions, soft-tissue infections, asphyxia, tetanus, omphaitis, congenital malformations, intrapartum abnormalities and hypothermia. Low admission weight and hypothermia were found to be statistically significant predictors of mortality in both studies in which they were assessed. The odds of mortality for children with low admission weight was 1.61 (95% CI: 1.15–2.26) and 5.88 (95% CI: 3.03–11.1), and for children with hypothermia was 2.48 (95% CI: 1.76–3.49) and 7.14 (95% CI: 2.22–40). Maternal age, sex and time of day at presentation were not significant correlates of mortality in these studies.

Other Studies

In the single study assessing mortality among neonates with meningitis, a bulging anterior fontanelle was the only significant predictor of mortality, with an odds ratio of 7.7 (95% CI: 1.7–35.4). Hypothermia, feeding difficulties, jaundice, cyanosis, vomiting, convulsions and respiratory distress showed no significant correlation with mortality among meningitis patients. It is worth mentioning that the above study only contained a total of 17 deaths, so was likely underpowered. In the single study focused on respiratory infections among neonates, an alveolar-arterial carbon dioxide gradient (AaCO2 gradient) >250 mmHg was the only statistically significant predictor of mortality, with an odds ratio of 71.1 (95% CI: 1.1–4,395). Weight, gestational age, lethargy, age at presentation, pH < 7.2, absent neonatal reflexes, shock, fraction of inspired oxygen (FiO2), blood base excess, blood culture, C-reactive protein level, arterial alveolar oxygen ratio, and ventilatory support showed little or no correlation with mortality among patients with respiratory infections. Many of these variables were significant correlates of mortality in univariate analysis but lost significance in multivariate analysis. However, it is possible that the study is underpowered since only a total of 22 deaths were reported in the study.



Infant (< 1 Year) Mortality

Respiratory Infections

In the 13 studies evaluating respiratory tract infections, mortality rates ranged from 1.2 to 15.3% among admitted infants. Malnutrition, low oxygen saturation, younger age and positive Human Immunodeficiency Virus (HIV) status were top predictors of mortality in these patients. The odds of mortality among malnourished patients varied from 3.8 (95% CI: 2.7–5.4) to 6.32 (95% CI: 2.72–14.57). Among four studies, the odds of mortality among patients with lower oxygen saturation were 2.7 (95% CI: 2.1–3.5), 2.46 (95% CI: 1.3–4.65), and significant, but not provided, in the two remaining studies. The odds ratios of mortality among younger infants with respiratory infections, defined as < 4 months in one study and < 6 months in another, varied from 2.4 (95% CI: 1.6–3.5) to 3.6 (95% CI: 2.8–4.6). One study showed an association between high respiratory rate and mortality, while another showed high respiratory rates to be significantly associated with mortality. Cyanosis (four studies), wheezing (four studies), duration of breastfeeding (two studies) and congenital cardiac abnormalities (two studies) were not found to be correlates of mortality in these studies.

Diarrhea

In the four studies focused on infants admitted with diarrhea, the mortality rate was between 5 and 11.1%. Malnutrition and the absence of breastfeeding were the top predictors of mortality among both in-hospital and post-discharge populations, showing statistically significant correlations with mortality. The odds of mortality varied widely from 1.9 (95% CI: 1.6–2.3) to 84.16 (95% CI: 9.1–775.9) among malnourished patients, and from 2.35 (95% CI: 1.44–3.84) to 4.2 (95% CI: 1.3–13.2) among non-breastfed patients. Dehydration status, blood in stools, xerophthalmia, and concurrent pneumonia did not appear as statistically significant correlates of mortality.

Sepsis/Serious Infections

In the three studies focused on sepsis or serious infection, organ dysfunction, the need for more than 2 inotropes and bacterial isolates in blood showed significant correlations with mortality. The odds of mortality was 18 (95% CI 2.2–144) for organ dysfunction, 3.5 (95% CI 1.3–9.2) for those needing for more than 2 inotropes and significant, although not specifically provided, for those with bacteremia. Zinc intake and a Pediatric Risk of Mortality (PRISM) score >10 were not statistically significantly correlated in these studies.

Other studies

Two studies assessed predictors of mortality among patients with meningitis. Low hemoglobin (OR 2.9, 95% CI: 1.5–5.3), refusal or inability to feed (OR 3.3, 95% CI: 2.1–5.6), vomiting (OR 1.7, 95% CI: 1.2–2.7), and drowsiness (OR 2.9, 95% CI: 1.7–5) were significant predictors of mortality. In addition, high WBC count and low CSF glucose were significantly associated with increased odds of mortality, although odds ratios were not specifically stated. Multiple seizures, coma at presentation, neck stiffness, hyponatremia, hyperglycemia, hypoglycorrhachia, and turbid CSF showed no significant correlation with mortality. This is likely underpowered as only 22 deaths were reported in the study describing the above risk factors.

One study focused on mortality among a post-discharge population. This study found malnutrition defined as weight-for-age Z score < −3 (OR 3.42, 95% CI 2.5–4.68), hypoxia (OR 2.3, 95% CI: 1.64–3.23), bacteremia (OR 1.77, 95% CI: 1.15–2.74), jaundice (OR 1.77, 95% CI: 1.08–2.91), hepatomegaly (OR 2.34, 95% CI: 1.6–3.42), and hospitalization length < 13 days (OR 1.83, 95% CI: 1.33–2.52) showed significant correlations with post-discharge mortality. Age and parasitemia showed no correlation with mortality outcomes.

Lastly, in one study on infants with measles, low birth weight and nosocomial infections showed significant correlations with mortality, although the odds ratios were not provided. Infant age and vitamin A supplementation did not correlate with mortality.




DISCUSSION

This systematic review focused on risk factors of mortality among hospitalized neonates and infants under 1 year of age due to infectious causes in LMICs. To the best of our knowledge, this is the first systematic literature review that focuses of clinical predictors of mortality from severe infection among hospitalized neonates and infants in developing countries. Most previous work on these populations consist of single population-based studies (11, 63). Previous systematic reviews of clinical predictors of mortality from severe infections have included infants in developed countries, which may not applicable to areas of the world where the majority of the disease burden occurs (10). Furthermore, other systematic reviews have examined predictors of severe illness and/hospitalization rather than mortality (64, 65), the latter which is a more objective, directly actionable outcome for use in intervention trials. Moreover, other previous work have focused on on all-cause mortality from sepsis as universally preventable disease, rather than more specific illness populations (7). This evidence base is complementary to publications from the WHO, CDC, and other international organizations, which approach neonatal and infant mortality from a population perspective. This systematic review consolidates mortality outcomes on the individual and community level, by focusing on clinical, laboratory and socio-demographic risk factors. It can be used to guide interventions to address the epidemic of early mortality among over 4 million infants and neonates in developing countries.

Comprehensive understanding of the clinical risk factors for mortality in these populations is important for several reasons. First, compilation of risk factors will help to drive the development risk prediction models aimed at the identification of high-risk infants, in order to triage resources to improve health outcomes and health care efficiency. This precision public-health approach has previously been utilized to derive risk-prediction models. For example, the miniPIERS, a prediction model to identify women at risk of hypertensive-related death, was developed to intervene among high-risk pregnant women in LMICs (66). Similar models have been created to identify high-risk patients with Chagas disease and to predict pediatric post-discharge mortality (67–69). Second, expanding our understanding of clinical risk factors for mortality in this age group could highlight key diagnostic approaches and research gaps in these areas. Lastly, specific populations or diseases may have limited research, and the benefits of systematic reviews in the identification of such gaps is well-described (12, 13).

The predictors of mortality were assessed for two distinct age groups: neonates (< 28 days old) and infants (28 days to 12 months old). Overall, the most frequent predictors of mortality in neonates were young age, fever or hypothermia, low birth weight and prematurity, while the most frequent predictors of mortality in infants were malnutrition, breast-feeding status and low oxygen saturation. It appears that perinatal variables play a larger role in predicting mortality during the neonatal period, whereas nutritional factors play a larger role among infants. Although both age groups encompassed a variety of disease populations, these risk factors found commonality in predicting mortality despite the heterogeneity in underlying conditions. Some of these predictors, such as temperature instability, young age, low birth weight, and prematurity, may not be surprising from a diagnostic perspective, as they are directly related to inherent causes of neonatal mortality. However, other predictors, such as a low oxygen saturation and breastfeeding, are more interesting from an interventional point of view. For instance, our results suggest that substantial efforts should be directed toward reducing malnutrition, promoting breastfeeding (parallel to HIV prevention) and developing affordable technologies for identifying oxygenation status among neonates and infants.

On the whole, included studies in this systematic review upheld strong research designs and maintained internal validity, based on the Newcastle-Ottawa scale. The primary limitation was comparability, as many studies did not adequately control for confounders, possibly due to small sample sizes. Retrospective studies utilizing medical record review were often faced with incomplete records, and the included studies may or may not have addressed this issue adequately. Other limitations of cohort studies often include recall and reporting bias, which were not assessed by this scale.

It is relevant to note that many of the studies identified for full text review assessed risk factors for serious illness, rather than mortality, and these studies were ultimately excluded (11, 70, 71). This systematic review focused primarily on predictors of mortality, since this downstream outcome is critical to the development of prediction tools or interventions to improve child health and survival. Furthermore, the definition of mortality is more consistent as compared to serious illness, which can have broad and heterogeneous definitions.

Although the definition of mortality is more objective, a major source of heterogeneity between studies was the variable definitions of risk factors. For example, malnutrition definitions varied from weight-for-age Z score < 3 standard deviations to weight-for-age Z score < 60% to first degree malnutrition on the Gomez scale (corresponding to < 90% expected weight-for-age). Likewise, definitions for low oxygen saturation varied substantially between studies. Low oxygen saturation ranged from SpO2 < 70 to < 92%. This heterogeneity was pervasive among sub-populations and limited the ability to perform meta-analyses. A further source of heterogeneity is the differences in inclusion criteria for populations with the same illness. For example, one study on if late-onset sepsis (defined as 3–30 days of life) is a risk factor for mortality looked at pre-term neonates whereas another study looked at at-term ones. This difference may be partially responsible for one studying showing a statistically significant positive correlation with mortality whereas the other showed a statistically significant negative correlation.

Although uncommon, a small proportion of included studies did not provide definition for the evaluated risk factors, such as fever and young age. The provision of clear definitions for risk factors is crucial for generalizability and study replication. Moreover, increased standardization of these definitions would allow future data to be more amenable to meta-analyses. This would greatly enhance the translation potential of these studies, especially since many of the existing individual studies are underpowered for statistical analysis.

This systematic review has several limitations. First, some studies identified in this review only conducted univariate analyses while others conducted multivariate analyses. Thus, risk factors identified as statistically significant in the univariate analyses may cease to be statistically significant if multivariate analyses were performed. Second, most studies focus on single disease populations, resulting in risk factors that may not be generalizable across multiple illness populations. Since sepsis is associated with most disease-related deaths (72), it may provide an overarching framework within which to assess mortality predictors that are applicable across different acute illness processes. Third, few studies focused on post-discharge mortality, resulting in a critical knowledge gap in child mortality research. Post-discharge mortality rates have been shown to be equal or greater than in-hospital mortality rates in pediatric populations (67). More post-discharge studies on neonates and infants would be useful in determining if there are additional risk factors relevant to this population. Fourth, many risk factors which we evaluated did not demonstrate statistical significance. Frequently, small sample sizes may have limited the ability to evaluate the association of important variables on mortality. These results underscore the need for adequately powered studies, but also clearly demonstrate the importance of those variables which did achieve statistical significance. Furthermore, some clinically important risk factors, such as maternal HIV status, maternal malnutrition and implementation of TB or HIV preventative therapy during pregnancy, may have not been captured as statistically significant risk factors as a result of many included studies being underpowered as well as the focus on hospitalized patients as an inclusion criteria. Lastly, many parameters found to be important predictors of mortality among infants, such as hemoglobin level, oxygen saturation and nutritional status, were not assessed in studies focused on serious infections among neonatal patients. The inclusion of these parameters in future studies has the potential to elucidate strong predictors of infant mortality.



CONCLUSIONS

This systematic review summarizes risk factors for mortality among neonates and infants in LMICs. Our data highlight major risk factors that could be incorporated into risk-prediction models to identify children at risk for in-hospital or post-discharge mortality. This data also points toward specific interventions that could be further incorporated into healthcare systems or policies. Targeted, evidence-based interventions have the potential to vastly reduce the burden of preventable mortality among neonates and infants around the world. Future studies in this area should incorporate precise definitions and risk estimates for mortality, including larger sample sizes, detailed statistical analysis, and overlapping risk factors between these high-risk age groups.
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Sepsis is a leading cause of mortality and morbidity in neonates. Presenting clinical symptoms are unspecific. Sensitivity and positive predictive value of biomarkers at onset of symptoms are suboptimal. Clinical suspicion therefore frequently leads to empirical antibiotic therapy in uninfected infants. The incidence of culture confirmed early-onset sepsis is rather low, around 0.4–0.8/1000 term infants in high-income countries. Six to 16 times more infants receive therapy for culture-negative sepsis in the absence of a positive blood culture. Thus, culture-negative sepsis contributes to high antibiotic consumption in neonatal units. Antibiotics may be life-saving for the few infants who are truly infected. However, overuse of broad-spectrum antibiotics increases colonization with antibiotic resistant bacteria. Antibiotic therapy also induces perturbations of the non-resilient early life microbiota with potentially long lasting negative impact on the individual‘s own health. Currently there is no uniform consensus definition for neonatal sepsis. This leads to variations in management. Two factors may reduce the number of culture-negative sepsis cases. First, obtaining adequate blood cultures (0.5–1 mL) at symptom onset is mandatory. Unless there is a strong clinical or biochemical indication to prolong antibiotics physician need to trust the culture results and to stop antibiotics for suspected sepsis within 36–48 h. Secondly, an international robust and pragmatic neonatal sepsis definition is urgently needed. Neonatal sepsis is a dynamic condition. Rigorous evaluation of clinical symptoms (“organ dysfunction”) over 36–48 h in combination with appropriately selected biomarkers (“dysregulated host response”) may be used to support or refute a sepsis diagnosis.

Keywords: neonate, sepsis, blood culture, C-reactive protein, procalcitonin


INTRODUCTION

Neonatal sepsis is a clinical manifestation of a systemic infection during the first 28 days of life, usually classified as early-onset (<48–72 h) and late-onset sepsis (>48–72 h), depending on the age at onset of the sepsis episode (1). The inability to isolate a microbial pathogen does not exclude sepsis (2, 3). The 2016 consensus definition of sepsis in adults (Sepsis-3) states that sepsis is “a life-threatening condition caused by a dysregulated host response to infection and organ dysfunction” (3). There are also ongoing discussions regarding an adapted definition of pediatric sepsis beyond the neonatal period, similar to the Sepsis-3 definition (4, 5). However, there is unfortunately no uniform consensus definition for neonatal sepsis (2, 6, 7). Many neonates are therefore diagnosed with a “probable or possible” sepsis or a “presumed symptomatic infection but no bacterial cause identified” (8); conditions often referred to as “culture-negative sepsis”(9).

Most publications on neonatal sepsis from high-income countries only include culture-confirmed cases. The large number of neonates treated with antibiotics for a culture-negative sepsis are largely ignored in epidemiological studies. Thus, there is a paucity of data on the latter condition. However, neonates with culture-negative sepsis contribute to the high antibiotic consumption seen in neonatal units (10, 11). Moreover, there is a wide variation in antibiotic use between neonatal intensive care units (NICUs) and countries, with no difference in infection-attributable morbidity and mortality (10, 12). This indicates probable overuse of antibiotics in some NICUs, which again may have important adverse short- and long-term consequences for the infant's individual health (13–15). On the other hand, delayed antibiotic therapy in truly infected neonates may result in increased mortality and morbidity (16). Therefore, culture-negative neonatal sepsis is at the crossroad between efficient sepsis care and antimicrobial stewardship programs.

The main objective of this paper is to critically review the controversial term culture-negative neonatal sepsis (9, 17), with a focus on early-onset neonatal sepsis (EONS). We discuss how we can combine efficient sepsis care with antimicrobial stewardship during first days and weeks of life. Finally, we will discuss possible strategies for defining EONS in the absence of a positive blood culture.



EFFICIENT SEPSIS CARE—BASIC ELEMENTS


Epidemiology

In most high-income countries, the incidence of culture-confirmed EONS has decreased or remained relatively stable around 0.4–0.8 cases per 1000 live-born term infants over the last decade (10, 18–21). Although the incidence of EONS is substantially higher in preterm infants, the majority of patients with EONS are delivered at term (22). Robust epidemiological data on culture-negative sepsis are limited. A number of different studies published since 2012 report that infants receiving systemic antibiotic therapy for culture-negative sepsis outnumber infants receiving therapy for culture-confirmed sepsis by a factor of six to 16 (Table 1). The reason for the high number of culture-negative cases is not clear, and diagnostic criteria used in the different publications vary substantially (10, 11, 23, 24, 26, 27). Low levels of bacteremia or only small volumes of blood obtained from sick infants may be one explanation for the high number of culture-negative sepsis cases. Also maternal antibiotic treatment before or during delivery may theoretically in some cases mask detection of bacteremia in the newborn. However, one must also question whether over-diagnosis of sepsis among non-infected infants is an alternative explanation.



Table 1. Reported cases of culture-confirmed vs. culture-negative neonatal sepsis in selected studies published after 2012.
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Survivors of neonatal sepsis may suffer short- and long-term consequences (28, 29). Delayed recognition and therapy of sepsis increase the risk of morbidity and mortality and early antibiotic treatment of suspected sepsis is a corner stone of every sepsis care bundle (30). Therefore, clinicians have a low threshold to suspect neonatal EONS and to start empirical antibiotic therapy. Most probably due to a lack of a clear definition and a robust gold standard of the diagnosis neonatal sepsis, started therapy is often continued for 5–7 days, even in the absence of a positive blood culture, to minimize the risk of “partial treatment” of a potential true infection (11).



Risk Factors for EONS

Maternal group B streptococcal (GBS) colonization in the current pregnancy, GBS bacteriuria, a previous infant with invasive GBS disease, prolonged rupture of membranes (PROM; ≥18 h) and maternal fever (temperature ≥38°C; often interpreted as a sign of chorioamnionitis) are the risk factors most commonly associated with EONS. These risk factors are additive; the presence of more than one factor increases the likelihood of EONS (31, 32). EONS prevention strategies using a risk factor based approach suggest starting empiric antibiotics based on the presence of one or more risk factors. These strategies decrease the incidence of GBS-EONS (33, 34), but have poor predictive ability, leading to high number of mothers and infants being treated with antibiotics. A quantitative model assessing the indication for empiric therapy including degree of maternal fever, duration of PROM and degree of prematurity seem to perform better, and may reduce the number of infants receiving antibiotics (35).

Reports and guidelines differ in their recommendations on how to act on risk factor based strategies (36). The NICE-guidelines do not specify whether the use of intrapartum antibiotic prophylaxis alter the subsequent EONS risk assessment and infant evaluation (8). In contrast, an EONS sepsis calculator developed by Escobar and co-workers incorporates that intrapartum antibiotic given >2–4 h prior to delivery ameliorates the clinical recommendations regarding EONS risk, and subsequent infant management (37). A recent international survey regarding neonatal sepsis showed a broad variability in management of neonates with only risk factors, whereas a newborn with risk factors in combination with clinical signs were uniformly started on antibiotic therapy (36).



Clinical Signs of EONS

EONS generally presents itself with respiratory distress, apnea, lethargy or irritability, temperature instability, and feeding difficulties. These symptoms are unspecific as many non-infected neonates display similar symptoms. During the first days of life, there is a dynamic adaption of different organ systems to extra-uterine life. A single-point, clinical assessment to diagnose EONS therefore seems impossible. Some guidelines suggest that a respiratory rate > 50 or 60/min may be suggestive of an infection (Table 2). However, in healthy infants the 95th percentile for the respiratory rate is 65/min at 2 h of age (41). Moreover, non-infected early term infants (37–38 weeks gestation) born by cesarean section have high rates of transient tachypnea (42). Feeding difficulties are also notoriously difficult to assess during the first 1–2 days of life. A capillary refill time > 2 s is included as a sign of EONS in some sepsis criteria (27, 43), while observational studies indicate that the normal refill time in neonates is at least 3 s (44, 45). These examples clearly show the limitations with single-point assessments of clinical signs. In preterm infants, symptoms from respiratory distress syndrome or clinical instability may be impossible to differentiate from sepsis. However, a number of preterm infants are delivered by cesarean section, before rupture of membranes and with no maternal signs of infection. Among these there is a very low risk for EONS (46). Recognizing a “low-risk situation” may provide the opportunity to limit routine empiric antibiotics for preterm infants even when there is some degree of respiratory distress. Nevertheless, there is a broad consensus to start antibiotic therapy in newborns with clinical signs suggestive of possible EONS (36)—the major challenge is when to diagnose this as sepsis or to discard a sepsis diagnosis and stop therapy!



Table 2. Selected examples of suggested neonatal sepsis definition from experts or societies.
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Sensitivity and Positive Predictive Value of Inflammatory Markers

In this paragraph we will focus on inflammatory markers that are commonly used and commercially available today, namely the complete blood cell (CBC) count, the C-reactive protein (CRP), procalcitonin (PCT), and to some extent interleukins (e.g., interleukin [IL]-6 and IL-8). It is not possible within the scope of this article to review all biomarkers used for diagnostics, and we refer to recent reviews on this topic (47). In the future, rapid bedside point-of care tests using e.g., microarray chips to quantify multiple cytokines and acute phase reactants and other “multi-omic” approaches may become excellent and improved diagnostic tools (47, 48).

The diagnostic value of the CBC-count and differential with regard to neonatal sepsis has been extensively evaluated (7, 49, 50). In general, CBC components are neither very sensitive nor specific for EONS (49, 50). The white blood cell (WBC) and the absolute neutrophil counts (ANC) are most informative when very low (49, 50). There is a very wide range between the lower and upper normal limits for WBC and ANC. Increased band form neutrophils, represented by high immature-to-total neutrophil ratio (IT-ratio), is often suggested to indicate sepsis. However, large intra- and inter-laboratory variation in interpretation limits its use (49, 51). Early onset thrombocytopenia is commonly associated with feto-maternal conditions and not very predictive for an infection (52). In the setting of an EONS evaluation, a low platelet count has a low sensitivity and a low positive predictive value (49, 53). Thus, CBC components used alone are inaccurate to define neonatal sepsis in the absence of a positive blood culture (7).

CRP is the most extensively studied acute-phase reactant in neonates. It is widely available and its determination is simple, fast, and cost-effective (54, 55). The mean CRP level in healthy term infants undergoes a physiological rise from ~1 mg/L at 12 h of age to ~4 mg/L at 48 h of life (55). Preterm infants have a less pronounced CRP response compared to term infants (56). A CRP cut-off value at 10 mg/L is often suggested as the upper normal limit (54). However, the 95th percentile of CRP in healthy infants at 48 h of age is 12–14 mg/L (55, 57, 58). Moreover, non-infected infants may have CRP values up to at least 40–50 mg/L, in particular after vaginal delivery (58, 59). Thus, a substantial number of healthy infants will have CRP values > 10 mg/L. CRP levels at the time of initial EONS-evaluation have a low sensitivity (25), because EONS usually originates during labor or at delivery and it then takes 12–24 h for CRP to rise (54). The positive predictive value of an elevated CRP value > 10 mg/L for possible or proven EONS has also consistently been low. This is mainly because there are multiple non-infectious conditions associated with an inflammatory reaction in the perinatal period, including a complicated labor and delivery, meconium aspiration, intraventricular hemorrhage, and tissue injury (25, 54, 60).

Over the last decade, PCT has emerged as a promising and increasingly used sepsis biomarker in neonates. PCT, like CRP, does not cross the placenta; hence is not affected by maternal fever in labor (61). PCT levels start to rise 2 h after start of a septic insult and peak by 12 h (62). The earlier rise after onset of the infectious stimulus makes PCT an attractive alternative to CRP (63). However, there has been few high-quality studies reporting data on the clinical usefulness of PCT at disease onset in “ruling in” EONS (63). Moreover, the interpretation of PCT values is challenging due to a strong physiological rise and fall during the first 72 h of life. Other perinatal factors, such as chorioamnionitis, hypoxemia, perinatal asphyxia, and maternal preeclampsia, can also cause PCT to increase (64). Dynamic reference values of PCT in neonates with and without EONS have been published (57, 65, 66).

Interleukins, predominantly IL-6 and IL-8, are used routinely in some countries and are considered as sensitive “early warning biomarkers” (47, 67, 68). The advantage of using interleukins is the early spike after an infectious insult that may add in early diagnosis. However, due to their short half-life one may not catch the peak level and this may limit sensitivity. Thus, when used they should always be combined with a “later marker” e.g., CRP (67).

In summary, the positive predictive values of the above-mentioned inflammatory markers are relatively low. The reason for this is mainly due to perinatal inflammatory reactions triggered by factors during delivery or in the early postnatal period. Still, many clinicians use abnormal inflammatory markers at disease onset as one reason to prolong antibiotic therapy in infants with a negative blood culture (36).




ANTIMICROBIAL STEWARDSHIP IN THE NEONATAL UNIT


Prolonged Antibiotic Therapy in the Neonatal Period and Associated Risks

The duration of antimicrobial therapy in infants with negative blood cultures is controversial, and there is little evidence to inform practice (8, 31). In the SCOUT-study researchers assessed antibiotic consumption for different conditions among 2500 term and preterm infants (11). Culture-proven infection and necrotizing enterocolitis (NEC) accounted for only 6.9% of antibiotic use. In contrast, prolonged (≥ 5 days) antibiotic therapy for pneumonia or culture-negative sepsis accounted for 26% of total antibiotic use and therapy was continued for median (range) seven (5–14) days for these conditions. The UK NICE-guidelines states that the usual duration of antibiotic treatment for babies with a positive blood culture, and for those with a negative blood culture but in whom there has been strong suspicion of sepsis, should be 7 days (8). In observational studies, infants with culture-negative sepsis are commonly treated for 5–7 days and mortality is very low (10, 11, 23). However, due to variable sepsis definitions it is not possible to assess “safety” vs. a clear possibility of harm due to overtreatment (69). A recent study from India compared the efficacy of 7 vs. 10 days duration of intravenous antibiotics for culture-proven septic neonates and found no difference (70).

There is growing evidence that prolonged antibiotic therapy in preterm infants without proven infection increases the risk of mortality, bronchopulmonary dysplasia, NEC, retinopathy, and periventricular white matter damage (13, 71). The question if antibiotic therapy is a perpetrator or an innocent bystander is still not completely clear, but we must seriously consider that the “administration of antibiotics itself may contribute to mortality and morbidity among preterm infants” (72). It has also been known for decades that overuse of antibiotics paves the way for development of multi-resistant bacteria and there is an urgent call for rational use of antibiotics (73). Unfortunately, the cost of antibiotic resistance for the community compared to the potential risk of delayed or insufficient treated infection is a weak argument for the clinician at the bedside. With the growing knowledge of antibiotic use and the cost on the individual‘s own health via the collateral damage on their microbiota, this may change (74). Recent data indicate that the perturbations of the non-resilient microbiota in early life may influence both the immune system and stem cell populations with potential negative impact on future health (75–77). Therefore, pediatricians and neonatologists need to measure risk and benefits of every dose of antibiotics for culture-negative situations. The hospitals and lead clinicians in neonatal units have an independent responsibility to educate and keep staff updated about current knowledge of the harmful effects of unnecessary antibiotic use in the neonatal period (78). Recent publications reporting results from antimicrobial stewardship programs in NICUs highlight both the potential for improving antibiotic prescription practice, but also challenges when trying to reduce broad-spectrum antibiotic therapy in vulnerable very preterm infants (79, 80).



Appropriate Blood Culture Diagnostics

A positive microbial culture from a normally sterile site (blood) is frequently used as the gold standard to define neonatal sepsis (2). In the UK, around 50% of all blood cultures obtained in the neonatal period were taken on the day of birth, but only 0.8% of these were positive (81). Thus, the majority of blood cultures are negative in neonates who are evaluated with risk factors or clinical signs of EONS. What is the sensitivity of blood cultures in neonates? Schelonka analyzed, in a laboratory-based study, a range of blood volumes containing known concentrations of common neonatal pathogens injected into pediatric blood culture bottles. If organisms were present at very low densities [< 4 colony forming units (cfu)/mL] a blood culture volume of 1.0 mL was needed to detect bacteremia. Otherwise, blood culture volumes down to 0.5 mL were sufficient to detect most bacteremia's. In a similar in-vitro study, placental blood seeded with more than 10 cfu/mL of E. coli or GBS required only 0.25 mL blood to be consistently detected (82). Thus, blood cultures with a volume of 1.0 mL have excellent sensitivity even when the infant has low very levels of bacteremia, and blood culture volumes down to as little as 0.5 mL may be sufficient to detect moderate and high grade bacteremia (83). Some authorities recommend obtaining at least two cultures (aerobic and anaerobic) before commencing antibiotics, but there are no neonatal data to support this, and usual practice is to take only one aerobic blood culture bottle before starting antibiotic treatment (84).

Quantitative blood culture methodology (cfu/mL) is not routinely used. However, blood culture time to positivity (TTP) correlates to level of bacterial density as TTP is inversely proportional to the inoculated bacterial concentration. Using modern continuous monitoring blood culture system, median TTP of blood cultures in neonatal sepsis is 9–18 h for true pathogenic bacteria (85–89). For GBS and E. coli around 96–100% are positive by 36 h (85, 86, 89), whereas coagulase negative staphylococci may take up to 48 h to be detected. Maternal intrapartum antibiotic therapy does not seem to delay TTP (85, 90). Thus, considering TTP aids in clinical interpretation of blood culture results and is the reason why central guidelines suggest stopping antibiotics if culture results are negative at 36–48 h (8, 31). Ensuring a sufficient blood culture volume (minimum 0.5 mL) and adequate routines for 24/7 immediate entry of blood culture bottles into the blood culture system are essential elements in this diagnostic algorithm (84, 87, 91).

Modern molecular methods may potentially represent more rapid, sensitive, and specific ways of identifying bacteria. These methods include conventional and real-time polymerase chain reaction (PCR) assays targeted at universal and specific gene sites. A systematic review from 2017 concluded that molecular assays have the advantage of producing rapid results and may perform well as “add-on” tests, but cannot replace microbial cultures in the diagnosis of neonatal sepsis (92, 93). This may change in the future. A recent publication reports promising results using multiplex real-time PCR in late-onset neonatal sepsis with results potentially available within 4 h of blood sampling and good concordance with blood culture results (94).



Negative Predictive Value of Inflammatory Markers

In contrast to the low positive predictive value, the negative predictive value of some inflammatory markers like CRP and PCT, and in combination with ILs, are good (26, 54, 67). Available evidence indicates that PCT may have the highest negative predictive value for severe, invasive bacterial infections in neonates (95, 96). Some high-quality intervention studies also show superiority of biomarker-guided duration of antibiotic therapy in neonatal (early- or late-onset) sepsis compared to a standard protocol (26, 67, 68, 97). The NICE-guideline states that if continuing antibiotics for longer than 36 h despite negative blood cultures, one should review the baby at least once every 24 h. Each day one should consider whether it is appropriate to stop antibiotic treatment, taking account of the level of initial clinical suspicion of infection, the baby's clinical progress and current condition, and whether there are “reassuring” levels and trends of CRP (8). One potential weakness with this high-quality guideline is the lack of discussion around which CRP values that can be interpreted as “reassuring.” After implementing the NICE guidelines recommending measuring CRP 18–24 h after commencing antibiotics, one report in fact showed that this led to more investigations and longer duration of antibiotic treatment (98).

A recent large randomized trial showed that PCT-guided decision-making was superior to standard care in reducing antibiotic therapy in neonates with suspected EONS. Clinicians may still “struggle” to become familiar with postnatal age specific PCT cut-off values over the first few 72 h of life which may confound the interpretation of a negative and a positive PCT value for the diagnosis of EONS. Therefore, a web-based guide for PCT-guided decision-making will hopefully be published in 2018-2019 (personal communication). A survey performed in 2011-2012 in Europe, North-America and Australia showed that PCT at that time was not as widely used as CRP to diagnose EONS (36). However, like for CRP, PCT seems to be an excellent additional tool to rule out EONS as long as age specific values are taken into account.




FUTURE DEFINITION OF NEONATAL SEPSIS

The International Classification of Diseases, 10th Revision (ICD-10), defines different subtypes of bacterial sepsis in the newborn (P36). When specific pathogens are identified in the blood culture, the codes P36.0-8 are applied. For all other cases, e.g., when the clinician “believes” the newborn has sepsis the code P36.9 “unspecified bacterial sepsis” is applied. Regional differences in the use of P36.9 clearly exemplifies the need for a uniform sepsis definition (10). Both the US and the UK EONS-guidelines present the typical clinical symptoms that may indicate EONS, but do not specify clinical criteria defining sepsis in the absence of a positive blood culture (8, 31). Examples of some suggested neonatal sepsis criteria are presented in Table 2.

How can we define sepsis in neonates with a negative blood culture? Current adult sepsis definition is a “dysregulated host response to infection and organ dysfunction.” An adoption of this definition for neonatal sepsis may be possible, but the terms “dysregulated host response,” “infection,” and “organ dysfunction” need to be defined for the neonatal population. Interestingly, there are no risk factors included in the new adult Sepsis-3 definition, although risk factors also exist for sepsis in the adult population. Risk factors for EONS are well anchored in the sepsis framework for pediatricians and neonatologists. Clinical symptoms of sepsis may overlap with non-inflammatory conditions and we suggest that parameters reflecting a host inflammatory response (“dysregulated host response”) need to be included in order to establish a sepsis diagnosis in the absence of growth in a blood culture. Moreover, the biochemical picture of neonatal sepsis changes over the first days after antibiotics has been commenced for a suspected sepsis episode, and the kinetics of inflammatory biomarkers could also be included in a future sepsis definition. Finally, there is an urgent need for an international definition of organ dysfunction in neonates, which for the first days of life require a dynamic evaluation. Wynn and Polin recently called for a consensus definition of neonatal sepsis (5). As a group of European authors on neonatal sepsis we strongly agree with this call for action.



FUTURE STRATEGIES FOR EFFICIENT MANAGEMENT OF CULTURE-NEGATIVE SEPSIS

Two important factors may substantially reduce the number of cases coined as culture-negative sepsis.

First, available evidence indicate that blood cultures in neonates are highly sensitive, at least down to volumes of 0.5–1.0 mL. In neonatal units with available equipment and resources for obtaining blood cultures this diagnostic procedure must always be performed prior to commencing antibiotic therapy, with adequate aseptic technique and drawing a sufficient volume, preferably 1 mL and minimum 0.5 mL (9). We suggest to clearly record in the patient chart the blood culture volume taken. Automated 24-h electronic systems for reporting negative or positive (i.e., growth detected) blood culture results at 36–48 h incubation should be implemented in each hospital to support clinical decision-making of stopping antibiotics. Unless there is a strong clinical or biochemical indication to prolong antibiotics physician need to trust the culture results when an adequate volume is obtained and to stop antibiotics for suspected sepsis within 36–48 h. Our recommendations are in line with a recently published perspective article entitled “ending the culture of culture-negative sepsis in the neonatal ICU” where the authors urgently ask clinicians to trust negative cultures (9).

Second, a robust and pragmatic neonatal sepsis definition may reduce subjective variations in antibiotic use and support clinicians providing “appropriate” antibiotic therapy to those infants who need antibiotics. EONS is a dynamic and complex condition. A static definition of clinical symptoms reflecting organ dysfunction at a single point (disease onset) is most likely too unspecific to define EONS and guide antibiotic therapy. A combination of risk factors, symptoms at disease onset combined with development of symptoms upon evaluation after 36–48 h is an alternative approach. This would concomitantly be in line with clinical guidelines strongly suggesting reviewing the infant and deciding whether one should stop treatment of suspected EONS after 36–48 h. Escobar and co-workers developed an electronic sepsis calculator applicable for newborns ≥34 weeks' gestation including both quantitative maternal risk factors and clinical symptoms after birth. Implementation of this calculator in routine clinical care has been associated with a substantial and concomitantly and probably safe reduction in the number of infants commenced on antibiotics for suspected EONS in several countries (35, 99, 100). We believe a similar strategy for diagnosing EONS; including development of clinical symptoms over 36–48 h combined with a biomarker-guided approach may further reduce the unnecessary prolonged duration of antibiotic treatment. CRP and PCT, optionally combined with interleukin 6 or 8, are currently the most attractive biomarkers for this purpose.

In conclusion, there is a need to align the road toward efficient sepsis care with the road toward antimicrobial stewardship in the neonatal unit. Early antibiotic therapy for truly infected newborns is crucial for an optimal outcome. On the other hand, prolonged antibiotic therapy for non-infected newborns is harmful for their microbiota, for their future health and for the community.
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The autonomic nervous system (ANS) plays a major role in maintaining homeostasis through key adaptive responses to stress, including severe infections and sepsis. The ANS-mediated processes most relevant during sepsis include regulation of cardiac output and vascular tone, control of breathing and airway resistance, inflammation and immune modulation, gastrointestinal motility and digestion, and regulation of body temperature. ANS dysfunction (ANSD) represents an imbalanced or maladaptive response to injury and is prevalent in pediatric sepsis. Most of the evidence on ANSD comes from studies of heart rate variability, which is a marker of ANS function and is inversely correlated with organ dysfunction and mortality. In addition, there is evidence that other measures of ANSD, such as respiratory rate variability, skin thermoregulation, and baroreflex and chemoreflex sensitivity, are associated with outcomes in critical illness. The relevance of understanding ANSD in the context of pediatric sepsis stems from the fact that it might play an important role in the pathophysiology of sepsis, is associated with outcomes, and can be measured continuously and noninvasively. Here we review the physiology and dysfunction of the ANS during critical illness, discuss methods for measuring ANS function in the intensive care unit, and review the diagnostic, prognostic, and therapeutic value of understanding ANSD in pediatric sepsis.
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INTRODUCTION

The autonomic nervous system (ANS) is a unique system as it regulates functions in nearly all organ systems (1). Along with immune and neuroendocrine responses, the ANS plays a major role in maintaining homeostasis when confronted with internal and external stressors, including severe infections (Figure 1) (2–4). The homeostatic processes in which the ANS has a primary role is extensive, but some of the most relevant during sepsis include regulation of cardiac output, vascular tone, control of breathing, airway resistance, regulation of the inflammatory response, adaptive immune modulation, gastrointestinal motility, and thermoregulation (1, 5–8).


[image: image]

FIGURE 1. Autonomic nervous system response to severe infections in the context of the immune and neuroendocrine response. Solid lines represent nerve pathways and dotted lines represent humoral/endocrine pathways (2–4).



In response to severe infections and other injuries, the central nervous system (CNS) activates the sympathetic branch of the ANS in order to make the necessary physiological and metabolic adjustments to overcome the acute physiologic stress (4). ANS dysfunction (ANSD) represents an imbalanced or maladaptive response to stress, and is often due to excessive, uncontrolled, or prolonged sympathetic activation, or inappropriate regulation by the other branch of the ANS, the parasympathetic nervous system (3). Most of the evidence on ANSD in critical care stems from research on heart rate variability (HRV), which is a marker of ANS function that is inversely correlated with organ dysfunction and mortality in both adult and pediatric patients (9–13). However, there is evidence that other markers of ANSD such as respiratory rate variability, skin thermoregulation, and baroreflex and chemoreflex sensitivity are also associated with outcomes in critically ill adults (14–16).

There are several reasons why understanding ANSD in the context of sepsis is crucial to the care of the critically ill septic child. First, sepsis is defined as a “life-threatening organ dysfunction caused by a dysregulated host response to infection” (17). Although “host response” is often equated to “immune response” in the literature, there is evidence that a dysregulated ANS response to infection is common in patients with sepsis and an early marker of organ dysfunction (18). If indeed ANSD is a central component of sepsis pathophysiology, this could have major implications in the development of new diagnostic and therapeutic strategies for sepsis. In addition, several surrogates of ANSD, including HRV and respiratory rate variability (RRV), are associated with organ dysfunction, treatment response, and outcomes in neonates, children, and adults and can be measured continuously and noninvasively (19–23). Furthermore, changes in some of these surrogates of ANSD can be detected up to 18 h before the onset of shock, which can make them effective early predictors of clinical deterioration (24).

In this paper we will review the physiology and dysfunction of the ANS during critical illness, discuss methods for measuring ANS function in the pediatric intensive care unit, and review the diagnostic and prognostic value of ANSD in pediatric sepsis.



AUTONOMIC NERVOUS SYSTEM PHYSIOLOGY AND DYSFUNCTION IN SEPSIS AND CRITICAL ILLNESS


Overview

The ANS is responsible for regulating all innervated organs (except the skeletal muscles), a remarkable task often overlooked by clinicians (1, 25, 26). It has direct effects on cardiovascular function, immunity, gastrointestinal function, thermoregulation, and other key adaptive mechanisms to stress (1, 5–8) The autonomic efferent fibers are functionally and anatomically divided into the sympathetic and parasympathetic nervous systems. Both systems can work antagonistically (e.g., in the heart, airways, and gastrointestinal tract), independently (e.g., sympathetic-mediated vascular tone), or synergistically (e.g., visual accommodation) (26). Most of the efferent response is achieved through smooth muscle constriction and relaxation, glandular secretion, cardiac muscle constriction, and cardiac cell conductivity regulation (1).

The sympathetic nervous system (SNS) is often characterized as the system in charge of the “fight or flight” response; however, it also carries important roles in day-to-day, non-danger situations (1, 27). Post-ganglionic sympathetic nerves travel across most of the body and secrete norepinephrine to activate the adrenergic receptors in their target organs and tissues, except in the kidney, where they secrete dopamine (Table 1). Chromaffin cells in the adrenal medulla also secrete catecholamines (about ~80% epinephrine and ~20% norepinephrine) into the circulation, which then travel throughout the body to activate adrenergic receptors. Additionally, the chromaffin cells secrete enkephalins which bind to opioid receptors to produce an analgesic effect (1).



Table 1. Sympathetic Adrenergic and Parasympathetic Muscarinic Receptors: Response to Activation and Drug Effects.
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The parasympathetic nervous system (PNS) is often referred to as the “rest and digest” system, and is in charge of energy conservation, digestion, and waste removal. The vagus nerve, which innervates most organs and tissues between the larynx and the small intestine, controls the vast majority of parasympathetic functions in the body (1, 25). Post-ganglionic parasympathetic nerves secrete acetylcholine to activate the muscarinic receptors in their target organs and tissues (Table 1), except in the immune system where they primarily activate nicotinic receptors (1, 5).



Cardiovascular and Respiratory Regulation

Most cardiovascular effects are mediated by the SNS, and their effects can be readily appreciated in the extremes of sympathetic dysfunction (loss of function and over-activity). Loss of function is best exemplified by spinal cord injuries, where the lack of sympathetic tone leads to orthostatic hypotension, low resting blood pressure, loss of circadian blood pressure fluctuation, and bradycardia (28). Sympathetic over-activity, seen in states of stress including critical illness, can lead to tachyarrhythmias, vasoplegia due to downregulation of adrenergic receptors, cardiac ischemia, and heart failure (3, 27, 29).

In homeostasis, heart function is tightly controlled by sympathetic activation of the ß-adrenergic receptors and parasympathetic activation of the muscarinic M2 receptors. Sympathetic input increases SA node-mediated heart rate (chronotropy), AV node and ventricular conductivity (dromotropy), and atrial and ventricular contractility (inotropy). Parasympathetic input through the vagus nerve has a negative effect on all of these cardiac functions, except ventricular contraction, which is unaffected (1).

The baroreceptor reflex mediates the synergistic control of blood pressure by both efferent branches of the ANS. Increases in blood pressure lead to baroreceptor activation in the carotid sinuses and aortic arch, which leads to a decrease in sympathetic tone and increase in vagal tone that result in a drop in the heart rate and blood pressure. When the blood pressure is too low, a decrease in baroreceptor activity leads to the opposite effect: increased vasoconstriction, tachycardia, and cardiac contractility leading to a blood pressure increase (1, 30).

Cardio-respiratory homeostasis is primarily modulated through the chemoreceptor reflex, which is in part responsible for RRV (31). A decrease in arterial oxygen content, a rise in carbon dioxide, or a drop in pH sensed peripherally and centrally by chemoreceptors results in an increase in respiratory rate, depth of breathing, and heart rate. Both baroreceptor and chemoreceptor sensitivity can be altered in critical illness-induced ANSD and this dysregulation is thought to be a risk factor for organ dysfunction (30).



Immune and Inflammatory Response

The influence of the ANS on the immune system is complex but extremely important, with effects on both the innate and the adaptive immune response (Figure 1) (7). Whereas humoral and cellular modulation may take hours or days to take effect, the response of the ANS can be instantaneous, inviting the hypothesis that the ANS may play a significant role in the early-phase immune response during sepsis (5).

The best-described ANS-immune system interaction occurs through the cholinergic anti-inflammatory pathway, which modulates the innate immune system response. Initially the CNS senses inflammation through both the humoral route (mediated by cytokines) and the neural route [mediated by the ANS afferent sensory fibers, which can sense damage- and pathogen-associated molecular patterns [DAMPs and PAMPs]] (2, 5). This leads to increased PNS output that results in acetylcholine release by the vagus nerve in the reticuloendothelial system (spleen, liver, thymus, etc.). Acetylcholine activates the nicotinic receptors of tissue macrophages, which leads to a decrease in secretion of pro-inflammatory cytokines like IL-6 and TNF-α (5, 7). The importance of the vagus nerve integrity in this pathway has been established in experimental murine models, which have shown that direct electrical stimulation of the vagus nerve results in decreased TNF-α secretion, whereas vagotomy results in the opposite effect (5). Increased PNS activity, measured using HRV, has been associated with reduced pro-inflammatory cytokine levels, suggesting that the cholinergic anti-inflammatory pathway could be monitored non-invasively using HRV (32).

The SNS has effects on both the adaptive and the innate immune systems. Epinephrine and norepinephrine activation of α1-adrenergic receptors in reticuloendothelial macrophages can lead to pro-inflammatory cytokine release, although in prolonged septic states, epinephrine down-regulates IL-6 and TNF-α production (33). In parallel, norepinephrine activation of ß2-adrenergic receptors in helper T cells in the lymphatic tissue can lead to an immunosuppressive Th2 polarization, particularly in the setting of sepsis (7, 33).



Neuroendocrine Response

Neuroendocrine physiology is closely linked to autonomic regulation (Figure 1) (1). In response to perturbation, like inflammation and tissue damage in sepsis, the CNS activates both ANS and neuroendocrine pathways (i.e., the hypothalamic-pituitary-adrenal [HPA] axis, the hypothalamic-pituitary-thyroid axis, and the hypothalamic-neurohypophyseal axis) (4). Sensing can occur through cytokine-mediated central activation, or through ANS sensory fiber input, which can sense pathogens and tissue damage via receptors for DAMPs and PAMPs (2). In the case of hypothalamic-neurohypophyseal axis, the ANS baro- and chemoreceptors can also stimulate the release of vasopressin (4, 29).

Activation of the HPA axis results in cortisol release from the adrenal cortex, while activation of the SNS leads to a release of catecholamines from the adrenal medulla. The net effect of these pathways leads to increased glucose production and availability, which is an adaptive response to stress designed to enhance energy availability to vital organs (2). Cortisol can also enhance the response to catecholamines and has anti-inflammatory effects that can ultimately modulate ANS activation (34). Adrenal insufficiency, characterized by low cortisol levels, often develops in sepsis and is associated with poor outcomes (2). Observational studies have shown that adrenal insufficiency is associated with reduced HRV, and that response to hydrocortisone therapy is associated with recovery of normal HRV, further illustrating the close interactions between the ANS and the neuroendocrine response (23).



Gastrointestinal Function

The enteric nervous system branch of the ANS plays a key role in the modulation of gastrointestinal motility and digestion (6). The vagus nerve and the sacral parasympathetic nerves promote motility, sphincter relaxation, and digestive gland secretion (including salivary, gastric, pancreatic glands). On the other hand, sympathetic stimulation of α-adrenergic receptors decrease gastrointestinal motility and sphincter constriction (1). During critical illness, parasympathetic suppression or excessive sympathetic activity can lead to functional ileus, digestive dysfunction, and feeding intolerance (6).

The ANS appears to also have a direct effect on the gut microbiome. For example, microbes are capable of responding to neuroendocrine hormones. Specifically, catecholamines may induce microbial change to more pathogenic phenotypes, and these microbes may have exponential growth in response to host stress within hours of sensing higher catecholamine levels (35, 36). In addition, the afferent sensory fibers of the vagus nerve are activated by microbes in the gut and appear to distinguish between pathogenic and non-pathogenic organisms. Further research is needed to determine the role of this sensing in the cholinergic anti-inflammatory pathway activity and the immunomodulatory effects of gut bacteria (37).



Thermoregulation

Core body temperature is tightly regulated by the CNS via behavioral and autonomic responses. The behavioral responses (e.g., putting on or removing clothing) are by far the most powerful strategies, but many critically ill patients lack the ability to implement behavioral responses and thus depend heavily on autonomic defenses such as sweating and pre-capillary vasodilation in response to heat, and arteriovenous (AV) shunt constriction and shivering in response to cold (8). The AV shunts are short connections between arterioles and veins that primarily exist in the distal extremities, and can carry about 10,000 times more flow than capillaries of the same length (8, 38). As such, these AV shunts, which are heavily innervated by sympathetic fibers, can significantly change the peripheral blood flow resistance. When open, lower resistance allows for significant flow to the extremities so that heat dissipates; closed they increase the resistance and reduce flow to the extremities, keeping the body-generated heat in the core (8, 38). Despite their limited distribution in the body, AV shunts have a profound effect on core temperature, and are the most commonly activated thermoregulatory defense in cool environments.

When hyperthermic, skin vasodilation can have significant impact on hemodynamics given that skin blood flow can increase up to the equivalent of 60% of the cardiac output (38). In homeostasis, autonomic responses work in concert, and sympathetic input to the heart will often match the cardiac output demands, but this may not be the case in some critical care situations.




MEASURES OF AUTONOMIC NERVOUS SYSTEM FUNCTION IN THE INTENSIVE CARE UNIT


General Considerations

Potential confounders that could affect the measurement of ANS function in the pediatric intensive care unit include age, mechanical ventilation, neuromuscular blockade, the administration of catecholamines and sedatives, and pre-existing autonomic dysregulation. Some studies in critically ill adults suggest that mechanical ventilation and catecholamines do not affect HRV or baroreflex and chemoreflex sensitivity (13, 39). Sedation, on the other hand, appears to affect HRV and RRV mostly in patients with low organ dysfunction burden, but it does not appear to significantly affect HRV in more critically ill patients (13, 40, 41).



Heart Rate Variability

Cardiovascular homeostasis requires continuously varying levels of sympathetic and parasympathetic inputs to the heart, resulting in a continuously changing heart rate, even during normal resting conditions (12). HRV is defined as the fluctuation in time between consecutive heart beats that is present in normal physiologic conditions (42). ANSD may result in an imbalance between sympathetic and parasympathetic inputs, usually resulting in a reduced HRV (12).

There are several examples of successful evaluations of real-time analysis of HRV in the intensive care unit (19, 22, 43–45). Nemati et al. recently described a real-time sepsis prediction tool for critically ill adult patients, which included, amongst multiple measures, heart rate entropy, a measure of HRV. This observational study showed that electronic health record data can predict sepsis 4 to 12 h earlier than SOFA scores or clinical suspicion of sepsis, with a areas under the receiver operating characteristic curve of 0.83–0.85 (44). Moorman et al. evaluated a real-time heart rate characteristic scoring tool for sepsis prediction in premature neonates, which was associated with a significantly decreased risk of mortality in a multi-center study, with a number needed to monitor of 48 neonates to prevent one death (19). These studies demonstrate the feasibility of incorporation of HRV evaluation into routine clinical care with the potential benefit of identifying disease trajectory and response to therapy in patients with sepsis.



Respiratory Rate Variability

Similar to HRV, the ANS regulates variability in the respiratory rate with input from chemoreceptors and baroreceptors (46). Dysregulated RRV can be seen in many disease states. For example, altered RRV has been associated with extubation failure in adults (15, 16, 47). In addition, one study showed that lower RRV was associated with increased mortality in mechanically-ventilated patients, even when controlling for neuromuscular blockade (14). While there is some confounding of RRV by sedatives, measurement of this variability has been found to be reliable in adult ICUs (21, 40). Research studies are lacking in pediatrics and in the sepsis population, however, given the importance of autonomic control over breathing, it is likely that dysregulated RRV is common in sepsis.



Baroreflex Sensitivity

The baroreflex sensitivity measures the ability of the ANS to modulate the vagal and sympathetic tone with changes in blood pressure (30). Invasive methods like the phenylephrine bolus technique to evaluate lengthening of the heart beat interval after increasing the systolic blood pressure has been used in the clinical setting, but other non-invasive measures of baroreflex sensitivity, based on the effects of unprovoked fluctuations of blood pressures on heart rate, also exist (12). Decreased baroreflex sensitivity has been documented in critically ill adults with organ dysfunction and in animal models of sepsis (13, 48).



Chemoreflex Sensitivity

Stimulation of the peripheral and central chemoreceptors by decreases in arterial oxygen levels and/or pH or increases in arterial carbon dioxide produce an increase in respiratory rate and sympathetic tone. In the ICU, chemoreflex sensitivity can be calculated as the regression slope of arterial oxygen tension to heart rate interval duration (12). Decreased sensitivity has been associated with organ dysfunction in critically ill patients, including in those with sepsis (13).




AUTONOMIC NERVOUS SYSTEM DYSFUNCTION IN PEDIATRIC SEPSIS: CURRENT STATE AND FUTURE DIRECTIONS

As a key component of the host response to infection, dysregulation of the ANS response is likely an important contributing factor to organ dysfunction in patients with sepsis (18). ANSD, typically measured using HRV, is prevalent in pediatric sepsis and correlates with disease severity and trajectory (10, 49). Recognition of ANSD may lead to earlier diagnosis of sepsis, which could have therapeutic and prognostic implications for patients, including earlier initiation of therapies, shorter duration of organ dysfunction, and decreased mortality (44). For example, using bedside HRV monitoring as a predictive tool of sepsis in premature neonates has been associated with decreased risk of mortality (19, 50–52). The limited use of non-invasive monitoring of ANS function in the ICU is in part due to technological complexities, particularly in children, although the digitalization of the healthcare system is facilitating the implementation of the systems and algorithms necessary to do so (53, 54). In addition, HRV varies with patient factors such as age, gender, medications, and mechanical ventilation, which creates challenges for its use and interpretation at the bedside. Further research is necessary to determine the individual and additive effect of these factors on HRV and its usefulness as a predictor. In addition, novel measures of ANS function, such as continuous temperature monitoring, automated pupillometry, and non-invasive baroreflex and chemoreflex sensitivity have shown promise in the monitoring of ANSD in other populations and could potentially have application as effective biomarkers in pediatric sepsis, but further study is necessary. (12, 55–57).

Advanced understanding of ANSD pathophysiology in pediatric sepsis could also help identify potential therapeutic targets. Sympathetic over-activity, which is common in sepsis and other critical illnesses, can lead to tachyarrhythmias, diastolic dysfunction, inflammation, immune suppression, platelet aggregation, and gastrointestinal dysmotility (3, 5, 6, 27, 33). Additionally, excessive sympathetic outflow has been postulated to cause catecholamine-resistant vasoplegia via α-adrenergic receptor desensitization (29). Similarly, suppressed vagal tone has been associated with chronic inflammation and functional ileus, which can also hinder recovery from sepsis (5, 6). Whether modulating sympathetic and parasympathetic activity could lead to improved outcomes in pediatric sepsis remains to be studied. However, some human and animal studies show promise. For example, sympathetic suppression with α2 agonists like dexmedetomidine and ß1-blockade with esmolol has been associated with improvement in vasoplegia in shock states (29). Statins can reduce sympathetic outflow and preserve parasympathetic tone, and have been associated with reduced inflammation and lower likelihood of developing sepsis in adult patients (12, 58). And vagal nerve stimulation has been associated with reduced inflammation and improved gut and lung epithelial integrity in animal and human studies, although its role in sepsis has not been explored (5, 7, 59).



CONCLUSION

The ANS plays a major role in maintaining homeostasis in response to infections and other types of stress. ANSD represents an imbalanced or maladaptive response and is prevalent in pediatric sepsis. Better understanding of ANSD in pediatric sepsis could have significant diagnostic, prognostic, and therapeutic implications.
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Background: Antimicrobial stewardship (AMS) is an important strategy of quality improvement for every hospital. Leadership is an important factor for implementation of quality improvement and AMS programs. Recent publications show successful AMS programs in children's hospitals, but successful implementation is often difficult to achieve and literature of AMS in neonatal and pediatric intensive care units (NICU/PICU) is scarce. Lack of resources and prescriber opposition are reported barriers. A leadership style focusing on empowering frontline staff to take responsibility is one approach to implement changes in health care institutions.

Aim: Literature review regarding empowering leadership and AMS in health care and assessment of the impact of such a leadership style on AMS in a NICU/PICU over 3 years.

Methods: Assessment of the impact of a leadership change September 1, 2015 from control-driven to an empowering leadership style on antibiotic use and hospital acquired infections. Prospective analysis and annual comparison of antibiotic use, rate of suspected and confirmed ventilator-associated pneumonia (VAP) and central-line associated blood stream infection (CLABSI) including antibiotic use overall, antibiotic therapy for culture-negative and culture-proven infections including correct initial choice and streamlining of antibiotics in the NICU/PICU of the Children's Hospital of Lucerne between January 1, 2015 and December 31, 2017.

Results: Five articles were included in the literature review. All five studies concluded that an empowering leadership style may lead to a higher engagement of physicians. Three out of five studies reported improved AMS as reduced rate in hospital-acquired infections and improved prevention of MRSA infections. From 2015 to 2017, antibiotic days overall and antibiotic days for culture-negative situations (suspected infections and prophylaxis) per 1000 patient days declined significantly from 474.1 to 403.9 and from 418.2 to 309.4 days, respectively. Similar, the use of meropenem and vancomycin declined significantly. Over the 3 years, suspected and proven VAP- and CLABSI-episodes decreased with no confirmed episodes in 2017.

Conclusion: An empowering leadership style which focuses on enabling frontline physicians to take direct responsibilities for their patients may be a successful strategy of antimicrobial stewardship allowing to overcome reported barriers of AMS implementation.

Keywords: leadership, empowerment, shared leadership, distributed leadership, antimicrobial stewardship, intensive care unit, pediatrics


INTRODUCTION

Quality improvement in healthcare has become one of the most discussed topics of the Twenty-first century and has real potential to enhance patients' outcome. The emergence of outcome measurement and quality improvement in the neonatal intensive care units (NICU) showed a profound effect on improving outcomes for premature neonates within the last decade (1). Antimicrobial stewardship (AMS) is an important strategy of quality improvement. The Infectious Disease Society of America describe the primary goal of AMS as optimizing clinical outcomes while minimizing unintended consequences of antimicrobial use, including toxicity, the selection of pathogenic organisms, and the emergence of resistance (2, 3). A recent published systematic review regarding AMS in children's hospitals showed significant reduction of overall and/or selected antibiotic use in general pediatric wards, whereas only limited information is available on effective components of successful AMS programs in pediatric and neonatal intensive care units (PICU/NICU) (4).

Antibiotics are among the most used medications in PICUs and NICUs, often prescribed for culture-negative situations (5–8). Especially neonates and young infants often present with unspecific clinical and laboratory signs of infections and empirical antibiotic therapy has to be started (9, 10). This is mandatory, as delayed antimicrobial therapy causes increased morbidity and mortality of truly infected children (9, 11). On the other hand, inappropriate prescription of antibiotics may have serious short-term consequences for children who eventually do not suffer from infection: drug-related adverse events, longer hospital stay, increased risk of fungal infections, rate of necrotizing enterocolitis (NEC), healthcare costs and mortality (12). In addition, alongside the known long-term consequences of inappropriate antibiotic use such as antimicrobial resistance (13–16), there is a growing body of evidence on the impact on the human microbiome with potential consequences for future health, especially when antibiotics are prescribed in the first few years of life (10, 12, 14, 17, 18). Therefore, appropriate pediatric AMS programs, particularly in NICUs and PICUs are urgently needed (4, 9, 19). Successful implementation of AMS is often a challenge due to the need of a high amount of staff resources (20), specific staff education, the implementation of an inter-professional AMS team, and lack of financial support from hospital administrations (4, 16, 19, 21, 22). Prescriber opposition due to the control-driven aspect of many AMS components may be an additional barrier for efficient implementation (21). The need for a strong leadership in these programs is often mentioned but rarely defined. A leadership style focusing on empowering frontline physicians to take over individual responsibility in the application of AMS is a potential strategy to improve the outcome of children receiving antibiotics or interventions, even when the respective staff and financial resources for a comprehensive AMS program are not available.

The aim of this study was first to perform a literature review regarding empowering leadership style for physicians with a specific focus on AMS. Secondly, we wanted to analyze the impact of a leadership style empowering frontline physicians to take decisions situational on AMS in our PICU and NICU over the last 3 years. We hypothesized that, with this leadership style, antibiotic days overall and antibiotic days for culture-negative situations (suspected infections and prophylaxis) decreases. In addition, we hypothesized that suspected hospital-acquired infections and antibiotic days for suspected hospital-acquired infections decrease.



METHODS


Literature Review

We conducted a literature review searching the database PubMed according to following key words: “leader* AND antimicrobial stewardship,” “shared leadership AND physician AND patient outcome,” “distributed leadership AND health care,” “empowerment AND antimicrobial stewardship,” “empowerment AND front line AND patient outcome,” such as “patient outcome AND leadership style NOT nurse.” As we focused on analyzing leadership styles among physicians and especially with physicians as leaders and stakeholders/followers, we excluded literature regarding leadership styles in nursing or business and management journals without relation to physicians. Comments, guidelines and reviews were excluded, only quantitative and qualitative studies with focus on leadership and AMS were included. The literature search was conducted in June 2018 and sorted by best match. We then added articles, which were either retrieved from reference lists or were recommended by experts during various discussions.



Study Setting/Design

The Swiss national ethics committee (Project-ID 2018-00361) approved this single center cohort study. All data used for this study were anonymized and the Swiss national ethics committee gave an assistant consent to use the necessary data. Inclusion criteria: All neonates and pediatric patients hospitalized at the NICU/PICU at the Children's Hospital Lucerne between January 1, 2015 and December 31, 2017. On admission, the Clinical Risk Index for Babies II [CRIB II, (23)] was used for preterm infants < 32 weeks of gestational age. The pediatric index of mortality II [PIM II (24)] was used for preterm infants >32 weeks of gestational age and children up to 15 years of age.

The Children's Hospital Lucerne is a teaching hospital for Pediatrics, Pediatric Surgery, and Neonatology. The NICU is a referral level III unit (perinatal center) for central Switzerland covering around 7000-8000 annual deliveries. The PICU cares for children until 16 years of age with health issues from all specialties except cardiac surgery. The NICU/PICU has an accreditation for 11 intensive care beds with about 550–600 admissions per year. The unit is part of the national quality circle for neonatology and pediatric intensive care and provides the requested data of all admissions according to Swiss regulations. Patient's care in the NICU/PICU is provided by one team, consisting of board-certified consultants for neonatology and/or pediatric intensive care, fellows in training for neonatology and/or pediatric intensive care and registrars following a 6-month rotation while in training for general pediatrics. The unit is led by a head consultant who reports to the head of the department of pediatrics. Role descriptions: The head consultant has the clinical and organizational lead of the unit and the ultimate responsibility regarding patient management and outcomes. He is the supervisor of all consultants. Consultants are clinical supervisors of fellows and registrars: They have the daily clinical lead of patient management and are actively involved in regular rounds and prescription of medications. Fellows and registrars conduct the regular rounds, are responsible for patient admission, management, and prescriptions.



Leadership Style

End of August 2015, the clinical and organizational lead of the unit changed. The former head left the hospital and the previous deputy head took over. The rest of the physician team of the unit remained mainly unchanged. Thereby leadership style changed from control-driven to empowering leadership. Obviously, no leader works just with one style, but the contrast of control-driven versus empowering describes best the difference of the two styles. Whereas there is no intent to compare the impact of the diverse leadership styles, there is a possibility to describe the impact of an empowering leadership style due to the distinct change end of 2015.

The focus of leadership after the change was to support and empower frontline physicians on the unit. Within a rough guideline, physicians were asked to treat patients according to their best knowledge within an inter-professional team at the current moment. For example, at the end of 2015 the team came to the agreement to employ an early extubation policy with the goal of extubating patients as soon as possible, rather than waiting to reach specific thresholds or senior approval to do so. No additional request was asked. If doubtful, the physician on-duty always had the possibility to ask senior colleagues for advice. Adverse outcomes such as reintubation within 24 h after extubation were used as a possibility to learn. Another example for a difference within antimicrobial stewardship was related to antibiotic treatment: The rough guideline requested to start antibiotic therapy early in patients with suspected infections. Prescription of the specific antibiotic drug and dose was advised according to a concise, web-based internal guideline. On the other hand, physicians were empowered to stop antibiotic treatment as soon as a bacterial infection was considered to be unlikely, in order to shorten therapy duration as much as possible.



Antimicrobial Stewardship

The NICU/PICU surveillance program was initiated in September 2014 with the goal of collecting prospective data on antibiotic use (general antibiotic days and specifically days with use of meropenem and vancomycin), ventilator associated pneumonia (VAP), and central-line associated blood stream infection (CLABSI). Daily records of patients, ventilation days, suspected VAP, suspected CLABSI and number of patients on antibiotic therapy were obtained by the physician on-duty. The NICU/PICU data manager verified the collected information and fed them regularly into the electronic database.

Since 2007, physicians at the Children's Hospital Lucerne prescribed medications (i.e., antibiotics) according to a web-based internal guideline, which provides advice for correct use and calculates weight-adapted medication dosage. These guidelines were evaluated and adapted every year and since 2016 correspond to the guidelines for infection control of the University Berne (Switzerland) (25). Since 2012, the decision to stop antibiotic therapy in late preterm and term babies with suspected early-onset sepsis was procalcitonin-guided, as the unit was part of the Neonatal Procalcitonin Intervention Study NeoPInS (26). Since the replacement of the units' leadership, multifaceted changes followed: In December 2015, weekly antimicrobial stewardship rounds were introduced with the adult infectious disease specialist. From June 2016 a pediatric infectious diseases specialist consulted the AMS rounds. The “early extubation policy” as described above was initiated in order to shorten duration of invasive ventilation. In January 2016, a VAP-working group was established and their elaborated care bundle was implemented in December 2016. The recommended rules were described by Goerens et al. (27) as the following: “Hand hygiene before and after patient contact and handling respiratory equipment, wearing gloves when in contact with secretions, ventilator circuit changes every 14 days or when visibly soiled, oral care every 2-4 hours, head of bed elevation, draining ventilator condensate before repositioning of the patient, using endotracheal tube (ETT) with cuff, choosing size of the ETT carefully to reduce numbers of reintubation.”



Definitions

VAP

The unit's surveillance program defined suspected VAP according to the following criteria: duration of ventilation of at least 48 h and requested new start or change of antibiotic due to worsening of ventilation conditions and/or clinical deterioration and/or radiological changes compatible with pneumonia and/or changes of tracheal secretions and/or abnormal laboratory parameters (CRP > 20 mg/l, leukocytosis/-penia, I:T ratio >0.2). Proven VAP was defined according to the Center of Disease (CDC) definition (28). In many NICUs, VAP incidence and concomitant antibiotic use were not routinely assessed (29). Nevertheless, suspected pneumonia and VAP is one of the main reasons for an empiric antibiotic therapy in NICUs and therefore we included the neonatal population for the assessment and evaluation of VAP (8). This is in line with recent literature asking to increase neonatologists' interest for VAP (29). Ventilation days were defined as days with invasive ventilation.

CLABSI

Suspected CLABSI was defined according to the following criteria: central catheter in place for at least 48 h and new start or change of antibiotic therapy necessary due to worsening of clinical state and/or abnormal laboratory parameters (CRP > 20 mg/l, leukocytosis/-penia, I:T ratio >0.2). Proven CLABSI was defined according to the CDC definitions (30). Catheter days were defined as days with central-line in place.

Sepsis/Meningitis

Culture proven sepsis and/or meningitis were defined as patients with blood and/or cerebrospinal fluid positive cultures. We excluded patients if blood and/or cerebrospinal fluid culture isolates were considered to be contaminants and the clinical and/or laboratory course was inadequate for sepsis or meningitis. Culture proven infections within the first 48 h of hospitalization were analyzed as community acquired, after 48 h of hospitalization as hospital acquired infections.

Correct Initial Use and Streamlining of Antimicrobials

In order to assess the use of antibiotics at the unit we evaluated retrospectively empiric choice and streamlining. Streamlining was defined as the first time of narrowing the antibiotic spectrum after receiving results (i.e., Gram stain, identification of germ with resistance pattern) from the microbiology laboratory. Empiric choice of antimicrobial agent was defined according to the web-based internal guideline of the hospital, which is described above. For analysis, correct initial use was defined as an antibiotic treatment that is either the perfect choice or an acceptable choice of medication depending on the case. Likewise, correct streamlining included cases with perfect streamlining, cases in which streamlining was done but more than 24 h after getting the results from the microbiology register and cases, where streamlining was not required. The pediatric infectious disease specialists of the Children's Hospital in Lucerne (MB) and of the Children's Hospital in Zurich (CB) evaluated streamlining and correct initial antibiotic use according to a 4-point Likert scale (perfect, acceptable, not done, not applicable).



Outcomes

To ensure the comparability of the 3 years (2015, 2016, and 2017) we aimed to compare the following baseline characteristics: CRIB II, PIM II, number of admissions, number of patients, number of preterm infants, ventilation days, catheter days and rate of proven infections (early-onset: within 48 h of hospitalization; late-onset: after 48 h of hospitalization).

The primary outcome was the annual comparison of overall antibiotic days per 1000 patient days and antibiotic days for culture-negative situations (suspected infections and prophylaxis) per 1000 patient days.

The secondary outcomes were defined as: (i) specific antibiotic days of meropenem and vancomycin per 1000 patient days; (ii) the annual comparison of hospital-acquired infections (suspected and confirmed VAP and CLABSI); (iii) antibiotic days for hospital-acquired infections; (iv) antibiotic days for community acquired and hospital acquired culture-proven infections (sepsis and/or meningitis); and (v) the annual comparison of correct initial antibiotic use and correct streamlining for culture-proven infections. We focused on meropenem and vancomycin because both antibiotics are determined as reserve medications within the hospital. Nevertheless, prior to leadership change in September 2015, meropenem was used for treatment of severe abdominal infections, vancomycin for suspected CLABSI.



Data Sources

For analysis of patients' baseline characteristics, data were retrieved from the Minimal Data Set inquiries (MDSi), which is the mandatory data set by the Swiss Society for Intensive Care Medicine (31). The MDSi collects information about number of admissions, number of patients, patient characteristics as age and weight, hospitalization days, PIM II and CRIB II scores, ventilation days and catheter days, and mortality rates. Data collected with the NICU/PICU surveillance program gives information about the number of suspected VAP and CLABSI, such as general antibiotic days, as well as meropenem and vancomycin days. The microbiology register of the Hospital of Lucerne provided the number of positive blood and/or cerebrospinal fluid cultures with discrimination of early (< 48 h after hospitalization) versus late (>48 h after hospitalization) onset sepsis. Details about antibiotic treatment, i.e., kind of antibiotic, length of therapy, date, and time of start of treatment and streamlining, were extracted from patient files and reports of hospitalization.



Statistical Analysis

The rate of observed patient days by the NICU/PICU surveillance program was compared with the number of true patient days retrieved from the MDSi. All results were calculated for 1000 patient days, ventilation days, or catheter days, respectively. Antibiotic days retrieved from the NICU/PICU surveillance program (i.e., antibiotic days overall, meropenem, and vancomycin days) were analyzed on the base of observed patient days by the surveillance program. Antibiotic days retrieved from the microbiology register and from patient files (i.e., antibiotic days for culture-proven infections) were analyzed on the base of true patient days according to the MDSi.

The parameters obtained during antimicrobial stewardship, especially the outcomes mentioned in section 2.6, were analyzed descriptively. In order to assess trends for antibiotic use, e.g., in terms of antibiotic days per 1000 patient days or similarly structured metrics, Cuzick's nonparametric test for trend (32) has been used. Fisher's exact test has been applied to investigate potential associations in contingency tables with binary outcomes. Trends and effects for the incidence of certain events have been evaluated utilizing Poisson regression (adjusted for number of patient days, ventilation days or catheter days where appropriate). Due to the exploratory nature of this retrospective analysis, a significance level of alpha = 5% has been applied without adjustment for multiplicity. However, trends and effects characterized by distinct patterns in the point estimates, supported by p-values of p < 0.01 or even p < 0.001, are considered more likely to be robust.




RESULTS


Literature Review

Five articles were included in the review. Figure 1 illustrates the selection process. An overview of the publications is shown in Table 1. Most articles have been published within the last decade, the oldest publication used in the review was published in 2006. Three out of the five articles were qualitative studies. Three studies encompassing leadership and AMS reported patient outcomes. All five studies are in line with the conclusion that an empowering leadership style in one way or another does lead to a higher engagement of staff and/or stakeholders. To share or distribute responsibilities on every team member, it is important to build personal relationships within a team (34) and to establish a penalty free learning culture (37). Positive impacts were reported on culture changes and on AMS topics such as MRSA prevention (35), reduction of nosocomial infections (37) and CLABSI (36).
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FIGURE 1. Flow chart illustrating selection process of literature review.





Table 1. Overview of publications used in the review.
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Study Population

During the study period (January 2015 to December 2017), a total of 1567 patients were admitted to the NICU/PICU and included in the study population. Baseline characteristics are listed in Table 2. 6722 out of 7875 (85%) patient days were observed within the PICU/NICU surveillance program. We observed a downward trend of the annual number of ventilation days and catheter days from 2015 to 2017 (p < 0.001). Mortality over the study period showed a not significant, decreasing trend from 2.1% in 2015 to 1.5% in 2017 (Table 3).



Table 2. Baseline characteristics of study population on admission.
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Table 3. Annual comparison of outcomes.
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Primary Outcomes

Annual antibiotic days per 1000 patient days declined significantly from 474.1 in 2015, to 398.3 and 403.9 days in 2016 and 2017, respectively (p < 0.001). Antibiotic days for culture negative situations (suspected infections and prophylaxis) decreased significantly from 418.2 in 2015, to 358.0 and 309.4 days per 1000 patient days in 2016 and 2017, respectively (p < 0.001) (Table 3).



Secondary Outcomes

The use of meropenem and vancomycin decreased significantly (p < 0.001) over the 3 years: Meropenem days per 1000 patient days decreased from 53.2 in 2015, to 27.4 and 25.5 in 2016 and 2017, respectively; Vancomycin days from 86.8 in 2015, to 43.1 in 2016 and 33.1 in 2017.

During the 3 years we noted a decreasing tendency of suspected and proven hospital-acquired infections: The rate of suspected VAP-episodes decreased significantly from 26.2 per 1000 ventilation days in 2015 to 19.0 in 2016 and 9.2 in 2017 (p = 0.027). In 2015, 3.1 proven VAP-episodes per 1000 ventilation days were noted, whereas none in 2016 and 2017. The rate of suspected CLABSI-episodes decreased not significantly from 10.7 per 1000 catheter days in 2015 to 8.7 in 2016 and 6.7 in 2017 (p = 0.261). In 2015, 1.8 proven CLABSI-episodes per 1000 catheter days were noted, 0.6 in 2016 and none in 2017.

Antibiotic days per 1000 ventilation days for suspected VAP declined from 214.4 in 2015, to 150.2 in 2016 and 56.9 in 2017 (p < 0.001). For proven VAP, in 2015 32.4 antibiotic days per 1000 ventilation days were noted, whereas none in 2016 and 2017 (p < 0.001). Antibiotic days per 1000 catheter days for suspected CLABSI declined from 70.0 in 2015 to 63.7 in 2016 and 33.4 in 2017 (p < 0.001). For proven CLABSI, 17.8 antibiotic days per 1000 catheter days were noted in 2015, 4.3 in 2016 and none in 2017 (p < 0.001).

The percentage of antibiotic days used for culture-proven infections (sepsis and/or meningitis) increased from 11.8% and 10.1% in 2015 and 2016 to 23.4% in 2017. The number of culture-proven infections and concomitant antibiotic days increased significantly (p < 0.001) due to an increase of community acquired infections. The number of hospital acquired, culture-proven infections, and concomitant antibiotic days decreased significantly (p < 0.001). The annual comparison of correct initial antibiotic use for culture proven infections and the rate of correct streamlining remained mainly unchanged. The rate of correct initial antibiotic use for culture proven infections was between 82 and 90%, streamlining was correct in 80–90% of the cases.

Table 3 gives an overview of all results. Figure 2 depicts the results as relative annual index to 2015 (base 100%).
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FIGURE 2. Relative annual index to 2015 (base 100%) of antibiotic days overall, meropenem and vancomycin days, and antibiotic days for hospital acquired, culture-proven infections, and culture-negative situations per 1000 patient days; not shown are antibiotic days for community acquired, culture-proven infections because development of infection is independent of the unit; *Culture-negative situations: suspected infections and prophylaxis; aCuzick's non-parametric test for trend: p < 0.001.






DISCUSSION

The annual comparison of overall antibiotic days per 1000 patient days and antibiotic days for culture-negative situations showed a significant improvement over the 3 years. Furthermore, hospital-acquired infections such as VAP and CLABSI decreased and the use of broad-spectrum antibiotics such as meropenem and vancomycin was reduced by more than 50%. Meanwhile, mortality rates and culture-proven, hospital-acquired infections remained unchanged. These findings indicate that quality of antibiotic use and infection control improved significantly. Correct initial antibiotic use was around 80–90% and streamlining remained unchanged by 70–80% over the study period.

Antibiotic days per 1000 hospitalization days are difficult to compare between different units as NICU and PICU's often have different infrastructures and diverse patient spectra. Therefore, it is not possible to assess the absolute number of 400 antibiotic days per 1000 patient days. Similarly, the comparison of meropenem and vancomycin use within the literature is difficult to assess. However, there are a few reports in line with our findings with successful reduction of their use in time series in NICU/PICUs after introducing an AMS (38–40). Analog, there are reports regarding a high variation of antibiotic use in different NICUs with unchanged outcomes indicating potential overuse (5, 41, 42). Cantey reports a rate of 89% of empirically prescribed antibiotics for culture-negative situations in their NICU which is in line with our findings in the years 2015 and 2016 (9). With increasing numbers of multi-resistant bacteria particularly on ICU's and the growing body of knowledge on the negative effects of antibiotics on the individual microbiome with potential impact on future health, there is a mandatory request for every unit to assess, evaluate and minimize antibiotic use (11, 13–19). The structural interventions which were introduced to our unit had a clearly positive effect on overall antibiotic use, reducing the overall consumption and increasing the rate of antibiotics used for culture-proven infections. We do interpret this as a step in the aimed direction. Furthermore, mortality rates within the study period showed a decreasing trend, which was not statistically significant due to the low rate of mortality. Nevertheless, recent publications underline this result, showing an association between overuse of antibiotics and increased short-term morbidity and mortality (13).

With successful implementation of AMS programs it is possible to reduce hospital-acquired infections as VAP and CLABSI rates (36, 37, 43). The observed rate of 3.1 VAP episodes per 1000 ventilation days and 1.8 CLABSI episodes per 1000 catheter days in 2015 is within the published range of hospital-acquired infections (29, 44). Nevertheless, in 2017 we achieved a blank sheet without any confirmed VAP or CLABSI. Most studies report only rates of confirmed hospital-acquired infections as VAP and CLABSI, which has become accepted quality indicators for intensive care units. Our findings indicate that there is a high variance between suspected and proven hospital-acquired infections with concomitant antibiotic use. Fisher et al. reported that 47% of antibiotic prescriptions in a PICU were due to suspected VAP (8). Cantey reported that 62% of antibiotic courses over 5 days for culture-negative situations in their NICU were for suspected pneumonia (9). Therefore, assessment, evaluation, and reduction of suspected and confirmed hospital-acquired infections has to become the standard measure for quality improvement initiatives.

In this single center study, AMS in regards to antibiotic use and hospital-acquired infections improved remarkably over the 3 years. The unit's surveillance program for AMS was introduced in October 2014 and therefore already in place 2015. The new head of unit did not just set up an AMS program because he had the goal to do so. Through multifaceted changes after discussion within the team, i.e., the early extubation policy, team members were empowered to take over direct responsibility for their patients. Based on the overarching goal to optimize care, AMS was just part of it and goals were set through everyone on the team. This is a key message of successful change management: The statement “successful change leadership involves investing time in finding common ground across stakeholders and in building credibility and trust“ (45) accentuates the fact, that in order to successfully implement a change, stakeholders need to define their own goals (46, 47). The potential of empowerment as leadership style lies in the fact that the members of the team receive a sense of meaning and coherence through their self-developed goals. This also leads to the phenomenon that the team members remain committed to the project because they want to achieve their previously self-defined visions. The leader does not delegate orders top-down, but builds a team of direct caregivers and empowers them to take over responsibility and make their own decisions. The leader is perceived as a coach (48). Leadership who enables team members to take over direct responsibility and which emphasize the importance of a positive team atmosphere is well known in industries outside health care (49, 50). Literature in health care is relatively scarce and mainly focused on nursing staff (38). Those articles often focus only on the qualitative impact of leadership style on the team such as job satisfaction (51, 52).

The need of a strong leadership in order to implement a quality improvement program is mentioned in several studies (46, 53, 54). The CDC guidelines for the implementation of an AMS program mention leadership commitment as the first of their 7 core elements (55). The wording “strong leadership” though bears the potential of different definitions of leadership styles. Obviously, a rather directive, control-driven leadership style can be strong and effective: In trauma care the optimal style and leadership depends on patient characteristics and team composition. Directive leadership in an emergency trauma room is most effective when pressure and urgency is high and teams are inexperienced (45). But individual competence and autonomy was a corner stone of physician's education and development during the last few decades (56–58). Therefore, physicians often do not like to be told what to do and prescriber opposition is one of the barriers of successful implementation of AMS programs (21, 59). This is in contrast to the current recommendations of AMS programs: The strategy with the best evidence consists of a multidisciplinary team, which ideally includes an infectious diseases physician (leading/directing the program), a clinical pharmacist with infectious diseases training, a clinical microbiologist, an information system specialist, an infection control professional and a hospital epidemiologist (2). The AMS team is like a control system giving directive orders to the frontline physicians. Empowering leadership for front-line physicians regarding AMS is an alternative way and may improve implementation of AMS even when the respective staff and financial resources for a comprehensive AMS program are not available.

The few articles that we found within the literature review regarding leadership and AMS agree that an empowering leadership style leads to a higher engagement of staff and may have positive impacts on prevention of MRSA infections (35), reduction of nosocomial infections (37) and CLABSI (36). This is in line with the results of our study that the significantly reduced rate of hospital-acquired infections is at least partly due to the empowering leadership style. As example, the fact that physicians as direct caregivers were enabled to extubate earlier leads to shorter duration of ventilation, reduces the risk of VAP, and may be collaterally responsible for the reduction of catheter days with a reduced risk of CLABSI. Similar, to stop antibiotic therapy early in culture negative situations may be seen as evident, best practice. Nevertheless, frontline staff needs to be empowered to do so through education and without being at risk to be blamed. The prerequisite for empowering team members is education (37): Staff members need to be educated before and while an intervention or change, in order to gain the required knowledge and skills to be able to take over responsibilities. Therefore, an empowering leadership style requires not only a compliant leader, but also a suitable team. Jeffs et al. describe it as “getting the right people on board” (34). Jain et al. mentioned a culture change with better communication within a multidisciplinary team and a stronger feeling of penalty-free unity as an important strategy in order to reduce nosocomial infections and having a better coordinated team (37). On the other hand, actions like the stewardship rounds held once a week with the infectious disease specialist in our unit seem to be insufficient to improve streamlining. Similar, the practice of correct initial use of antibiotics was high with 90% in the first 2 years of the study, but showed a decreasing trend. Whereas streamlining is probably less influenced by empowering leadership and more a problem of knowledge and education, reduced correct initial antibiotic therapy may be a side effect of empowering and individual autonomy of physicians.

Our study has several limitations. Obviously and most important, the connection between the significantly improved AMS data and the change of leadership style is only an association. There were multifaceted changes during the study period and therefore there is no proof of this relationship. Through leadership change and multifaceted changes the awareness and compliance for infection precautions and rational antibiotic use may increase. On the other hand, many parts of the implemented changes as for example early extubation or early stop of antibiotic therapy were dependent on empowered frontline physicians encouraged to do it. Obviously, it is possible that similar results could be achieved through daily visits of an infectious disease specialist and by strengthening the multidisciplinary approach. However, empowering leadership may serve as an add on or an option if resources are limited. Furthermore, the analysis uses the outcome data of 2015 as baseline and we have no data to show that they are representative for former years. Third, we did not measure the change of leadership style objectively. Nevertheless, we observed a significant improvement over a period of 3 years with a mainly unchanged physician team and steady baseline characteristics of admitted patients.



CONCLUSION

Based on our findings with clearly improved antibiotic use and reduced rate of hospital-acquired infections, we conclude that an empowering leadership style which focuses on enabling frontline physicians to take over direct responsibilities for their patients may be a successful strategy to improve antimicrobial stewardship.
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Sepsis is a leading cause of morbidity and mortality in children with a worldwide prevalence in pediatric intensive care units of approximately 8%. Fluid bolus therapy (FBT) is a first line therapy for resuscitation of septic shock and has been a recommendation of international guidelines for nearly two decades. The evidence base supporting these guidelines are based on limited data including animal studies and case control studies. In recent times, evidence suggesting harm from fluid in terms of morbidity and mortality have generated interest in evaluating FBT. In view of this, studies of fluid restrictive strategies in adults and children have emerged. The complexity of studying FBT relates to several points. Firstly, the physiological and haemodynamic response to FBT including magnitude and duration is not well described in children. Secondly, assessment of the circulation is based on non-specific clinical signs and limited haemodynamic monitoring with limited physiological targets. Thirdly, FBT exists in a complex myriad of pathophysiological responses to sepsis and other confounding therapies. Despite this, a greater understanding of the role of FBT in terms of the physiological response and possible harm is warranted. This review outlines current knowledge and future direction for FBT in sepsis.
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INTRODUCTION

The worldwide burden of sepsis in pediatric intensive care in terms of morbidity and mortality remains high and is a key healthcare priority (1–3). Fluid bolus therapy (FBT) has long been the central component of resuscitation of children with sepsis (4). The role of FBT is to improve the circulating volume, cardiac output and mitigate circulatory dysfunction and organ hypoperfusion. It is the recommended forefront therapy of international pediatric and adult consensus guidelines in high-income and low-income settings (5–8). The emergence of evidence demonstrating harm associated with FBT has led to a re-evaluation of its role in sepsis resuscitation.

Data supporting current pediatric sepsis guidelines are limited. Recommendations in relation to FBT have been based on small case control studies and animal data, mostly from two-three decades ago (9–11). Few randomized controlled studies exist. The most recent 2017 ACCM/PALS guidelines recommend that 20–60 ml/kg should be administered, titrated to clinical signs of shock and discontinued at shock resolution or fluid overload (5). Fluid resuscitation (FR) for refractory shock and assessment of response is recommended within 15 min to which adherence has proven difficult (12, 13). The past two decades has seen large multicentre studies targeting optimal fluid composition (14, 15), goal directed therapy (16–18), fluid restrictive protocols (19–23) as well as a pivotal study of FBT vs. no FBT in African children with sepsis (24); all contributing to the current landscape.

Clinicians aim to identify patterns of circulatory dysfunction in septic shock that include myocardial dysfunction, systemic vasodilatation, and hypovolaemia (25). This generally relies on clinical examination and non-invasive haemodynamic parameters. The challenge of investigating whether interventions that independently, or in combination with others, improve outcomes or cause harm may prove difficult (26). The complexity of assessing one component of a suite of interventions to address a multifaceted pathophysiological process will require carefully designed studies. Yet, in the face of many unanswered questions and associated harm, the imperative to investigate the role of FBT in sepsis exists.

This review outlines the current understanding of the role of FBT in children with sepsis and recent research direction.



EPIDEMIOLOGY OF SEPSIS, PATTERNS OF FLUID RESUSCITATION AND OUTCOMES IN CHILDREN

The global burden of sepsis and septic shock is high in pediatric intensive care units (PICUs) with prevalence studies suggesting mortality rates ranging from 6 to 25% (1, 27). Temporal trends suggest that although prevalence may be increasing, severe sepsis mortality might be declining (2). In PICUs in ANZ, the prevalence of sepsis and septic shock is 2.9 and 2.1% respectively and accounts for over a quarter of PICU deaths (28). In the US, an observational study of septic shock in children indicated that a third of deaths occur early (1–3 days) with a high proportion occurring in previously healthy children (29). The most common causes of death being refractory shock followed by secondary organ dysfunction. In ANZ, Schlapbach et al. demonstrated that 50% of deaths from sepsis occurred within 48 h and that predictors of death unsurprisingly relate to presence of markers of multi-organ dysfunction (30). Pediatric sepsis mortality in low income countries range widely (31) due to definitions of shock, disease specific and population specific factors as well as differences in intensive care resources.

There are very few large scale epidemiological or randomized studies of FBT in pediatric septic shock (32). Several pediatric observational studies of the resuscitation phase of sepsis have mostly been small single center studies and compare survivors and non survivors (33, 34), those with or without shock (12), or protocol adherence (13, 35, 36). Those reporting outcomes with volume or timing of FBT show varying results. Paul et al. for instance, showed that those who received 60 ml/kg of FBT within 60 min in the emergency department had a 57% shorter hospital length of stay than children who did not (13). Whether this relates to early recognition and implementation of a range of interventions such as early appropriate antibiotics or FBT is unclear. An audit of pediatric sepsis management from the United Kingdom showed that the initial median volume of FBT prior to intensive care is 50–60 ml/kg (12) suggesting alignment to current guidelines in the initial phase of sepsis management.

A large US adult study of the interaction between fluid administration on day 1 and mortality from sepsis showed increased severity adjusted mortality and cost for each liter above 5L; in the presence of shock, mechanical ventilation or both (37). Leisman et al. however, showed in an observational cohort study of adults with sepsis that less time to initiation of FBT reduced hospital mortality, ICU admission, mechanical ventilation duration and length of ICU and hospital stay. These were adjusted for measures of organ dysfunction, patient source and antibiotic administration (38). The inherent limitations in this study preclude a causal relationship however of note, no difference in hospital mortality was observed for volume of FBT until >35 ml/kg was administered where mortality was increased. Whether improved survival relates to timely recognition of sepsis, improved bundle delivery remains unclear. There are a paucity of similar pediatric data associating outcomes with fluid resuscitation.



PATHOPHYSIOLOGICAL ASPECTS OF SEPSIS AND RESPONSE TO FBT

The pathophysiology and haemodynamic patterns in septic shock are complex, dynamic and not easily determined clinically. The pathophysiological hallmarks of septic shock are cytokine and nitric oxide mediated inflammation, activation of the coagulation cascade, manifesting as myocardial, endothelial, and organ dysfunction (25). Therapeutic targets in the acute management of septic shock are fundamentally aimed at matching oxygen delivery to demand by improving cardiac output for which the key targets are macrovascular.


Circulatory Markers of Shock

Clinical signs of septic shock such as tachycardia, hypotension, impaired skin perfusion, while readily identifiable and indicative of shock, are difficult to rely upon to indicate hypovolaemia or volume responsiveness. Yet these are commonly the triggers or targets available to clinicians in the first hours of pediatric sepsis management. More advanced tools such as echocardiography or invasive haemodynamic monitoring can assist in deciphering myocardial dysfunction from a hyperdynamic circulation as well as volume responsiveness, however even these, as static measures lack predictive accuracy (39). Their availability are not always available outside of the intensive care environment or during anesthesia. Both dynamic and static measures of volume responsiveness are unreliable in children (40, 41) and volume responsiveness as a concept, is somewhat arbitrary. Respiratory variation in aortic blood flow velocities appear better predictors of volume responsiveness in children (42, 43) more so than systolic pressure and pulse pressure variation (44) but this is in the context of ventilated children.

Blood pressure and heart rate are the most highly rated clinical signs among pediatric intensivists (45), ED physicians (46), adult intensive care physicians (47, 48). Yet blood pressure measured non-invasively are prone to underestimation. A study of over 50,000 concurrent non-invasive and invasive BP measurements showed that NIBP has a poor positive predictive value of 58% for hypotension meaning over treatment of low blood pressure is possible (49). The quality and volume of the peripheral and central pulses are also critical signs that rely on experience to elucidate and interpret accurately.

Capillary refill time (CRT) is a simple bedside test universally regarded as a marker of inadequate perfusion and dehydration in children and a specific adjunct sign of shock (50, 51). In children with septic shock in intensive care it relates weakly to stroke volume index (52) but commonly relied upon to determine the responsiveness to FBT. A study of adults with septic shock suggest good interrater reliability, good correlation with lactate and SOFA score and 14 day mortality (53) and trials of tissue perfusion-guided therapy (including CRT) on outcomes in sepsis, have ensued (54).

Several studies describe the haemodynamic patterns in children with septic shock, often following an initial dose of FBT commonly referred to as “fluid refractory shock.” Deep et al. showed distinct patterns of “cold' (predominantly reduced myocardial function, vasoconstricted) and “warm” (predominantly hyperdynamic, vasodilatory) shock amongst 36 children with community acquired and hospital acquired sepsis with early and sustained abnormalities in haemodynamic values (55). An Indian study in two PICUs showed that in 48 children who had received 40 ml/kg of FBT the continued presence of both “warm” and “cold” shock based on clinical and echocardiographic indices, was also accompanied by the transformation or evolution over time indicating the dynamic nature of the circulatory disturbance (56). Others have also defined the clinical and haemodynamic phenotypes using a pulmonary artery catheter (57). Ceneviva et al. showed persistence of shock following FBT (60 ml/kg) in over a third of patients. The distribution of shock patterns were low cardiac index (CI) (58%), high CI/low systemic vascular resistive index (SVRI) (20%) and low CI/low SVRI (20%) (57). Similarly, in another small cohort of children with “fluid refractory shock,” non-invasive cardiac output monitoring demonstrated marked differences in physiological patterns between those with catheter related sepsis and community acquired pneumonia (58).

Clearly a spectrum of circulatory phenotypes exists, overlap and evolve in the initial stages of septic shock in children. The ability of clinicians to recognize these entities early and repeatedly on the basis of predominantly clinical signs, commence therapies and use clinical, biochemical, echocardiographic, and perhaps microcirculatory markers to judge response to therapy outlines the complex nature of sepsis resuscitation and teasing out the role of one therapeutic intervention.



Sepsis and the Microcirculation

Imaging of the microcirculation to measure the number of perfused capillaries and capillary density can assess the microvascular response to sepsis and therapy. It is performed in intensive care patients with a sublingual camera using side-stream dark field video-microscopy of the sublingual circulation. Alterations in the microvasculature include reduction in capillary density and microvascular blood flow (59, 60). Microvascular dysregulation that occurs in sepsis include altered rheology of red blood cells, impaired regional vascular autoregulation, activation of coagulation and arteriovenous shunting (60). The microvasculature plays an independent role in tissue perfusion and oxygenation that may not be influenced by macrovascular alterations (61). In an observational study of 18 pediatric sepsis patients, persistent reduction in microcirculatory flow in the first few days of sepsis was associated with mortality (59). In relation to response to FBT, few animal studies using intra-vital microscopy and video imaging of the microcirculation have shown both improvement as well as persistence in microcirculatory dysfunction with FBT (62) whereas a small observational study in adults with sepsis showed that fluid responders (determined by a 5% increment in stroke volume), increased capillary density and flow to FBT compared to non-responders (63). Near-infrared spectroscopy is another non-invasive modality that can assess tissue oxygenation at the bedside and may have a place in assessing the microcirculatory manifestations of septic shock and response to therapy. The clinical utility of measures of the microcirculation in the resuscitation phase of septic shock remains to be seen.

Perhaps, in time, assessment of the phenotypic subtypes of septic shock may extend beyond clinical signs and haemodynamic measured and include genetic markers (64). Until then, the fundamental principles of using a constellation of clinical signs and haemodynamic monitoring in the resuscitation of septic shock with an emphasis on repeated assessments of response to therapy, will remain.




PHYSIOLOGICAL RESPONSES TO FBT

Pharmacodynamics assessment of FBT in post-operative adults show that the maximal effect on cardiac output occurs at 1.2 mins in responders and the effect dissipates at 10 min (65). A systematic review of studies looking at haemodynamic responses also support the findings that increases in cardiac output following FBT is unsustained at 30 min (66). In healthy adult volunteers, rapid IV bolus of 30 ml/kg of 0.9% saline and 4% albumin lead to differences in effects on pulmonary mechanics, inflammation and cardiac preload (67). Specifically, those who received 0.9% saline had increased pulmonary oedema with an inflammatory component whereas those who received 4% albumin did not. In adults in an emergency department setting the 5% changes in HR and BP from baseline measured at 10 min post FBT were not sustained at 1 or 2 h (68). There are limited data on the pharmacodynamic effect of FBT in children. A recent small cohort study however, compared echocardiographic changes in the first 24 h following FBT and rehydration vs. rehydration alone in malnourished African children with gastroenteritis (69). There were heterogeneous effects on echocardiographic markers of stroke volume in the bolus group; more so when compared to the continuous rehydration group. Long et al. in a prospective observational study showed a transient increase in cardiac index (a product of heart rate and echocardiographic derived stroke volume per meter squared of body surface area; L/min/m2) 5 min following a fluid bolus that had dissipated by 60 min to a lower baseline than pre bolus (70). Observational studies such as these are limited by confounding factors but do reflect the reality in clinical practice. It also suggests that that minutely time intervals may be required to understand physiological effects of FBT in a more granular way. The duration, magnitude and dissipation of effect of FBT in children require further examination.



EVIDENCE BASE AND GUIDELINES FOR FBT IN PEDIATRIC SEPSIS

The two recent editions of the Surviving Sepsis Campaign Guidelines (6, 71) and the ACCM PALS guidelines have not altered their recommendations relating to FBT in sepsis (5, 72). They recommend that 20 ml/kg boluses up to 60 ml/kg be administered in the first 15 min of resuscitation unless signs of fluid overload occur. The World Health Organization report on the management of critically ill children, in 2016 recommended that for the treatment of non-specific shock, 10–20 ml of crystalloid be administered between 30 and 60 min with an emphasis on repeated re-assessments (7). The foundation of these recommendations is largely based on limited human and animal data as well as expert opinion. One of the pivotal observational cohort studies from 1991 investigated the association of fluid administration and mortality in children with septic shock. Thirty four subjects were categorized by administered volumes of FBT in the first hour of septic shock; < 20 ml/kg, 20–40 ml/kg and more than 40 ml/kg (9). The study showed that those who received >40 ml/kg of FBT had improved survival compared to those who received < 20 ml/kg.

There are few randomized studies of FBT in children with septic shock in the context of intensive care resources. Three studies have compared a range of interventions such as fluid types, early inotrope and goal directed therapy with measured outcomes such as shock reversal, mortality, and intensive care resources (18, 73, 74). These studies included a total of 309 children and when systematically reviewed, there were no discernible difference in patient-centered outcomes (75).

The majority of studies of FBT in children relate to disease specific conditions such as malaria (76, 77), dengue fever (78–80), and meningococcal sepsis (81) limiting their broad applicability. Systematic review and meta-analysis of these studies (excluding the FEAST study) do not provide compelling evidence for a mortality benefit from FBT vs. no FBT or for different types of FBT (82).



FLUID EXPANSION AS SUPPORTIVE THERAPY (FEAST) TRIAL

The FEAST study, a RCT of FBT in over 3,000 Sub-Saharan African children with sepsis and impaired perfusion has been a pivotal study in generating interest in the potential harm from FBT. It showed that boluses of 0.9% saline or 5% albumin compared to maintenance fluid significant increased mortality at 48 h (RR 1.45; 95% CI 1.13-1.86; p = 0.003). The results were consistent across all pre-specified subgroups including malaria, anemia (hemoglobin concentration < 50 mg/l), coma and lactic acidosis (lactate >5 mmol/l). These results generated much interest and debate surrounding the role of FBT in high-income countries (83–85). The investigators assigned causes of death based on clinical features at presentation and concluded that cardiovascular collapse, as the terminal event, was the largest contributor to excess mortality as opposed to pulmonary or neurological failure (86). Important perspectives regarding this trial have been outlined (84, 87) but increasing interest in examining FBT has followed in both adults and children. The main limitations of these findings have been well articulated by Duke (87). Firstly, despite being a clearly unwell population of children, shock, defined by the WHO (7) as presence of cold peripheries and weak pulse, tachycardia and delayed capillary refill >3 s was not present in around 70% of participants. Secondly, the lack of availability of intensive care interventions limits the ability to respond to complications of fluid therapy and thirdly, the population studied may well have been at risk of adverse consequences of fluid therapy such as the presence of cerebral oedema, hyponatremia or excessive antidiuretic hormone secretion.



FLUIDS AND HARM: FLUID OVERLOAD

Fluid accumulation in critical care is recognized as being associated with respiratory and renal morbidity as well as increased ICU Length of stay (LOS) and mortality. The degree to which FBT contributes to fluid accumulation in children is not well established. The association of fluid overload and harm is consistent in a broad spectrum of critically ill children including those following congenital heart disease surgery (88–90), acute kidney injury (91, 92), acute lung injury (93), children on ECMO (94), in a general PICU (95, 96), children with shock (97), and sepsis (98). However, fluid overload is defined, either by percentage of weight accumulation or percentage increase in daily cumulative fluid balance, the association stands in a dose dependant fashion (99). The downstream effects of FBT on fluid accumulation in children with sepsis is likely to represent one of many aetiological factors including non-resuscitation fluid, impaired clearance mechanisms, physiological responses such as SIADH and endothelial dysfunction. Furthermore, how fluid overload (commonly identified from the medical record by net change in fluid input and output) relates to organ oedema, organ perfusion and function, is not clear. Fluid administration is a key modifiable component of fluid accumulation and the impact on organ oedema and function requires further examination.



FLUID RESTRICTIVE RESUSCITATION STRATEGIES

In response to the concern regarding harm from FBT, studies of restrictive fluid resuscitation have emerged to assess feasibility and safety of early inotrope based resuscitation strategies in adults, in high and low income countries (19, 20, 100). Two pediatric studies exist; one in the UK (23) and one in Canada (22). The UK study randomized 75 children with infections and clinical signs of shock after 20 ml/kg of FBT to either 10 ml/kg or 20 ml/kg per bolus for subsequent boluses. At the end of the 4-h study period the mean difference in FBT volume was −11.2 ml/kg (95% CI −16.6 to −5.8 mL/kg; p < 0.001). Roughly two-thirds received only 1 further bolus. There were no differences in hospital or PICU based outcomes. The authors concluded that lower than expected severity of illness precludes conduct of a larger study. The Canadian study aims to determine whether early vasoactive therapy, compared to usual fluid resuscitation practice (up to 60 ml/kg of isotonic fluid) reduces time to shock reversal and organ dysfunction. Adult data have shown that fluid restrictive resuscitation can reduce FBT administration. The CLASSIC study randomized 151 adults with septic shock and showed a significant reduction of resuscitation fluid at 5 days [500 ml (IQR;0–2,500) vs. 2,000 ml (IQR; 1,000–4,100) p < 0.001] but no difference in total administered fluid [12,411 ml (IQR; 5,518–17,035) vs. 13,687 (IQR; 7,163–17,082) p = 0.45] but a trend toward lower fluid accumulation [−1,148(−2,531–235) p = 0.06](19). Fluid restriction also led to less AKI but no changes in rates of CRRT, respiratory support or mortality. A summary of fluid restrictive resuscitation studies in children and adults with sepsis is in Supplementary Table 1.

For pediatric studies focusing on fluid restriction it will be important to determine feasibility of implementation of a fluid restriction protocol in terms of recruitment and separation between the groups for dose of FBT. Whether restrictive FBT can present a safe, feasible alternative that positively impacts patient centered outcomes is the challenge for these studies.



CHALLENGES OF STUDYING INTERVENTIONS IN PEDIATRIC SEPSIS: FUTURE DIRECTIONS

The time critical nature of recognizing and initiating management of pediatric septic shock belies the challenges of investigating FBT. Determining triggers and targets for interventions will largely rely on haemodynamic markers of shock as well as markers of impaired tissue perfusion such as hyperlactataemia. Despite the inherent difficulties, alternative interventions may prove to be safe equivalent in reversing shock and may reduce harm in terms of morbidity and mortality related to limiting excessive fluid administration. One such strategy is restrictive fluid resuscitation where early vasoactive therapy is initiated rather than repeated FBT.


Population

Targeting children with septic shock would be necessary despite the challenges in recognizing this group early at presentation. A combination of haemodynamic indicators as well as features of organ dysfunction (altered consciousness state, tachypnoea) and tissue dysoxia (lactate elevation) are key features. A study in ANZ showed that these features are easily identifiable early and can accurately discriminate children at risk of death, albeit once admitted to an intensive care unit (30). Recent international consensus definition of sepsis severity (101) specifically recognize markers of organ dysfunction to identify high risk groups but are not designed for children. The range in age specific normal values will necessitate sophisticated trial infrastructure to ensure protocol adherence and appropriate recruitment.



Intervention

Trials of restrictive fluid therapy will require a clinically significant separation of administered fluid volume. Vasoactive agents such as adrenaline or noradrenaline can be administered peripherally and are suitable alternate interventions. Adrenaline being more inotropic with vasoconstrictor activity would be the optimal agent. In most instances, central venous access would not be readily available and hence dilute peripheral administration would be required. The administration of peripheral adrenaline presents several issues warranting consideration. Initial titration of adrenaline would occur using non-invasive blood pressure monitoring and, in the presence of shock, would require clear pathways and ceiling doses to either enable weaning or mandate early intensive care interventions. The entry point of recruitment would need to occur when initial therapy for reversing shock are insufficient. Otherwise one risks exposing a large group of children to an intervention (or comparison therapy) that may not have been indicated thereby exposing a proportion of children to excessive therapy. The presence of septic shock and administration of 20 ml/kg of FBT and a decision to administer further resuscitation would be an example of suitable inclusion criteria.



Outcomes

Appropriate outcomes for studies of FBT in sepsis will be an important consideration for trial designs. The desired range of outcomes should include mortality, measures of organ dysfunction, need for intensive care resources as well as outcomes specific to fluid therapy. Markers of tissue oxygenation, tissue oedema and endothelial dysfunction have also been included as secondary endpoints in current study designs. The sample size required to show a 5–10% difference in outcomes have been suggested to be up to 1,500 participants (1) which would be feasibly achieved by a multinational collaboration.




CONCLUSIONS

FBT has been the frontline recommended therapy in sepsis management guidelines for several decades without a body of evidence supporting its appropriate use. Increasing attention has now turned to the potential consequences of excessive fluid therapy in the context of evidence suggesting harm. This has made the time ripe to further investigate the role of this long standing, fundamental intervention in pediatric sepsis. Restrictive fluid resuscitation is currently at the forefront of alternative strategies being investigated. Whether this approach is safe, feasible and effective in reducing excessive fluid therapy and can be shown to independently improve meaningful outcomes in children with septic shock remains to be seen.
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Sepsis in neonates and infants remains a major cause of death despite a decline in child mortality and morbidity over the last decades. A key factor in further reducing poor clinical outcomes is the optimal use of antibiotics in sepsis management. Developmental changes such as maturation of organ function and capacity of drug metabolizing enzymes can affect the pharmacokinetic profile and therefore the antibiotic exposure and response in neonates and infants. Optimal antibiotic treatment of sepsis in neonates and young infants is dependent on several key components such as the determination of treatment phase, the administered dose and the resulted drug exposure and microbiological response. During the initial phase of suspected sepsis, the primary focus of empirical treatment is to assure efficacy. Once bacterial infection as the cause of sepsis is confirmed the focus shifts toward a targeted treatment, ensuring an optimal balance between efficacy and safety. Interpretation of antibiotic exposure and microbiological response in neonates and infants is multifaceted. The response or treatment effect can be determined by the microbiological parameters (MIC) together with the characteristics of the pathogen (time- or concentration dependent). The antibiotic response is influenced by the properties of the causative pathogen and the unique characteristics of the vulnerable patient population such as reduced humoral response or reduced skin barrier function. Therapeutic drug monitoring (TDM) of antibiotics may be used to increase effectiveness while maximizing safety and minimizing the toxicity, but requires expertise in different fields and requires collaborations between physicians, lab technicians, and quantitative clinical pharmacologists. Understanding these clinical, pharmacological, and microbiological components and their underlying relationship can provide a scientific basic for proper antibiotic use and reduction of antibiotic resistance in neonates and infants. This highlights the necessity of a close multidisciplinary collaboration between physicians, pharmacists, clinical pharmacologists and microbiologist to assure the optimal utilization of antibiotics in neonates and young infants.
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INTRODUCTION

Despite a decline in child mortality during the last decades, close to 6 million children died before the age of 5 years in 2015 with almost half of these patients dying during the neonatal period (1). Neonates are immunologically immature, have reduced skin barrier, reduced humoral response and a diminished microbial diversity in gut microbiota, all contributing to a higher risk of life-threatening bacterial infection, often presenting as sepsis (2–5). Sepsis is defined as a clinical condition resulting from a dysregulated immune response, triggered by an infection. The initiation of the pro-inflammatory cascade may cause widespread tissue injury (6–9). In 2015, infectious diseases were responsible for 9.5% of neonatal deaths worldwide, mainly focusing on lower and middle income countries where healthcare and appropriate antibiotics may be difficult to access (1). It should be noted that sepsis continues to impact not only neonates, but also affects a considerable proportion of young and older infants receiving intensive care. A recent study showed that global prevalence of severe sepsis in pediatric intensive care units is 8.2% (10).

The diagnosis of sepsis in neonates and infants is complex, and a complete discussion on clinical decision-making about initiations of antibiotics is beyond the scope of this review (11). Early antibiotic therapy for potential bacterial infection in sepsis is critical with antibiotics generally being started empirically, meaning before microbiological results are available. Antibiotic treatment is often started before sepsis is confirmed by microbiological diagnostics because of the lack of sensitive blood cultures together with the insufficient predictive performance of these analytics and as well as the possibility of sampling from the infection site. In settings with restricted availability of standard diagnostic tools or a high level of prior antibiotic exposure, for example because of availability of antibiotics over the counter, a definitive diagnosis may not be reached (12).

Neonatal sepsis can be divided into early and late onset neonatal sepsis (EONS and LONS), which reflects the timing of onset of symptoms, type and virulence of organism and associated pathogenesis (2). First, EONS is defined by a life-threatening infection during the 1 days of life. In developed countries Group B Streptococcus and Escherichia coli account for most episodes of EONS, whereas Klebsiella is the most common organism in low and middle income countries (13, 14). Risk factors for EONS are prematurity, premature and prolonged rupture of membranes, intrapartum maternal fever (>38°C) and maternal Group B Streptococcus colonization (3, 15, 16). As expected, neonates with a very low birth weight (VLBW, <1,500 g) are more susceptible to an infection (16, 17). Second, LONS is characterized by the onset of symptoms more than 72 h after birth. Among VLBW neonates, Gram-positive organisms are most commonly associated with LONS, although it has been shown that the mortality rate is 2–3 times higher in neonates with Gram-negative infections. Prolonged indwelling catheter use and other invasive procedures are potential risk factors (16). Third, invasive infections during infancy are mostly caused by Streptococcus pneumoniae. Because of vaccinations, infections caused by Haemophilus influenzae type b are less common in developed countries compared to resource limited settings (7). Currently, Salmonella spp. is one of the most common organisms causing sepsis in low and middle income countries (18).

In the first 2 years of life, maturational processes affect drug clearance and make antibiotic dosing more challenging, compared to older infants where dosing is mainly adjusted by body weight and renal function. Most of the current dosing guidelines for antibiotic treatment are simply extrapolated from adult studies and it has been reported that dosing recommendations across intensive care units and international guidelines are highly variable and inconsistent (19). We review and discuss key components and their underlying relationships relevant to antibiotic dose optimization in neonates and infants with suspected or confirmed sepsis (Figure 1).
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FIGURE 1. Flowchart illustrating key components and factors influencing the concepts concerning antibiotic treatment in neonates and infants. MIC, minimal inhibitory concentration; PK, pharmacokinetics; PD, pharmacodynamics; iv, intravenous; sc, subcutaneous; po, oral.





OPTIMIZATION OF ANTIBIOTIC THERAPY IN SEPSIS: EMPIRICAL VS. TARGETED TREATMENT

In a clinical setting, there is generally no time to wait for the result from microbiologic samples when there is suspected sepsis. Antibiotic treatment can therefore be viewed as having two phases, namely an initial, empirical treatment phase followed by a targeted treatment phase once a causative pathogen is confirmed (Figure 2). Both phases are time-related, and antibiotic dose optimization may focus on either efficacy or safety, respectively.
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FIGURE 2. Conceptual visualization of impact of efficacy and toxicity during antibiotic treatment. During the empirical phase, focus lies on an efficacious treatment and when sepsis is confirmed (~3 days) treatment can be individualized and focus should shift to the safety of treatment.




Empirical Treatment Phase

In the 1 hours to days of treatment, the primary focus is to deliver effective treatment. During this earliest stage mortality is directly related to the effects of the life-threatening infection and managing toxicity is less central. As the causative organism generally remains unknown, selection of the antibiotic regimen needs to take into account the overall epidemiology of sepsis in the age group of the patient (19).

A key parameter describing susceptibility to antibiotics and used in dose-finding is the minimal inhibitory concentration, or MIC, which reflects the lowest antibiotic concentration needed to inhibit visible growth of the pathogen (20). MIC breakpoints for pathogens are established based on various in vitro tests and are applied to an entire population. Initial antibiotic doses should be targeting the “worst-case” minimal inhibitory concentrations, captured by the phrase “go hard and go home” (21). During the empirical treatment phase, the benefits (e.g., high probability that causative pathogens are killed) outweigh the risks (e.g., development of renal toxicity) and therefore a certain trade-off in dosing regimen to achieve relatively high exposures in relation to non-pathogen specific MIC may be acceptable.



Targeted Treatment Phase

After an initial empirical treatment there are two possible outcomes. Treatment may be discontinued because the clinical picture of sepsis cannot be microbiologically confirmed and an alternative diagnosis emerges. On the other hand, the microbiological cause confirming the diagnosis of sepsis may be identified. In the latter case treatment will be continued and toxicity issues become more important. During this targeted treatment phase, antibiotic dose optimization will be individualized to achieve an optimal efficacy-safety balance (Figure 2). When patients experience or are at high risk of toxicity (for example because of renal failure), three options are available: if susceptibility testing suggests a less toxic alternative, antibiotic treatment may be switched; depending on the exact infection and treatment response, only a short course is necessary and treatment may be stopped; or the antibiotic is question is considered the optimal therapeutic choice, in which case dose adjustments will be needed, possibly combined with therapeutic drug monitoring (TDM).



Antibiotic Drug Monitoring

The relationship between antibiotic dose and exposure is subject to high levels of inter- and intra-individual variability and to achieve effective antibiotic exposure, antibiotic drug monitoring is becoming crucial. This variability is known to be increased in patients with life-threatening infection, when rapid pathophysiological fluctuations even over the course of a few hours can impact the pharmacokinetics, and therefore the relationship between dose and antibiotic exposure. Reliable measurements are a prerequisite for effective TDM, accordingly turn-around times >24 h should be disregarded for critically ill patients (22). TDM is used to personalize the dosing strategies to ensure antimicrobial exposures which have therapeutic success and low probabilities of toxicity and generation of antimicrobial resistance (23). The percentage of patients with sub-therapeutic concentrations decreased from 58 to 40% after applying TDM for vancomycin in preterm and term neonates (24). Adequate antibiotic drug monitoring requires expertise in different fields and calls for the collaboration of physicians together with the lab technicians and clinical pharmacologists.

While the above is likely to be applicable to any antibiotic treatment, different antibiotics have different characteristics which are reflected in their pharmacological behavior. Most β-lactams have a wide therapeutic window, meaning that even high exposure is unlikely to be associated with toxicity. In contrast, aminoglycosides and glycopeptides have a narrow therapeutic window and require more attention to avoid toxicity.




UNDERSTANDING DOSE, DRUG ADMINISTRATION, EXPOSURE, AND RESPONSE

Clinical pharmacology aims to predict both efficacy and safety based on drug properties, population or individual pharmacokinetic behavior (PK) and pharmacodynamic, microbiological characteristics (PD). In order to understand optimal and individualized dosing of antibiotic treatment, one should be aware of the drug related processes in the human body and their influences on each other (Figure 3).
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FIGURE 3. General overview illustrating pharmacological key components. (A) Dose: drug properties and administration routes. (B) Exposure: Pharmacokinetic processes and parameters, A, Absorption (e.g., intestines); D, Distribution (e.g., blood circulation); M, Metabolism (e.g., liver); E, Excretion (e.g., kidneys); Cmax, peak concentration; AUC, area under the concentration-time curve. (C) Response: Pharmacodynamics, targets and pathogens, MIC, minimal inhibitory concentration; T > MIC, time above MIC.




Dose and Drug Administration

A drug can have several formulations and can be administered through various routes, intravenous and oral being the most frequently used (Figure 3A). However, for early treatment of neonatal sepsis, oral administration is not clinically relevant. The route and method of administration can influence both PK and PD processes, and therefore needs to be considered when determining optimized dosing recommendations. Aminoglycosides are mostly administered via intravenous bolus dosage to achieve effective peak concentrations, due to concentration dependent properties. In countries where healthcare may be difficult to access, intramuscular administration is often applied.



Drug Exposure

The relationship between dose and drug exposure is governed by pharmacokinetics, defined by the kinetic processes abbreviated as ADME, which defines the absorption, distribution, metabolism, and excretion of a drug (Figure 3B). Due to dynamic maturation processes neonates and infants have marked differences compared to adults in terms of physiology affecting the different pharmacokinetic stages (25, 26). The total body water in infancy is decreasing over time (80–90% compared to 55–60% in adults), which influences the distribution of water soluble drugs such as gentamicin. Drug eliminating organs such as liver and kidney are immature at birth. During the first 2 weeks of life glomerular filtration rate increases rapidly reaching adult values within 1–2 years (27, 28). The metabolic capacity is determined by the ontogeny of metabolizing enzymes (a majority of them located in liver). Generally, the rate of hepatic metabolism is low at birth and increases over time, depending on the type of enzyme. These processes have an impact on exposure of antibiotics, and therefore dosing needs to be adjusted based on demographic characteristics of an individual neonate or infant.



Microbiological Response

Pharmacodynamic (PD) and microbiological aspects focus on the effects of a given drug on the pathogen and body (Figure 3C). In order to elicit an effect, antibiotics need to reach certain exposure levels to kill causative pathogens of a sepsis. The exposure induced by the antibiotic dose will cause a response, but the main target being the pathogen. Currently, the MIC-based approach is most frequently applied to link drug exposure to microbiological response (Figure 3C).

Understanding the PK of antibiotics is necessary but not sufficient for optimizing and individualizing dosing strategies. It is essential to also understand characteristics and dynamics of the target (pathogen) as well (29). The growth of the pathogen needs to be inhibited or, even better, stopped entirely by the antibiotic agent depending on the MIC (Table 1). However the MIC may not be a fixed value, but rather changes over time, for example in the context of antibacterial resistance, and is also subject to measurement errors to the test system (variations in pH, incubation time, etc.) (38).



Table 1. Pharmacokinetic and pharmacodynamic indices for antimicrobial agents together with their target value and bactericidal characteristics.
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An increase in MICs, which is the result of decreasing susceptibility of a pathogen in a population, must in many cases be accompanied by dose adjustments to ensure effective exposure and maximize the effect. Recent changes to the interpretation of the so-called intermediate breakpoint as representing susceptibility for which successful treatment outcomes are likely with adjustments of the dosing regimen reflect this (10).




UNDERSTANDING THE LINK BETWEEN ANTIBIOTIC EXPOSURE AND MICROBIOLOGICAL RESPONSE

With a limited pipeline of new antibiotics, relying on proper use and understanding the link between antibiotic exposure (PK) and microbiological response (pharmacodynamics, PD) is a key issue concerning dosing optimization of the presently available antibiotics (29).

In order to describe relationships between drug exposure and microbiological effects, exposure-response parameters are used. A PK/PD index is defined as the quantitative relationship between an exposure-related parameter (e.g. plasma concentration) and a microbiological parameter (e.g. MIC) (39). Antibiotic classes can be characterized by different properties in terms of PK/PD indices. The optimal target index is frequently identified based on animal dose fractionation studies (37). Already in the early 1950s Eagle et al. noticed the time dependent properties of penicillin, and realized that penicillins are best administered as continuous infusions, whereas a concentration dependent agent is better given as an intravenous bolus to achieve high maximum concentrations (40, 41).


Concentration Dependent Microbiological Response

The bacterial killing rate of concentration dependent antibiotics increases at high levels of the antibiotic; this applies to aminoglycosides and fluoroquinolones. For aminoglycosides, the antibacterial effect is related to the peak concentration (Cmax/MIC). Depending on the antibiotic class, different ratios apply (Table 1). The magnitude of the peak concentration is often associated with the bacterial killing efficiency (go hard and go home paradigm) (21, 40, 42). In addition, concentration dependent antibiotics frequently exhibit a post antibiotic effect (PAE). The PAE is defined as the suppression of bacterial growth after the exposure of bacteria to an antibiotic (even in absence of host defense mechanism) (43).

Shifts in MIC can lead to a situation where dosing recommendations need to be revised to achieve optimal treatment. For gentamicin, for example, an increase in MIC from 0.5 to 1.0 mg/L means that, in order to achieve similar efficacy (similar ratio of Cmax/MIC), the dose should be increased from 5 to 7.5 mg/kg in neonates (19).



Time Dependent Microbiological Response

The effect of time dependent antibiotics relies on the length of time that the antibiotic is in contact with causative pathogen. For β-lactams the antibacterial effect is considered to be time dependent and therefore the PK/PD index Time/MIC is used (Figures 3B,C). This index is generally transformed to fT>MIC; this reflects the percentage of time for which the free fraction of drug concentration remains above the MIC (Table 1). For β-lactams (penicillins, cephalosporins, carbapenems) it has been proposed that dosing schedules should maintain plasma concentrations above MIC for at least 50% of the dosing interval, but the efficacy of β-lactams is enhanced with longer exposure times. The post antibiotic effect is limited for β-lactams with an exception for carbapenems (40). Continuous infusions can potentially improve target attainment for fT>MIC, they may, however, be impractical in many settings (44). Decreased mortality has been associated with continuous infusion of β-lactam antibiotics in critically ill patients with severe sepsis (45).



Other Relevant Indices for Microbiological Response

Several studies have shown the importance of a third index, namely AUC/MIC (21, 38). AUC reflects the area under the concentration-time curve and represents the antibiotic exposure over time. This parameter is often used for concentration independent antibiotics with extended post antibiotic effects, such as vancomycin. Bacterial regrowth is inhibited, even when the concentration falls below MIC, but the effect is not dependent on the peak concentration (37). Few antibiotics, such as aminoglycosides and fluoroquinolones have been linked to multiple classes and multiple corresponding indices, leading to differences in dosing recommendations and guidelines.




CHALLENGES OF ANTIBIOTIC DOSE OPTIMIZATION IN NEONATES AND INFANTS

Currently, TDM of antibiotics is not widely used for antibiotic dose optimization in neonates and infants suffering from life-threatening infections. This is mainly related to practical barriers of implementing TDM for improving treatment effectiveness, such as the lack of rapid and reliable methods of analysis of the antibiotic or the possibility that the pharmacologic effect is not readily measurable (due to interactions with other drugs) (46) Beta-lactam antibiotics in particular would benefit from dose adaptations based on measured levels, as these are often the backbone of empiric treatment (47). Technical bottlenecks include long turn-around times for samples, lack of commercial assays and challenging pre-analytics, and in the pediatric population the need for relatively large samples volumes (Table 2). The required sampling volume, relative to the circulating blood volume is a crucial barrier, especially in preterm infants whose blood volume is limited. Furthermore, concentration measurements are often collected from plasma since these are relatively easy to obtain, although these levels appear to be a poor descriptor of the activities of the drug at site of action in individual patients.



Table 2. Challenges to overcome the burden of sepsis and the opportunities to improve diagnostic tools, measurement techniques and implementation of modeling and simulation techniques.
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Moreover, although the MIC-based approach is well-established as a measure of the potency of an antibiotic drug, it is determined in an in vitro setting, where the conditions are dissimilar from those at the site of infection in the in vivo situation. Better understanding of population-specific MICs is demanded to guide empiric antibiotic treatment (40, 48). Additionally, antibacterial activity is a dynamic process and since MIC is a one-point threshold value, the MIC can only provide an approximation on the antibacterial effect (38).

The key issue in optimizing antibiotic exposure in critically ill patients is to respond to expectedly variable PK in patients with life-threatening illness and at risk of infection caused by bacteria with potentially problematic antibiotic resistance. Critical illness leads to time-variation in multiple factors, potentially requiring frequent dose adjustments in the most vulnerable patients rather than simple a priori dose stratification. More knowledge is required concerning tissue penetration of antibiotics in critically ill neonates and infants (49). Furthermore, drug dosing is currently being adjusted for patients with impaired kidney function (risk for toxicity), whereas for patients with augmented renal clearance (elevated drug clearance) no dose adjustments are being recommended (50). Although the underlying physiological mechanisms of augmented renal clearance are not yet fully understood, augmented renal clearance has not only been observed in critically ill adults, but also in pediatric patients (50, 51). Consequently, there is a real need for reliable assessment and monitoring of kidney function in neonates and infants. Serum creatinine values are still widely used, although the accuracy and usefulness of this biomarker can be questioned in neonates as various parts of kidneys are maturing at different rates (52).

The application of pharmacometric modeling and simulation will be needed to truly support antibiotic dosing optimization based on the knowledge of the dose-concentration-effect relationship (53). The modeling and simulation strategy is still underutilized, although it has been shown that mechanistic modeling such as physiological-based pharmacokinetic (PBPK) models have good predictive value and enable extrapolation by using information about the drug and the physiology (54, 55). Despite modeling and simulation being frequently reported in the literature, the results and adjusted dosing recommendations are not yet implemented in daily clinical practice (56). Dose adjustment and individualization of antibiotics is crucial. For instance, administration of an inefficacious (too low) dose of antibiotics in patients with increased drug clearance can have a negative impact on patient outcome and antibiotic resistance.



OPPORTUNITIES: HOW TO CLOSE KNOWLEDGE GAPS

The search for a quantitative, scientific rationale to further enhance dosing regimens and drug combinations can benefit tremendously from modeling and simulation strategies when there is on-going communication and exchange between research groups and clinicians (Table 2) (57). In order to apply these quantitative methods directly in clinical practice, it is essential to communicate the strengths and applicability of the model to the users (mostly physicians). User-friendly decision support tools, which provide quantitative, scientific output without requiring additional time-consuming activities during routine clinical practice, would be valuable (54, 56). An example of these software tools is the model-supported TDM tool for precision dosing TDMx (http://www.tdmx.eu/). Since there are several population PK models published for antimicrobial agents, researchers should assess new data or use existing data to extend and improve existing population PK models (56, 58). Pharmacometric PK/PD models can help identify the optimal (effective and safe) therapeutic window necessary to successfully treat an infection (59).

In contrast to the MIC, which reflects the susceptibility of a pathogen at only one time point, bacterial kill-curves can offer more detailed information about the killing activity as a function over time and might even be used to identify the presence of resistant subpopulations (60, 61). Bacterial kill-curves are very labor intensive and until the method is automated and widely implementable, this approach might not be practical (61).

Furthermore, in recent decades novel non-invasive techniques have provided information about the process of target site distribution. Microdialysis provides direct measurement of concentrations of unbound antibiotics at the site of action when the site of infection is not the bloodstream (40, 62). Measurement of the free (unbound) drug concentration in the interstitial fluid is better correlated with the antimicrobial efficacy, compared to concentration measurements in plasma. Microdialysis offers a useful sampling tool which can quantify the unbound antibiotic at infection sites (29). Other non-invasive techniques such as dried blood spot analysis or TDM from sweat are considered as innovative and promising methods to tackle the known barriers (30, 31, 34).



CONCLUSIONS

There are still numerous challenges to overcome the burden of sepsis in neonates and infants, of which the lack of implementation of optimized, individualized dosing recommendations can be considered as remarkably important. Key components for optimal antibiotic treatment of sepsis in neonates and infants are indicated as treatment phase, dose, drug exposure and microbiological response. During the first days of treatment the focus lies on establishing an effective dose, thereafter the balance is shifting toward ensuring a safe and effective treatment. In neonates and young infants, drug exposure is affected by developmental changes such as maturation of organ function and metabolizing enzymes, which requires dosing adjustments. The response or treatment effect can be determined by the microbiological parameters (MIC) together with the pathogen characteristics (time- or concentration dependent). Understanding these clinical, pharmacological and microbiological components and their underlying relationship might provide a basis for proper antibiotic use and reduction of antibiotic resistance. This also illustrates the necessity of a close multidisciplinary collaboration between physicians, pharmacists, pharmacometricians, clinical pharmacologists and microbiologists to assure optimal utilization of antibiotics in neonates and infants.
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Infection with the meningococcus is one of the main causes of meningitis and septicaemia worldwide. Humans are the only natural reservoir for the meningococcus which is found primarily as a commensal inhabitant in the nasopharynx in ~10% of adults, and may be found in over 25% of individuals during adolescence. Prompt recognition of meningococcal infection and early aggressive treatment are essential in order to reduce mortality, which occurs in up to 10% of those with invasive meningococcal disease (IMD). This figure may be significantly higher in those with inadequate or delayed treatment. Early administration of effective parenteral antimicrobial therapy and prompt recognition and appropriate management of the complications of IMD, including circulatory shock and raised intracranial pressure (ICP), are critical to help improve patient outcome. This review summarizes clinical features of IMD and current treatment recommendations. We will discuss the evidence for immunization and effects of vaccine strategies, particularly following implementation of effective vaccines against Group B meningococcus.
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EPIDEMIOLOGY OF MENINGOCOCCAL DISEASE

Neisseria meningitidis is an obligate human commensal which resides in the nasopharynx. The estimated carriage rate is estimated as between 0.6 and 34%. This figure may be higher in adolescents, young adults and in individuals living in overcrowded or confined spaces (1, 2).

There are several known serogroups of N. meningitidis which cause disease. The majority (more than 90%) of invasive disease is caused by just six serogroups A, B, C, W, X, and Y. The distribution of serogroups causing disease varies with age group and geographical location (1).

Approximately half a million cases of IMD occur worldwide each year, with a mortality rate of ~10% (3). Figures regarding incidence of IMD worldwide is difficult to ascertain because of inaccuracies in reporting and variations in bacteriological surveillance in different countries around the world, together with recognized under-reporting in many parts of the developing world. In the developed world, the known incidence of IMD has decreased to < 1 case per 100,000 population per year.

In the meningitis belt of sub-Saharan Africa, pandemics of meningococcal disease occur regularly and attack rates may exceed 800 cases per 100,000 population per year. In some countries in this region attack rates may be as high as 1 person in every 100 (3).

The incidence of disease caused by the different serogroups is constantly changing, both around the world and in different countries, not only because of selection pressure following introduction of effective vaccines and differences in antimicrobial usage, but also due to stochastic variations in epidemiology due to unknown reasons, including changes in population behaviors and movements of large numbers of people due to air travel.

Serogroup A meningococcus (MenA) was very common in the developed world in the early part of the twentieth Century. However, for reasons that are unclear, since the 1970s it has virtually disappeared as a cause of invasive disease and nasopharyngeal colonization in Western Europe. MenA was the most common cause of IMD worldwide, due to it being the cause of major epidemics of IMD in sub-Saharan Africa, with an incidence approaching 1 case/100 population, and associated mortality rate reaching 75% in children, adolescents and young adults. However, following the introduction of a hugely successful vaccination campaign in the meningitis belt in sub-Saharan Africa, MenA has been virtually eliminated as a cause of epidemic meningitis (4).

Serogroup B meningococcus (MenB) is the cause of endemic disease in much of the developed world, including North America, Canada, Western Europe, Australasia and South America. Following the successful introduction of vaccines which are effective against serogroup C meningococcus (MenC) in many parts of the world, MenB is now causes ~60% of IMD in the developed world. Nearly half of this disease burden occurs in children < 2 years of age (5). In the last 2 years MenB vaccine has been routinely introduced into the infant schedule in the UK and is available for university and other outbreaks in other parts of the world, including North America and Canada. Although initial reports of a reduction of disease incidence following infant immunization are encouraging, we await formal incidence data (6).

Serogroup C meningococcus (MenC) is common in the developed world and occasionally causes outbreaks and epidemics. The incidence of MenC disease has decreased in those countries which have introduced effective conjugate vaccines against MenC, including much of Western Europe and Canada (5).

In recent years there has been a dramatic increase in the number of cases of IMD caused by serogroup W (MenW). In 2016/2017, there were 225 cases of MenW disease in all ages in the UK (amounting to around a third of total reports). MenW may also contain the hypervirulent ST11 complex and has been associated with an atypical presentation of gastro-intestinal symptoms and shock without a rash. Misdiagnosis is therefore common and partly because of this, MenW is associated with a high case fatality rate (7).

Serogroup Y meningococcus (MenY) is becoming an increasingly important cause of meningococcal disease in the USA and is more recently being increasingly reported from the UK (7).

The changes in epidemiology of carriage and invasive disease of MenW and MenY has led to alterations in vaccine schedule, including introduction of MenACWY vaccine in adolescents in the UK.

Serogroup X meningococcus (MenX) is increasingly being reported in parts of sub-Saharan Africa as a cause of IMD (3).

The UK has the only national meningococcal disease vaccine programme in the World which covers serogroups A, B, C, W, and Y. However, IMD will continue to occur as the vaccine programme is not universal—i.e., not all ages are covered and no vaccine is 100% effective.



INVASIVE MENINGOCOCCAL DISEASE

Young children, adolescents, and young adults suffer the greatest burden of disease from the meningococcus. Children are particularly vulnerable to IMD because of their relative immune immaturity, in particular their relative under-responsiveness to pure polysaccharide antigens such as the meningococcal capsule. Over 75% of all cases of meningococcal meningitis and septicaemia occur in children < 5 years of age. Adolescents and young adults are the group with the highest prevalence of nasopharyngeal carriage, and IMD is also relatively common in this age group (8).

The World Health Organization (WHO) estimates that ~170,000 deaths occur each year from meningococcal and other bacterial meningitis and meningococcal septicaemia worldwide; the case fatality rate from invasive disease can be up to 50%, even with appropriate treatment. In addition, the estimated median risk of at least one major or minor long-term sequelae is ~20% (with a range of 12.3–35.3%). In less developed low to middle income countries, IMD remains the fourth most common cause of disability (9).

The epidemiology of bacterial meningitis and septicaemia worldwide has changed dramatically in the last 20 years following introduction of highly effective conjugate protein/polysaccharide vaccines.

Before the introduction of the conjugated vaccine against Haemophilus influenzae type b (Hib), this was the most common cause of bacterial meningitis worldwide. More recently, introduction of highly effective multivalent conjugated vaccines against Streptococcus pneumoniae and against MenC have resulted in significant reduction in disease burden due to these organisms.

There remain considerable problems with diagnosis, particularly in the developing world with underdeveloped microbiological services and without up to date diagnostic methods such as polymerase chain reaction (PCR).

The advent of PCR diagnostics has dramatically improved detailed microbiological diagnosis, including serogroup and subtype, for microbiological confirmation and epidemiological tracing to aid public health and outbreak control (10).


Clinical Features of Meningococcal Disease

It is unclear why the meningococcus invades the bloodstream after nasopharyngeal colonization to cause invasive disease. It is likely that bacterial virulence factors, environmental conditions and innate host susceptibility all play important roles.

Clinical manifestations of IMD in any individual are determined by the extent of host inflammatory factors such as activation of the immune system and host inflammatory response. These are clearly influenced by host genetic differences in constituents of the host inflammatory response regulation including those factors in the complement system, cytokines, and chemokines and the coagulation cascade. Bacterial factors, such as capsular serogroup, the amount of endotoxin released from the cell wall during growth and proliferation and bacterial load are also likely to be extremely influential in determination of the host inflammatory response (11).

In some affected individuals there may be fulminant progression of disease, followed by multi-organ failure and death within just a few hours. Even when IMD is diagnosed early and appropriate treatment is rapidly initiated, mortality rate may be up to 10%.

Of those who survive IMD, approximately 30% suffer sequelae, particularly affecting physical, cognitive, and psychological functioning. This may lead to obvious neurological impairment, nerve deafness, amputation of limbs or digits, or skin scarring (9, 12). Prompt recognition of disease and early aggressive treatment with antibiotics and fluid resuscitation are most important. Rapid identification and treatment of disease complications such as shock, raised intracranial pressure (ICP) and seizures, are vitally important to improve outcome.



Presentation of Disease

In the early stages of disease, the clinical picture is non-specific and may be confused with common trivial viral illnesses. The finding of the classical haemorrhagic rash in a child with fever is highly suggestive of IMD, However, up to 20% of children with IMD will have no rash or a non-specific maculopapular rash, and in many cases appearance of the classical haemorrhagic rash may be delayed until the disease is well advanced (13).

Non-specific clinical features such as fever, tachycardia, cold hands and feet, leg pain, and mottled or blue skin color are often present in the first 12 h of disease. The onset of the characteristic haemorrhagic petechial/purpuric rash may be delayed beyond this point, sometimes appearing up to 24 h after the first symptoms.

The classical signs and symptoms of meningism are more common in older children with meningitis. The textbook symptoms and signs of meningitis such as fever, headache, photophobia, neck stiffness, and altered mental status may not be present completely or may not be present at all, particularly in infants and younger children. A high level of suspicion of meningitis is crucial to making an early diagnosis.



Disease Progression

Invasive meningococcal disease in infants, children and young adults usually presents as two main clinical syndromes—shock and meningitis—which may exist on their own or co-exist. It should be emphasized that these two specific syndromes may overlap to a certain extent and may occur simultaneously and determine the priorities for treatment.

Shock

Meningococcal septic shock is characterized by a fulminant host inflammatory response to bacterial invasion. The disease may rapidly progress to cardiovascular failure, disseminated intravascular coagulopathy (DIC), multi-organ failure, and death unless rapid and aggressive resuscitation, together with organ support is initiated. Shock is present in ~20% of patients with IMD and is associated with high mortality and morbidity.

Meningitis

Meningitis is the most common clinical manifestation of IMD. It may develop following a longer period of low-grade bacteraemia and has a less fulminant course than shock. Patients may exhibit signs of meningeal irritation (meningism) which may progress to a depression in the level of consciousness, coma, seizures, and features of raised intracranial pressure (ICP).

Rarely, patients with meningococcal meningitis may present very acutely after a short prodromal period, with acute signs of raised ICP which rapidly progresses to deep coma, brain-stem herniation, and death.

Shock and meningitis may co-exist and present a formidable management challenge.

Invasive meningococcal disease may progress and evolve rapidly, even after appropriate treatment has been initiated. Therefore, all children admitted with suspected meningococcal disease should be closely monitored for signs of disease progression and deterioration. An improved clinical outcome critically depends on the prompt recognition of life- or limb-threatening complications including shock and/or raised ICP.

We will focus on the management of shock, raised ICP, antibiotic treatment, and adjunctive treatment modalities (14).



Meningococcal Septic Shock (Figure 1)

Shock is defined as inadequate delivery of oxygen and nutrients to the tissues. In IMD it results from a combination of hypovolaemia secondary to development of capillary leak syndrome due to endothelial cell dysfunction, impaired myocardial function, abnormal vasomotor tone, and impaired cellular metabolism. In a proportion of patients, relative adrenal insufficiency is present.
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FIGURE 1. Pathophysiology of septic shock. Filled boxes are the treatment options. Taken from Welch and Nadel (15).



The clinical features of compensated shock arise because perfusion of vital organs, including brain and heart is maintained at the expense of perfusion of more expendable organs such as the skin, kidneys, and gut. In the early phases of shock this redistribution of circulating blood volume compensates for the hypovolaemia and maintains circulating blood volume and cardiac output. As a result of these compensatory mechanisms, patients with meningococcal septicaemia often present with cold hands and feet, prolonged capillary refill time and reduced urine output. As the disease progresses, ischaemia of the skin or even whole limbs may occur. In addition, many patients with shock will develop acute kidney injury, oligo/anuria, and may require renal replacement therapy.

Despite the presence of shock, cerebral perfusion and therefore function will be preserved until decompensation occurs, so that the child's relatively alert state may make even experienced clinicians underestimate the degree of cardiovascular collapse.

Development of hypotension signifies the failure of the compensatory circulatory mechanisms. We must emphasize that to diagnose shock in children, one should not rely on the demonstration of systemic arterial hypotension. Children can compensate for the loss of a significant amount of their circulating blood volume without a reduction in their blood pressure and therefore they may have normal blood pressure until shock is well-advanced.

Myocardial dysfunction is invariably present in children with meningococcal septicaemia and shock, and arises due to a number of different pathological processes.

Hypovolaemia (from capillary leak and abnormalities in vasomotor tone) leading to decreased cardiac filling; the presence of hypoxia (due to pulmonary dysfunction), acidosis and multiple electrolyte abnormalities including hypokalaemia, hypocalcaemia, hypophosphataemia, hypomagnesaemia, hypoglycaemia, and disturbed fatty acid metabolism all impair myocardial contractility; bacterial products and inflammatory mediators such as tumor necrosis factor and interleukin 1 directly suppress myocardial contractility. Interleukin 6 (IL-6) has been demonstrated to have specific myocardial depressant properties in IMD (16).

Cardiac output may improve with intravenous fluid volume resuscitation and correction of metabolic derangements. However, patients often require treatment with vasoactive agents and inotropes to improve myocardial function.

Initial Assessment and Management

Initial assessment of all patients with any potentially life-threatening illness follows the usual treatment algorithms which concentrate on management of “A, airway; B, breathing; C, circulation.”

Clinical assessment should be aimed at detecting features of shock, raised ICP, DIC and the need for advanced organ support. Assessment should be repeated frequently to evaluate response to treatment and to identify clinical deterioration.

The “A”irway is usually patent in meningococcal disease, unless consciousness is impaired. “B”reathing may be compromised by development of pulmonary oedema due to capillary leakage of fluid in the lungs, leading to hypoxia, and respiratory distress. “C”irculation is affected as described above.

Management of Shock

There are many evidence-based treatment guidelines available for the appropriate management of children with septic shock, including that due to meningococcal disease.

Probably the most widely used are the Surviving Sepsis Guidelines, which incorporate guidelines for the management of shock in infants and children. The latest iteration of these were published in 2012 and have recently been updated (17, 18). These guidelines and more recent evidence pointing to improvement in outcome associated with complete bundle compliance suggests that implementation of treatment guidelines including a “recognition bundle” containing a trigger tool for rapid identification of patients with septic shock; a “resuscitation and stabilization bundle” to help adherence to best practice principles; and a “performance bundle” to identify and overcome perceived barriers to the pursuit of best practice principles, can lead to significant improvement in mortality and presumably morbidity (19).

The primary aim of circulatory support in shock is to maintain and replenish adequate tissue perfusion for the supply of oxygen and nutrients to the cells. To achieving this goal the clinician must adequately replenish the circulating volume with appropriate fluid resuscitation. Early and aggressive fluid resuscitation is associated with improved survival in pediatric septic shock (14). Inotropic support is often required in order to maintain adequate cardiac output and organ perfusion.

It is recommended that an initial bolus of 20 mL/kg of fluid should be given over 5–10 min to children with signs of shock. The expected response to this volume replacement is reduction in heart rate, improved peripheral perfusion, decreased capillary refill time, and improved urine output. In milder cases, shock is reversed by this initial fluid bolus, but regular repeated review is mandatory, as despite appropriate management, the disease may progress.

In patients with more advanced shock, aggressive fluid resuscitation may need to continue in order to reverse shock. In these patients, establishment of secure central venous access is a priority. This will aid and guide adequate fluid resuscitation, safe administration of vasoactive agents and measurement of central venous oxygen saturation (ScvO2). Central venous oxygen saturation is a useful guide to the adequacy of oxygen delivery, with the goal of achieving ScvO2 >70% and central venous pressure (CVP) of 8–12 mmHg (17).

If signs of shock persist after 40–60 mL/kg of fluid resuscitation given within an hour, there is a significant risk of pulmonary oedema developing with further fluid resuscitation. Elective tracheal intubation and initiation of mechanical ventilation is recommended at this stage, even without evidence of overt respiratory failure being present. If performed early, before respiratory failure is obvious, intubation and ventilation is associated with an improvement in outcome and is thought to be beneficial by allowing reduction of myocardial and respiratory muscle oxygen consumption and by facilitating delivery of positive end expiratory pressure (PEEP) to aid oxygenation (14). The sedation and muscle relaxation used in these circumstances also facilitates placement of arterial and central venous catheters.

Response to fluid resuscitation should be monitored continuously by repeated assessment of vital signs including heart rate, blood pressure, CVP, urine output, metabolic status, and peripheral perfusion. Fluid resuscitation with volumes in excess of 60 ml/kg are often needed for adequate enhancement of circulating volume. Development of pulmonary oedema and/or hepatomegaly suggest that further fluid resuscitation may not be beneficial, and may actually be harmful, as fluid overload may be present. Further support with vasoactive agents would be indicated if signs of fluid overload develop.

Controversy persists regarding the optimal fluid for resuscitation in children with septic shock. Our practice is to use 5% human albumin solution (HAS) as our preferred resuscitation fluid in septic shock of any cause. Use of 5% HAS has been associated with a reduction in morbidity and mortality in some adult studies (20). However, no equivalent studies have been performed in children with septic shock. Blood products may be required to correct anemia, thrombocytopenia, and coagulopathy, although there is controversy regarding correction of coagulation in the absence of overt bleeding.

To improve myocardial function which is invariably depressed in septic shock, treatment with adrenaline or noradrenaline should be initiated early, preferably via a central vein. It is usually impractical to gain central venous access in children before the child is sedated for tracheal intubation. Dilute dopamine or noradrenaline can be administered through a peripheral vein, or the intra-osseous route can be used to deliver concentrated solutions of adrenaline and noradrenaline until central venous access is obtained.

There is some evidence that shock refractory to inotropes may be more common in children with impaired adrenal responsiveness. Studies in adults with septic shock have documented adrenal hypo-responsiveness associated with inotrope unresponsiveness and suggested that low-dose steroid supplementation may improve survival. However, a more recent study failed to confirm these findings (21). A recently published study suggests that hydrocortisone together with fludrocortisone may confer a survival benefit in adults with septic shock (22). A meta-analysis of pediatric studies found no benefit for steroids in reducing mortality, duration of shock or length of hospital stay (23). The Surviving Sepsis campaign 2012 guidelines suggest use of low-dose replacement hydrocortisone therapy in children with fluid–refractory and catecholamine–resistant shock with suspected or proven adrenal insufficiency. It is suggested that a random cortisol level should be taken before steroids are given and a short ACTH test should be carried out at some stage to determine the need for ongoing steroid supplementation.

Most guidelines would suggest that advanced organ support for refractory shock should be implemented.

The use of renal replacement therapy or plasma exchange in sepsis has been recommended in some treatment guidelines. However, there is no evidence that these modalities improve outcomes in pediatric septic shock (24).

For children with shock refractory to increasing doses of inotropes who have severe cardio-respiratory failure, referral for Extra Corporeal Life Support (ECLS) may provide some survival benefit. However, reports of use of this modality are primarily anecdotal and ECLS is not widely available (25).

Respiratory Support

Facial oxygen should be delivered routinely from the outset in any child with sepsis. If no major airway or breathing problem is present, priority is given to assessment and management of the circulation. The indications for immediate endotracheal intubation and mechanical ventilation are hypoxia with respiratory distress, which may indicate progression of pulmonary oedema; persistent shock despite fluid resuscitation of >40 ml/kg and need for further fluid resuscitation; fluctuating or decreasing conscious level (Glasgow Coma Score < 8, or a decrease of 3 points within 1 h); or signs of raised ICP.

Induction of anesthesia for tracheal intubation in shocked children may exacerbate cardiovascular instability. The presence of an experienced pediatric anesthetist and/or intensivist should be available. When possible, the cardiovascular system should be stabilized before intubation by adequate fluid resuscitation and initiation of vasoactive agents but the potential for acute decompensation should be anticipated.

A cuffed endotracheal tube should be used for tracheal intubation, as pulmonary oedema is likely to develop, and high ventilator pressures may be needed to maintain oxygenation and ventilation.

Disseminated Intravascular Coagulopathy (DIC)

Disseminated intravascular coagulopathy (DIC) is common in severe sepsis, regardless of the etiology. Both pro-coagulant and anticoagulant pathways are dysregulated as a consequence of activation of the inflammatory and coagulation cascades, in addition to the presence of endothelial cell dysfunction (26).

The coagulopathy that is present in meningococcal septicaemia and shock arises from a combination of the loss of the anticoagulant proteins C and S from the plasma, and the failure of anticoagulant mechanisms on the endothelial surface due to loss of surface proteins and glycosamionoglycans. The endothelial receptors which regulate protein C activation (endothelial protein C receptor and thrombomodulin) have been found to be down-regulated in patients with meningococcal septicaemia (27). Levels of circulating activated protein C and antithrombin III are reduced; the normal fibrinolytic mechanisms are suppressed due to reduced production of endothelial tissue plasminogen activator, and increased production of plasminogen activator inhibitior-1 (PAI-1) and other fibrinolysis inhibitors such as thrombin-activatable fibrinolysis inhibitor (TAFI). Together, all of these abnormalities result in uncontrolled microvascular thrombosis, suppression of degradation of intravascular thrombi, resulting in the clinical syndrome of DIC and Purpura Fulminans.

This may result in spontaneous pulmonary, gastric or cerebral hemorrhage, particularly in the presence of any associated thrombocytopenia. Correction of severe coagulopathy with vitamin K, fresh frozen plasma, platelets and, cryoprecipitate may prevent life-threatening hemorrhage. To this end regular blood cell count and coagulation studies should be monitored.

Recombinant activated Protein C (aPC) was initially shown to reduce mortality in adults with severe sepsis and septic shock. However, a study of the use of aPC in children with severe sepsis, including purpura fulminans and meningococcal disease failed to show any benefit, and possibly showed harm in younger infants with thrombocytopaenia (28). Therefore, aPC is no longer available as a therapeutic option in sepsis.

Biochemical Derangements

Patients with septic shock often have severe derangements in blood biochemistry. These should be sought by repeated sampling and corrected when detected. Regular evaluation of blood electrolytes (including sodium which is particularly important in the context of raised ICP, potassium, phosphate, calcium, and magnesium) is important as derangements in homeostasis may impair cardiovascular status. Blood urea and creatinine should be monitored to assess renal function and need for renal replacement therapy.

Regular and repeated blood gas analysis should be carried out to identify evolving metabolic acidosis, monitor blood glucose, and electrolyte abnormalities and follow serial lactate levels. Correction of severe metabolic acidosis with Sodium Bicarbonate may result in improved cardiovascular status and improved response to inotropes.

Lactate clearance has been shown to be an important indicator of the adequacy of resuscitation. Failure to clear lactate has been shown to be a poor prognostic indicator in pediatric septic shock (29).

Skin and Limbs

Purpura fulminans is commonly associated with meningococcal septicaemia. The skin may be severely affected in meningococcal septicaemia because of inadequate skin perfusion and microvascular thrombosis. The capillary leak may exacerbate tissue oedema and cause a compartment syndrome.

The role of fasciotomy in preserving limb viability in purpura fulminans is a subject of debate, but is indicated in circumstances where there is ischaemia in the presence of documented increased compartment pressure. Multi-disciplinary input from intensivists, orthopedic, vascular, and plastic surgeons is vital before a decision regarding surgical intervention is taken. Amputation should not be performed until it is felt to be unavoidable and only following extensive multidisciplinary discussion (30).



Raised Intracranial Pressure

Raised ICP occurs due to inflammation of the meninges in meningitis and capillary leakage from cerebral blood vessels, leading to cerebral oedema. Clinically significant raised ICP is rare. Although most critically ill children with IMD have shock as their primary clinical presentation, a minority present with signs of raised ICP as their predominant clinical manifestation.

Raised ICP may restrict cerebral blood flow. To understand the physiologic impact of raised ICP on cerebral blood flow one must be familiar with the physiology of the intracranial vault.

Cerebral blood flow (CBF) supplies oxygen and nutrients to the brain. Three major factors regulate CBF: Cerebral perfusion pressure (CPP), partial pressure of arterial CO2, and partial pressure of arterial O2. Hypoxia causes cerebral vasodilation and increases CBF, and therefore ICP. Hypercapnia causes cerebral vasodilation and similarly affects CBF and ICP. Hypocapnia causes cerebral vasoconstriction, and thus reduces CBF and ICP.

CPP is the difference between mean arterial pressure (MAP) and ICP, and represents the pressure gradient across the cerebrovascular bed (CPP = MAP – ICP). In meningitis, normal cerebral vascular auto-regulation is lost, and therefore cerebral perfusion becomes critically dependent on CPP. MAP can be increased by vasopressors to increase CPP. A CPP of at least 50 mmHg has been associated with an improved outcome in traumatic brain injury, but no such correlation between CPP and outcome has been identified in non-traumatic brain injury (31).

Reduction of ICP—and thus increased CPP—may be accomplished by reducing intracranial fluid volume using agents such as the osmotic diuretic Mannitol or hypertonic saline to reduce cerebral oedema. In addition, maintaining the head elevated to 30° and in the midline facilitates cerebral venous drainage. Prevention of hypercarbia and hypoxia reduces intracerebral blood volume. All these measures may help to control ICP and therefore maintain CBF and reduce the risk of cerebral herniation and brain-stem death. However, there is no robust clinical trial data that suggests these measures improve outcome.

Signs of raised ICP include declining level of consciousness, focal neurological signs including unequal, dilated or poorly responsive pupils, systemic arterial hypertension, and associated bradycardia. Papilloedema is a late finding and is not uniformly present in acutely raised ICP.

Patients with shock without meningitis may present with impaired consciousness as a result of acidosis or cerebral hypoperfusion due to impaired cerebral perfusion due to shock. Conversely, patients without shock with meningitis may have reduced consciousness and peripheral vasoconstriction due to impaired cerebral perfusion due to raised ICP. These signs may cause confusion, with patients being misdiagnosed with shock. In this case, poor peripheral perfusion in the absence of metabolic acidosis and with normal blood lactate, together with relative bradycardia, normal, or high blood pressure and decreased level of consciousness or other neurological signs should be assumed to be due to raised ICP. If raised ICP is suspected, aggressive fluid resuscitation should be avoided, as excess fluid may exacerbate cerebral oedema.

If raised ICP is suspected, an intravenous infusion of Mannitol (0.25–0.5 g/kg over 5 min), or 3% saline (3 mL/kg over 5 min), together with urgent tracheal intubation and mechanical ventilation to control the airway and breathing and regulate blood oxygen and carbon dioxide, may prevent brain-stem herniation and may be life-saving.

Following tracheal intubation, adequate sedation must be employed in order to prevent acute waves of ICP caused by agitation or coughing. Muscle relaxants should be avoided if possible as seizures may be masked. If present, seizures should be rapidly and aggressively treated to avoid any further increase in ICP due to increased cerebral metabolism. Other neuroprotective measures include avoidance of hyperthermia, hypoxia, and by maintaining the PaCO2 in the normal range.

In the child with raised ICP and coexistent shock, the priority is to correct the circulatory disturbance before instituting specific measures to control ICP, although attempts to limit fluid resuscitation and maintain mean arterial pressure and blood gases in the normal range should be made to protect brain perfusion.



Antibiotic Therapy

The optimal initial antimicrobial therapy in patients with a clinical diagnosis of IMD is intravenous Ceftriaxone (100 mg/kg) but Cefotaxime (80 mg/kg) is a reasonable alternative if Ceftriaxone is contraindicated. Until definitive microbiological confirmation is available, it remains possible that alternative bacterial diagnoses or penicillin resistance (although this is extremely rare for the meningococcus) may be present. Other bacterial causes of Purpura Fulminans include Streptococcus pneumoniae, invasive Group A Streptococcus, Staphylococcus aureus and some Gram-negative bacteria. Broader antimicrobial cover may be necessary depending on the local bacterial resistance patterns and history of foreign travel or other risk factors.

The recommended duration of parenteral antibiotic therapy for uncomplicated IMD is 7 days (10).



Adjunctive Therapies

High dose corticosteroids given prior to, or concurrently with the first dose of antibiotics, appear to reduce incidence of neurological sequelae following Haemophilus influenzae type b (Hib) and pneumococcal meningitis. In meningococcal meningitis there is a trend toward improved outcome (32). The current recommendation is to administer Dexamethasone 0.15 mg/kg 6 hourly for 4 days if started before or within 4 h of the initial dose of parenteral antibiotic in patients with proven or suspected bacterial meningitis (10).



Outcome

It is estimated that around 30% of survivors of IMD will have significant morbidity, including digital or limb amputation, skin loss or scarring, orthopedic abnormalities including abnormal bone growth, nerve deafness unilateral or bilateral, other neurological abnormalities including hemiplegia, neurodevelopmental delay, and epilepsy. Aside from these physical sequelae, a large number of affected children and their families may suffer significant neuropsychological sequelae, including post-traumatic stress disorder, depression, psychosis, reduced educational performance, and major anxiety (9, 12, 33).

Skin Scarring

Skin scarring is particularly associated with meningococcal septicaemia. Buysse et al. reported that nearly half of children with meningococcal septicaemia had skin scarring, mainly on their extremities, face, and the trunk. Of these, 33% underwent debridement and skin grafting because of skin necrosis resulting from purpura (34).

Amputations/Limb Length Discrepancies

Amputations are a consequence of meningococcal septicaemia and purpura fulminans. The prevalence of distal amputations among 515 survivors of IMD in The Netherlands was reported as 0.8% (35). Amputation appeared more common in a study from Canada, where 3.1% of 471 survivors of IMD due to serogroups B and C had amputations, which was noted to be more frequent due to serogroup C infections (36). Among Dutch childhood survivors of meningococcal septic shock, 8% had amputations of extremities, ranging from one toe to both legs and one arm (34).

Meningococcal septicaemia can also cause bone growth abnormalities, due to damage to growth plates. Of 122 Australian survivors of meningococcal septicaemia 16 patients had partial or complete physeal growth arrest (37). Limb-length discrepancies were identified in 6% of the 120 Dutch meningococcal septic shock survivors (34).

Other Sequelae

Many studies have described the incidence and severity of varying long-term sequelae associated with IMD. One report suggests median risk of at least one sequela (major or minor, present after hospital discharge) associated with IMD, of 9.5% (95% CI: 5.1–15.1%) based on a meta-analysis of 27 studies that included 18,183 survivors of bacterial meningitis (9). The most common long-term consequences following meningococcal meningitis specifically were hearing loss (4.6%), cognitive difficulties (2.9%), and visual disturbances (2.7%). The risk of major sequelae was higher in lower-income countries, indicating the importance of good medical care in reducing long-term consequences.

Neurological Deficits

The occurrence of long-term neurological sequelae is more common in children who have experienced more severe infections. Thirty-five percent of 120 children who survived meningococcal septic shock suffered neurological impairments on follow up 4–10 years after PICU discharge (34).

Typically, hearing loss is identified in 2–4% of IMD survivors (36, 38), including those who suffered meningococcal septic shock, not only those with meningitis. This same Dutch study identified severe mental retardation (total IQ < 70) in 3 of 120 patients; these patients also had epilepsy and two had spastic quadriplegia after meningococcal septicaemia (34).

Cognitive Impairment and Behavioral Disturbances.

Several studies have identified milder neurodevelopmental deficits following IMD. A case–control study in the UK evaluated 115 child survivors of IMD ~10 years after disease onset (39). Most of these children did not have gross neurological deficits and most attended mainstream school. However, using detailed psychometric testing, survivors of IMD showed significantly lower scores compared with controls in cognition and educational performance. Educational problems are reported in >30% of children in terms of school achievement or concentration (40).

Cognitive impairments may also become apparent in older survivors of IMD. For example, a cohort of 101 adolescent IMD survivors (aged 15–19 years at time of disease) in the UK followed-up over a period of 1.5–3 years showed poorer educational outcomes compared with controls (41).

Psychological Problems.

Several studies have reported that IMD can lead to delayed psychological problems such as post-traumatic stress disorder (PTSD), anxiety and depression. A UK study in 56 children (aged 3–16 years) indicated that there were statistically significant increases in emotional distress, hyperactivity and attention deficit disorder and at 12 months after discharge 11% of the children were considered at risk for PTSD (33).

Experience of IMD has significant psychological consequences for the parents of the index child. In interviews carried out 3–12 months following admission, nearly half the mothers of children with IMD were considered to be at psychiatric risk with the possibility of developing PTSD (42) and nearly a third of the other mothers were seeking professional help for psychological difficulties.




PREVENTION OF MENINGOCOCCAL DISEASE

Invasive meningococcal disease is of great concern to physicians whenever assessing a child with a febrile illness. In its early stages, it often presents with non-specific symptoms and is therefore very difficult to diagnose early. If misdiagnosed, the disease can progress rapidly with the patient dying within 24–48 h. Because of these factors and the fact that most disease occurs in young children, effective immunization of vulnerable populations is desirable.

There are two main classes of vaccine used for protection against IMD: pure polysaccharide vaccines and protein/polysaccharide conjugate vaccines. Both of these types of vaccines are based on the capsular polysaccharide of the meningococcus, which is a major virulence factor and is primarily responsible for colonization and invasion by prevention of host-mediated bacterial killing.

The host immune response to pure polysaccharide vaccines is not efficient in young children under the age of 2 years, because of reduced immune responsiveness to T-cell-independent antigens such as polysaccharides. This is an important limitation of vaccines based on these structures given that the highest risk for acquisition of IMD is in children < 5 years of age. In addition, pure polysaccharide vaccines do not induce mucosal immunity and thus fail to prevent nasopharyngeal carriage of meningococci, and therefore cannot influence herd immunity.

In summary, pure polysaccharide vaccines are poorly immunogenic in children under 2 years of age, and confer inadequate and only temporary immunity, lasting for ~3–5 years in older children and adults. They do not impact nasopharyngeal carriage of pathogenic meningococci and in recent years they have been superceded by the conjugate protein/polysaccharide vaccines (32).

In recent years, effective quadrivalent conjugate polysaccharide vaccines have become available against the meningococcal serogroups A, C, Y, and W.

As MenA was the primary cause of IMD in the meningitis belt of sub-Saharan Africa, and was responsible for thousands of epidemic cases and deaths each year, the WHO initiated the Meningitis Vaccine Project, which developed a low-cost conjugate vaccine against MenA (MenAfriVac). This vaccine was successfully launched in mass vaccination campaigns as a single dose in over 250 million people aged 1–29 years across 25 countries in the African meningitis belt (4). Following this, a major reduction in numbers of cases of MenA disease in sub-Saharan Africa was observed.

MenC conjugate vaccine has been successfully introduced into much of Europe, and is now part of the routine immunization schedule. This vaccine is strongly immunogenic, giving relatively long-lasting immunity and immunological memory, and it also has a significant impact on decreasing nasopharyngeal carriage in vaccines and therefore confers herd immunity or community protection.

Since the introduction of MenC conjugate vaccine into the UK infant schedule in 1999, the incidence of MenC disease has decreased by 94% in immunized populations and 67% in unimmunized populations due to herd immunity (43). There has been a demonstrated important decrease in nasopharyngeal carriage, with, importantly, no increase in the carriage of other disease causing serogroups (44). In the epidemiological year 2016–2017 in all ages in the UK, there were 37 cases of MenC disease in total (6). Because of these low numbers of reported cases of MenC (and the ongoing vaccination programme with MenACWY quadrivalent conjugate vaccine in teenagers), in 2018 all infant Men C vaccine doses have been removed from the UK schedule, leaving a priming dose at 1 year and a booster in adolescence (as part of the MenACWY vaccine).


Vaccines for Serogroup B Meningococcus

Following the successful introduction of MenC vaccine, MenB has remained the most common cause of IMD, accounting for more than 50% of cases in the USA and as many as 90% of cases in Europe (5).

MenB has a poorly immunogenic capsule due to its polysaccharide structure. The polysaccharide capsule of MenB is composed of polysialic acid (α2–8 N-acetylneuraminic acid) which has structural similarity to carbohydrates found in fetal brain tissue. Therefore, there is a degree of immune tolerance to this polysaccharide, and there are concerns regarding the effect of modifying the sugar structure in a vaccine to make it more immunogenic, in case of induction of auto-immunity. These factors have therefore hindered progress on developing an effective polysaccharide vaccine as this molecular similarity does not allow the development of an effective protein/polysaccharide conjugate vaccine for MenB (45).

Because of these factors, vaccine development for MenB has required a different approach. MenB vaccines have now been developed targeting non-capsular structures, such as outer membrane porins, vesicles, and lipopolysaccharide (LPS).

LPS is a universal component of the outer membrane of Gram-negative bacteria and contributes to pathogenicity of the meningococcus. Neisseria meningitidis also produces various surface proteins, one of which, factor H binding protein, fHbp, binds human complement factor H. Human Factor H is important in regulating the alternative complement pathway. Binding of human Factor H to the surface of meningococci by bacterial fHbp is thought to inhibit complement-mediated bacterial lysis. Variations in human Factor H and related proteins have been found to be important factors in determining susceptibility to meningococcal disease (46, 47).

Another meningococcal surface protein, Neisserial Surface Protein A (NspA), can also bind human complement Factor H (48). Other factors which mimic or bind host molecules also inhibit complement-mediated bacterial lysis and phagocytosis. For example, N meningitidis sheds blebs of outer membrane which contain these outer membrane proteins and LPS. These outer membrane vesicles (OMVs) have been shown to initiate complement activation and might redirect complement activation away from invading meningococci in the circulation, thereby hindering the bactericidal effects of human complement.

In order to try to develop a universal vaccine against MenB, researchers at Novartis Vaccines used the genomic sequence of a serogroup B strain (N meningitidis serogroup B strain MC58)—a process called “reverse vaccinology” (49). This eventually led to development of an immunogenic MenB vaccine with novel vaccine protein antigens (a 4 component vaccine).

This novel 4CmenB (Bexsero) vaccine was introduced into the UK infant schedule in September 2015. Latest figures estimate a vaccine uptake of 92.6% for the 2 infant doses by 52 weeks of age. There has been a definite impact on incidence of MenB in infants, in 2015/16 there was an incidence of 17 per 100,000 which was reduced to 11/100,000, a fall of 11% overall, following vaccine introduction (6). It is unknown whether this vaccine will have any effect on nasopharyngeal carriage and therefore provide herd protection. Even if 4CMenB had a definite effect on carriage, herd immunity will not occur whilst only infants are vaccinated as this will have no impact on the main source of carriage, which are adolescents.

Another vaccine effective against MenB, manufactured by Pfizer, which contains antigenic components from subfamilies A and B of meningococcal fHbp has undergone extensive clinical evaluation in young adults and adolescents. This vaccine (Trumemba) has been widely used in North America in outbreaks of MenB disease in universities and has been shown to be safe and effective (50).

Studies in vaccinees who have received either Bexsero or Trumemba are being carried out in the UK to establish whether either or both of these vaccines have any effect on nasopharyngeal carriage, a prerequisite for the establishment of herd immunity. However, the only way to truly assess the effects of these vaccines on disease incidence and indirect protection is to carry out enhanced surveillance following population-wide vaccine introduction. It is important to consider the possibility that any protein-based MenB vaccine would have negligible or no impact on nasopharyngeal carriage, in which case there would be no clear strategy to induce herd immunity. This may suggest that the only way to reduce MenB incidence would be widespread all age immunization which may be economically unviable. However, if an impact on nasopharngeal carriage is demonstrated, then strategies to provide herd immunity, such as immunization of adolescents or adults could be appropriate.

Another potential benefit of use if these sub-capsular outer-membrane protein vaccines is their potential to induce cross protection against other meningococcal strains because the components of these vaccines are highly conserved protein antigens present in a high proportion of meningococcal subtypes irrespective of their covering capsule. This raises the possibility of development of a universal meningococcal vaccine, potentially leading to eradication of meningococcal disease (51).




CONCLUSION

The impact of conjugated meningococcal vaccines on disease incidence has been enormous. Countless young lives have been saved or dramatically improved due to disease prevention.

The challenge now is to continue to be vigilant in those populations that remain unimmunized so that appropriate recognition and management of invasive meningococcal disease is prioritized. In the meantime, it is clear that following guidelines and implementation of treatment bundles can have a significant effect on outcome.

We await data regarding the effectiveness of the newer protein vaccines against serogroup B meningoocccus on carriage and their cross-reactivity against non-B serogroups of meningococcus.

We look forward to a world without meningitis and septicaemia.
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Background: Early diagnosis is essential to improve the treatment and prognosis of newborn infants with nosocomial bacterial infections. Although cytokines and procalcitonin (PCT) have been evaluated as early inflammatory markers, their diagnostic properties have rarely been compared.

Objectives: This study evaluated and compared the ability of individual inflammatory markers available for clinician (PCT, semi-quantitative determination of IL-8) and of combinations of markers (CRPi plus IL-6 or quantitative or semi-quantitative determination of IL-8) to diagnose bacterial nosocomial infections in neonates.

Methods: This prospective two-center study included neonates suspected of nosocomial infections from September 2008 to January 2012. Inflammatory markers were measured initially upon suspicion of nosocomial infection, and CRP was again measured 12–24 h later. Newborns were retrospectively classified into two groups: those who were infected (certainly or probably) and uninfected (certainly or probably).

Results: The study included 130 infants of median gestational age 28 weeks (range, 24–41 weeks). Of these, 34 were classified as infected and 96 as uninfected. The sensitivity, specificity, positive and negative predictive values (PPV and NPV), and positive and negative likelihood ratios (LR+ and LR-) for PCT were 59.3% (95% confidence interval [CI], 38.8–77.6%), 78.5% (95% CI, 67.8–86.9%), 48.5% (95% CI, 30.8–66.5%), 84.9% (95% CI, 74.6–92.2%), 2.7 (95% CI, 1.6–4.9), and 0.5 (95% CI, 0.3–0.8), respectively. Semi-quantitative IL-8 had the highest specificity (92.19%; 95% CI, 82.70–97.41%), PPV (72.22%; 95% CI, 46.52–90.30%) and LR+ (6.17, 95% CI, 2.67–28.44), but had low specificity (48.15%; 95% CI, 28.67–68.05%). Of all markers tested, the combination of IL-6 and CRPi had the highest sensitivity (78.12%; 95% CI, 60.03–90.72%), NPV (91.3%; 95% CI, 82.38–96.32%) and LR- (0.29; 95% CI, 0.12–0.49). The combination of IL-6 and CRPi had a higher area under the curve than PCT, but with borderline significance (p = 0.055).

Conclusions: The combination of IL-6 and CRPi was superior to other methods, including PCT, for the early diagnosis of nosocomial infection in neonates, but was not sufficient for sole use. The semi-quantitative determination of IL-8 had good diagnostic properties but its sensitivity was too low for use in clinical practice.

Keywords: Late-onset neonatal sepsis, newborn infant, C-reactive protein, Procalcitonin, Interleukin 6, Interleukin 8


INTRODUCTION

Nosocomial bacterial infection (NBI) increases mortality and morbidity in neonates, especially in very low birth weight or extremely preterm newborn infants. NBI-associated complications have been observed in one-quarter of these infants, lengthening their hospital stay. These infections have been associated with poor neurodevelopment and growth and with altered lung development (1, 2). A rapid diagnosis of NBI is difficult because of the low sensitivity and the lack of specificity of clinical signs as well as the delayed increase in C-reactive protein (CRP) levels and the time required to obtain full bacteriological results. Due to the lack of a perfect gold standard, the best references for the diagnosis of NBI are positive bacteriological results. However, blood cultures have inherent limitations. The number of blood samples that can be safely obtained is limited. The quality of these samples and the amount of blood available for cultures are also challenging. Insufficient sampling can yield false negative results, whereas sample contamination can yield false positive results. Owing to the possible severity of NBI, antibiotic treatment is frequently initiated immediately in neonates with a suspected diagnosis of NBI. This strategy, however, results in the exposure of a large number of newborn infants to needless antibiotic administration, carries a potential risk for the selection in these patients of multiple drug-resistant bacteria and increases health care costs. Several cytokines increasing early during inflammatory cascades, including interleukin IL-6, IL-8 and procalcitonin (PCT) have been evaluated as early inflammatory markers of NBI in neonates. Although studies have shown that these proteins have diagnostic value, they have often led to conflicting results (3–5). Recommendations of the Evidence Based Medicine Working Group (6) have attempted to standardize the methodology of studies evaluating diagnostic markers. These include the need for blinded comparisons; the inclusion in the study population of patients to whom these tests are applicable in clinical practice; and the reporting of the diagnostic properties of these markers as likelihood ratios to assess at best their clinical value.

Studies have also assessed the diagnostic properties of combinations of CRP with IL-6 and IL-8 (7–9), with these combinations clinically used in some neonatal care units. These assays required a minimum time of 85 min to obtain the results, an amount of time compatible with clinical decision making but which should be shortened. Several studies have evaluated the ability of PCT to diagnose NBI in neonates (5, 10–12), with the minimum time required by the Kryptor™ (Brahms™) assay of only 40 min. A semi-quantitative method of measuring IL-8 (Quickline™; Milenia™) has been reported to detect minimum concentrations beyond the threshold of 50 ng.L−1, with the results available in 20 min using a densitometer and available at the bedside. Although, all of these methods are faster and/or less expensive than the commonly used assays, their diagnostic properties have rarely been compared.

The main objectives of this study were to evaluate and compare the ability of individual inflammatory markers (PCT, CRP, quantitative and semi-quantitative determination of IL-8) and of combinations of markers (CRP plus IL-6 or quantitative or semi-quantitative determination of IL-8) to diagnose NBI in neonates.



MATERIALS AND METHODS

This prospective two-center study was undertaken in the neonatal intensive care units (NICU) of the University Hospitals of Strasbourg and Dijon between September 2008 and January 2012. This trial was registered in June 2008 on the U.S. National Institutes of Health ClinicalTrials.gov website under identification number NCT00701948.


Study Population

The study included all infants aged >72 h hospitalized in the NICU with a clinical suspicion of nosocomial sepsis, based on the presence of at least three clinical criteria and at least one risk factor reported in Table 1 (13).



Table 1. Criteria and clinical risk factors for nosocomial bacterial infection.
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Newborn infants were excluded if they were in early postoperative phase (<48 h after surgery), had major congenital anomalies, had necrotizing enterocolitis with radiological signs, had previously been included in this study for an earlier episode of suspected NBI, or had been treated with antibiotics during the 24 h prior to being suspected of NBI.



Timing and Methods of Determination

Inflammatory markers were measured initially upon suspicion of nosocomial infection. Semi-quantitative IL-8 and PCT were measured at the time of measurement of IL-6 and/or quantitative IL-8 and initial CRP (CRPi). assays usually performed in patients with suspected infection at each center. The total volume of blood required was 1.6 ml (1.1 ml for semi-quantitative IL-8 and PCT and 0.5 ml for CRPi and IL-6). If the volume of blood required for semi-quantitative IL-8 and PCT measurements was insufficient, no additional puncture was performed. An additional sample for measurement of CRP was taken from each patient 12–24 h after the first sample. The times required to obtain results were 20 min for CRP (RxLTM; Dade BehringTM), 85 min for quantitative IL-8 (ImmuliteTM; DPCTM), 85 min for IL-6 (ImmuliteTM; DPCTM), 40 min for PCT (KryptorTM; BrahmsTM), and 20 min for semi-quantitative IL-8 (QuicklineTM; MileniaTM).



Microbiological Analyses

Blood samples (1 ml) for culture were systematically collected before the initiation of any treatment. Samples were incubated for 72 h, based on recommendations regarding the time to positivity of neonatal cultures (14). Cultures of other samples were based on the clinical signs exhibited by the newborn infant. Cerebrospinal fluid samples were obtained by lumbar puncture of newborns with neurological signs or blood cultures positive for particular pathogens. Tracheal aspirates were obtained through sterile maneuvers. Urine was obtained non-invasively using urine collection pads after rigorous disinfection of the perineal area or invasively using a catheter if a bladder sondage was present.



Antibiotic Treatment

The decision to start antibiotic treatment was made by the clinician in charge of each infant according to the standard protocol of each unit and based on a combination of clinical signs and inflammatory markers results. Those with life-threatening conditions or with hemodynamic clinical signs were started on antibiotics immediately. Those with moderate clinical signs were started on antibiotics only in case of elevated inflammatory markers (IL-6 or CRPi in center A and quantitative IL-8 or CRPi in center B) or in case of persistence. The choice of antibiotics was specific to each center. Treatments were started prior to knowledge of the semi-quantitative IL-8 and PCT assays.



Classification

Newborn infants were retrospectively classified into two groups—infected infants (certainly or probably) and uninfected infants (certainly or probably)—by independent physicians who did not participate in the care of the children and who had no knowledge of the results of the marker assays, except for maximum CRP concentration during the episode. Infants were classified based on bacteriological, clinical, and biological criteria.

A newborn with bacteriologically proven sepsis was considered certainly infected. Septicemia was defined by the presence of a positive blood culture. Newborns were considered certainly infected with typical skin contaminants, including such as coagulase-negative staphylococci, bacilli, propionibacteria and yeast, if they had positive blood cultures with clinical signs of infection and a CRP concentration >10 mg/l within 12–60 h after the initial assessment of infection (7–9, 13). Meningitis was defined as positive results on lumbar puncture (>10 cells/mL). Pneumonia required the presence of pathogenic bacteria in bronchoalveolar lavage fluid (>104 bacteria/mL) or in protected tracheal aspiration, with chest radiographs showing new or progressing infiltrates, worsening of gas exchange or an increase in the requirements of an intubated infant for ventilator support, and at least four of the following symptoms: fever or hypothermia, apnea/bradycardia, tachypnea, increased secretions, purulent secretions, increased CRP levels, and neutrophilia. Pyelonephritis was defined as the co-occurrence of the clinical signs of sepsis and CRP levels >10 mg/l within 12–60 h after the initial assessment of infection and by the presence in urine of >106 cells/l and >105 bacteria/ml.

Newborns were considered probably infected if they had clinical signs of infection, CRP ≥ 10 mg/l within 12–60 h after the initial assessment of infection, had no alternative diagnosis, and showed improvement in clinical status following treatment with antibiotics.

Newborns were considered probably not infected if an alternative diagnosis could explain their clinical signs or elevated CRP, if stool cultures or tracheal aspirates were positive for bacteria in the absence of clinical or biological signs of infection, if their blood culture was positive but CRP was < 4 mg.L−1 or if they showed favorable outcomes following antibiotic treatment for <5 days.

Newborns were classified as certainly not infected if they showed clinical improvement and a normalization of CRP levels without antibiotics.



Statistical Analysis

Normally distributed quantitative values were expressed as means and standard deviations and compared using Fisher's t-tests, whereas non-normally distributed values were expressed as medians and ranges and compared using Mann-Whitney U-tests.

Diagnostic properties were analyzed using Bayes' theorem, with the results expressed as sensitivity, specificity, negative predictive value (NPV), positive predictive value (PPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR-). Receiver operating characteristic (ROC) curve analyses of combinations of markers were performed using binary criteria: if one of the two levels exceeded its threshold value, the result was considered positive. Areas under the curve were compared using the DeLong test (15). In all statistical analyses, a P value < 0.05 was considered statistically significant.



Ethics

The study protocol was approved by the institutional review board of each hospital and by the ethics committee East IV in June 2008 (approval number 08/30). Both parents of each newborn provided written informed consent.




RESULTS

A total of 130 infants were included in the study. There were 61 girls and 69 boys. The median gestational age was 28 weeks (24-41) and median birth weight was 1,037 grams (580–3,880). The characteristics of the study population are presented in Table 2. Of the 130 patients, 34 (26.2%) were classified as infected, including 18 certainly infected and 14 probably infected; and 96 (73.8%) were classified as not infected, including 65 certainly not infected and 31 probably not infected. The most frequently detected bacterium was methicillin resistant coagulase negative Staphylococcus. Seventeen children had septicemia, and one had pyelonephritis.The pathogens identified in the positive blood cultures are presented in Table 3. No child in this study died during the infectious episode.



Table 2. Characteristics of the study population.
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Table 3. List of pathogens identified in positive blood cultures.
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The median time between the onset of clinical signs and blood sampling was 4.7 h (0–32 h).


Diagnostic Properties of Inflammatory Markers

Table 4 shows the diagnostic properties of the different markers and their combinations. The optimal threshold values were obtained using the ROC curve methods. Of all markers tested, both alone and combined, the combination of IL-6 and CRPi has the highest sensitivity (78.12%; 95% confidence interval [CI] 60.03–90.72%), NPV (91.3%; 95% CI 82.38–96.32%) and LR- (0.29; 95% CI 0.12–0.49). Semi-quantitative measurement of IL-8 had the highest specificity (92.19%; 95% CI 82.70–97.41%), PPV (72.22%; 95% CI 46.52–90.30%), and LR+ (6.17; 95% CI 2.67–28.44) but had a low sensitivity (48.15%; 95% CI 28.67–68.05%).



Table 4. Diagnostic properties of the different inflammatory markers.
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In Table 5, we present the diagnostic properties of the different markers and their combination calculated only in certainly infected infants and after exclusion of probably infected ones.



Table 5. Diagnostic properties of the different inflammatory markers in the certainly infected infants.

[image: image]






Comparison of the Areas Under the Curve

ROC curves for each of the markers or combination of markers are shown in Figures 1, 2. There were no significant differences between the AUCs of PCT and the combinations of CRPi with quantitative and semi-quantitative measurement of IL-8. However, the AUC for the combination of IL-6 and CRPi tended to be significantly superior to the AUC for PCT (p = 0.055; Table 6).
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FIGURE 1. Receiver operating characteristic (ROC) curves for CRPi plus semi quantitative determination of IL-8, CRPi plus quantitative determination of IL-8 and semi-quantitative determination of IL-8 alone.
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FIGURE 2. Receiver operating characteristic (ROC) curves for CRPi plus determination of IL-6, PCT alone.





Table 6. Comparison of areas under the curves for the different marker.
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DISCUSSION

This study compared the performance of currently available inflammatory markers to diagnose NBI in all newborn infants suspected of NBI. The optimal assay should be rapid, available round the clock, and inexpensive. It should be reliable and reproducible with excellent diagnostic properties, including a clearly determined threshold value for the diagnosis of NBI. Moreover, because it is used for diagnosis in newborns, these assays should require as little blood as possible and identify all infected infants immediately after infection is suspected. Moreover, the real value of a diagnostic test should be determined by calculating likelihood ratios (16).

This study assessed two markers that can be measured separately and combination of markers. Semi-quantitative assays of IL8 have the potential advantages of rapidity and use at the bedside. This marker showed high specificity, with good LR+ and LR- close to the recommended optimal values of >10 and < 0.1, respectively (16). However, the best threshold value determined in our study was higher than the one recommended by the developer of the technique (50 μg/l). Moreover, this test had relatively low sensitivity, < 50%, limiting its usefulness. PCT had acceptable specificity, but low sensitivity, around 60%, and far from ideal LR + and LR-, findings similar to those observed in several studies (7, 12, 17). Although other studies have reported that PCT has better diagnostic properties for NBI (5, 10, 11), those studies included control groups consisting of healthy newborns with no suspicion of infection, a methodology found to artificially increase the diagnostic accuracy of the tested markers (6). Other studies, however, have reported that PCT is a better marker for NBI than CRP, with PCT found to have a greater sensitivity and a lower LR- than CRP during initial stages of infection (18–20). Another study reported also that this assay had a better global diagnostic performance (21). Thus, our finding of better diagnostic properties of CRP as compared to PCT alone is intriguing. It could be explained by several factors. First, a delayed sampling in the course of infection, possibly suggested by the time elapsed between the onset of clinical signs determined retrospectively and the timing of sampling, could explain the better performances of CRP, which rises in the circulation 8–12 h after the onset of infection. Second, the inclusion of probably infected infants in the whole analysis, has certainly increased the diagnostic properties of CRP. This hypothesis is partly supported by the fact that the diagnostic properties of PCT are a bit better than the ones of CRP when calculated only in infants with proven NBI. Finally, we observed a threshold value between 0.5 and 1 μg/l, whereas a large multicenter study recommended the use of higher threshold values and that these values should vary according to the birthweight of the newborns (22). Anyway, the variability in LR and the large confidence intervals suggest the need for caution when using this single marker for the diagnosis of NBI.

Our results confirm that combinations of cytokine and CRP assays yielded a more accurate diagnosis than any individual marker. In our study, quantitative IL-8 plus CRPi and IL-6 plus CRPi had the best diagnostic properties. This finding appears logical based on the kinetics of inflammatory cascades. IL-6 is the main stimulator of hepatocyte synthesis of CRP, but has a short half-life, as does IL-8. The combination of these two cytokines with CRP can enable the continuous detection of inflammatory phenomena resulting from infection. The combination of IL-6 and CRPi had the best sensitivity, specificity and LR-. Use of these assays in combination could reduce the number of antibiotics with an excellent NPV and good LR- while maintaining high sensitivity. This hypothesis is also supported by the strong LR- observed in other studies (3, 4, 9). The combination of IL-8 and CRPi also showed excellent diagnostic performance, similar to that of IL-6 and CRPi (8, 23).

Assays of other cytokines, including IL-10, TNF alpha, IL-1 beta, and IL-12 are currently available (24, 25). These techniques appear reliable, sensitive, reproducible and automatable, but are not yet used in clinical practice. The blood volumes required are very low (50–100 μL of serum), although assay times are somewhat longer (2–3 h). Lipopolysaccharide binding protein (LBP) has been reported to be a more accurate diagnostic marker than IL-6, IL-8 and PCT for the diagnosis of infections in neonates (26, 27). More recently, a new marker, presepsin, was identified; however, those studies included a small number of infants and used uninfected healthy newborn infants as a control group (28–30). Multiplex PCR assays using small volumes of blood are also being developed to detect the DNA of several bacterial species (31, 32). Although these assays were shown to be faster and more accurate than blood cultures, several hours were required to obtain their results (32).

The limitations of our study are first the relatively small number of certainly infected infants. Second, the classification into “infected” and “not infected” infants is very challenging and a possible limitation for observational studies. However, this challenge exists in all studies regarding neonatal infection. We think that it is essential to include also the group of probably infected infants in the determination of the diagnostic properties of inflammatory markers. We have to consider them as infected infants to encompass all the situations met in the daily clinical life. Finally, our study was not designed to assess the ability of markers to guide antibiotic treatment. The combination of IL-8 and CRP was found, however, to result in significant reductions in unnecessary antibiotics and cost of care, without risk to the study population (8). Similar results were found for early–onset neonatal infections, in a large multicenter randomized study involving 1291 infants admitted for suspected infections and clinically stable to wait the results of the assays (33). To our knowledge, however, no studies to date have confirmed the results of the latter study in neonates with NBI. The results of cytokine assays may be integrated into clinical and biological algorithms, similar to those proposed for early onset neonatal infection (34, 35). In these algorithms, PCT concentration in cord blood was found to be an efficient marker that could guide the treatment of newborns suspected of early onset neonatal sepsis (34–37). This approach could also include bacterial DNA load, as assessed by PCR multiplex assays (32).



CONCLUSION

The combinations of CRPi with IL-6 and IL-8 were superior to individual assays in the early diagnosis of NBI. The combination of IL-6 plus CRPi was especially useful, but was not sufficient for sole use, and PCT was inferior to the combination of IL-6 plus CRPi. The semi-quantitative determination of IL-8 had good diagnostic properties but its sensitivity was too low for use in clinical practice. The benefit of this combination to rationalize antibiotic treatment should be evaluated with clinical and biological decision algorithms, while awaiting the identification of more efficient markers that are clinically usable.
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Objectives: In 2014 probiotic supplementation (Lactobacillus acidophilus and Bifidobacterium longum subspecies infantis; Infloran®) was introduced as standard of care to prevent necrotizing enterocolitis (NEC) in extremely preterm infants in Norway. We aimed to evaluate the influence of probiotics and antibiotic therapy on the developing gut microbiota and antibiotic resistome in extremely preterm infants, and to compare with very preterm infants and term infants not given probiotics.

Study design: A prospective, observational multicenter study in six tertiary-care neonatal units. We enrolled 76 infants; 31 probiotic-supplemented extremely preterm infants <28 weeks gestation, 35 very preterm infants 28–31 weeks gestation not given probiotics and 10 healthy full-term control infants. Taxonomic composition and collection of antibiotic resistance genes (resistome) in fecal samples, collected at 7 and 28 days and 4 months age, were analyzed using shotgun-metagenome sequencing.

Results: Median (IQR) birth weight was 835 (680–945) g and 1,290 (1,150–1,445) g in preterm infants exposed and not exposed to probiotics, respectively. Two extremely preterm infants receiving probiotic developed NEC requiring surgery. At 7 days of age we found higher median relative abundance of Bifidobacterium in probiotic supplemented infants (64.7%) compared to non-supplemented preterm infants (0.0%) and term control infants (43.9%). Lactobacillus was only detected in small amounts in all groups, but the relative abundance increased up to 4 months. Extremely preterm infants receiving probiotics had also much higher antibiotic exposure, still overall microbial diversity and resistome was not different than in more mature infants at 4 weeks and 4 months.

Conclusion: Probiotic supplementation may induce colonization resistance and alleviate harmful effects of antibiotics on the gut microbiota and antibiotic resistome.

Clinical Trial Registration: Clinicaltrials.gov: NCT02197468. https://clinicaltrials.gov/ct2/show/NCT02197468

Keywords: gut microbiota, preterm infant, shotgun metagenome sequencing, taxonomy, bifidobacteria, lactobacilli, colonization resistance


INTRODUCTION

Preterm infants experience unique challenges in establishing their gut microbiota. Cesarean deliveries, extensive antenatal, and neonatal antibiotic exposure, parenteral nutrition and residing for long periods in a neonatal intensive care unit (NICU), may cause unpredictable perturbations of the gut microbiota development (1). Gut microbiota dysbiosis in the first weeks of life is associated with perturbations of the developing immune system (2), and an increased risk of necrotizing enterocolitis (NEC) (3). Probiotic supplementation aims to restore the gut microbiota, and thereby preventing NEC and other complications (4–6). Meta-analyses of randomized and observational trials show that probiotic supplementation, mainly with bifidobacteria and/or lactobacilli, reduce rates of NEC (4, 5, 7, 8). The effects seem to be strain-specific (5) and not all products are efficacious (9). Still, based on recent evidence (4, 10) and expert opinion (11), many NICUs in Europe, Australia, and Canada have implemented routine probiotic-supplementation to preterm infants. Probiotics are infrequently used in preterm infants in the USA (12). Risks of probiotic sepsis and contaminations of probiotic products may explain skepticism (13–16). Some experts recommend waiting for additional studies to confirm the safety and efficacy of an available and reliable product (17). Moreover, there is a paucity of in-depth knowledge on microbiological effects and effective dose of probiotic therapy.

Antibiotics are the most commonly prescribed medications in the NICU (18), and prolonged therapy increases the risk of NEC (19, 20). Antibiotics may influence both the physiological gut microbiota composition and the collection of antibiotic resistance genes (ARGs) in the gut, defined as the gut antibiotic resistome (21, 22). However, there is limited knowledge on how probiotic supplementation and antibiotic therapy influence the gut antibiotic resistome in extremely preterm infants.

In Norway probiotic supplementation was implemented as standard of care for extremely preterm infants in 2014. In a longitudinal multi-center study, using shotgun-metagenomic sequencing, we set out to evaluate the influence of probiotics and antibiotic therapy on the developing gut microbiota and antibiotic resistome in extremely preterm infants supplemented with probiotics. We also compared these results to very preterm infants not supplemented with probiotics and a group of healthy, full-term infants.



MATERIALS AND METHODS


Study Patients and Sampling Procedure

We prospectively planned to include two convenient groups of preterm infants from six Norwegian NICUs; one group of extremely preterm infants (gestational age 25–27 weeks) supplemented with probiotics, and one group of very preterm infants (gestational age 28–31 weeks) not supplemented with probiotics. Exclusion criteria were gestation below 25 weeks and/or an early, life threatening condition leading to high risk of not surviving the first weeks of life. We included a control group of 10 healthy, vaginally delivered full-term control (FTC) infants born at the University Hospital of Northern Norway. Sample size calculation for studies assessing gut microbiota taxonomic composition can be performed by assessing matrices of pairwise distances between groups (23). We expected that around 30 infants in each group of preterm infants would afford 90% statistical power to detect differences in gut microbiota composition that were smaller than effects previously observed in microbiota studies of antibiotic exposure (23). The sample size was also adapted to cover the high expenses for shotgun-metagenome sequencing. The original protocol (24) focused on taxonomic composition. We decided post hoc to add a resistome analysis.

After careful instructions, fecal samples were collected by a nurse in the NICU at around seven and 28 days of age, and by the parents at home at around 4 months of age. We used a commercially available sampling kit (OMNIgen GUT kit, DNA Genotek, Ottawa, Canada) allowing storage of samples at ambient temperatures for up to 14 days before DNA extraction (25). We obtained routine clinical data including details on antibiotic exposure. NEC was defined as Bell's stage 2–3 (26).



DNA Extraction, Library Preparation, and Sequencing

Total metagenomic DNA was extracted using the NorDiag Arrow Stool DNA Extraction kit (NorDiag, Oslo, Norway). An extra beadbeating step was added to facilitate cell lysis as studies have shown that this can increase extraction of DNA from Gram-positive bacteria. DNA was quantified using the Nanodrop 1000 and Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) along with the Qubit® dsDNA HR assay kit (Thermo Fisher Scientific, Waltham, MA, USA). DNA was then stored at −70°C. The indexed paired-end libraries were prepared for whole genome sequencing using the Nextera XT Kit (Illumina, San Diego, CA, USA), according to the manufacturer's instructions. Fifty nanograms of genomic DNA was tagmented at 55°C for 10 min. The tagmented DNA was amplified with two primers from Nextera DNA sample preparation Index Kit. PCR products were cleaned using Agencourt AMPure XP beads (Beckman Coulter, Indiana, USA). Purified PCR products were quantified using the Qubit® 2.0 (Invitrogen, Carlsbad, CA, USA), along with the Qubit® dsDNA HS assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The fragment size distribution (500–1,000 bp) was analyzed using the Agilent 2100 Bioanalyzer System (Agilent Technologies, Waldbronn, Germany). The samples were pooled at concentration of 4 nM per sample. Eight to twelve samples were pooled per each sequencing run. Pooled samples was denatured with 0.2 N NaOH, then diluted to 10 pM with hybridization buffer. Subsequently, samples were submitted for v3 reagents with 2 × 300 cycles paired-end sequencing using the Illumina Miseq platform, according to the manufacturer's instructions. In total, 184 samples were sequenced to an average (range) sequence depth of 4.8 (1.8–12.6) million reads per sample for microbiota and functional analysis. Prior to all downstream data analysis, the sequence quality was calculated using FastQC (v0.11.3). All samples were screened for human contamination using Deconseq with default parameters and build up 38 of the human genome as reference. Quality filtering of the read was performed using Trimmomatic v0.36 with LEADING:3, TRAILING:3, MINLEN:75 as parameter settings. Assemblies were performed on the trimmed reads using MEGAHIT. Functional annotation was added using an in-house genome annotation pipeline, the META-pipe (Department of Chemistry, University of Tromsø, Norway [https://arxiv.org/abs/1604.04103]). The sequences are deposited in the European Nucleotide Archive (www.ebi.ac.uk/ena); study accession nr. PRJEB29052.



Taxonomic Profiling

The relative abundance of bacteria at genus level was calculated from the trimmed reads using MetaPhlAn 2.0 (27). Relative abundance tables for each individual sample were merged. To calculate longitudinal changes, sequences were reconstructed using the Lowest Common Ancestor (LCA) classifier.



The Gut Antibiotic Resistome

The prediction of genes presumed to confer antibiotic resistance was performed on the assembled metagenomes using Abricate [https://github.com/tseemann/abricate] against the resistance gene identifier in the Comprehensive Antibiotic Resistance Database (CARD; version 1.1.1; Dept. of Biochemistry and Biomedical Science, McMaster University, Canada, https://card.mcmaster.ca/home]) (25–28) with the minimum identity threshold set to 75% (28). Because of the fragmented nature of the metagenome assemblies, and therefore presence of fragmented genes, multiple hits against the same antibiotic resistance gene (ARG) were regarded as one hit. Data are presented as distribution of ARG classes among the three different groups of infants at three time points. Classes of antibiotic resistance genes in the CARD database and the specific genes included in each class are listed below

• Beta lactamase: blaMIR, blaZ, blaACT, blaTEM, blaCMY, blaLEN, blaADC, blaACI, blaOXA, blaOXY, blaSHV, blaDHA, blaOKP, blaACC, blaSED, blaMOR, blaCMG, blaCFE, cfiA, cepA, cfxA

• Methicillin resistance: mecA

• Aminoglycosides: aac(6′)-aph(2), aac(6′)-Ic, aac(6′)-Im, aadA, aadB, aadD, aadE, ant(6)-Ia, aph(2)-Ib, aph(3)-Ia, aph(3)-III, spc, str, strA,strB

• Tetracyclines: tet(A), tet(B), tet(M), tet(K), tet(X), tet(O), tet(L), tet(U), tet(Q), tet(W), tet(S), tet(32), tet(34), tet(35), tet(37), tet(40), tet(41), Otr(A)

• Fluoroquinolones: QnrB, QnrD

• MLS: Macrolide: erm(A), erm(B), erm(C), erm(F),erm(G), erm(T), erm(X), mph(A), mph(C); Lincosamide: lnu(B), lnu(C); Streptogranin: vat(B), vat(F)

• ABC efflux: lsa(A),lsa(B), lsa(C), msr(A), mrs(C), msr(D), ole(B), car(A)

• RND efflux pumps: oqxA

• Efflux pumps: vga(A), mef(A)

• Multidrug efflux pumps: norA

• Chloramphenicol: cat, catA, catB, catS, cmlA, cml

• Fosfomycin: fos(A)

• Sulfonamides: sul1, sul2

• Antibiotic target: dfrA, dfrG

• Vancomycin: VanC, VanS, VanT, VanR, VanY

• Metronidazole: nimB

In order to obtain quantitative measures of the putative ARGs in each sample, the quality trimmed reads were analyzed using Short, Better Representative Extract Dataset (ShortBRED) (29) against a formatted CARD database and normalized per total reads in each sample. Data are presented as abundance of ARGs among the three different groups of infants at three time points. Using ShortBRED we identified the antibiotic resistance gene classes and genes listed below:

• Class A Beta lactamase

• Class C Beta lactamase

• Aminoglycoside acetyltransferase

• Aminoglycoside phosphotransferase

• Aminoglycoside nucleotidyltransferase

• Tetracycline efflux

• Tetracycline ribosomal protection

• Quinolone resistance

• Macrolide/MLS resistance

• Adenosine triphosphate (ATP)-binding cassette (ABC) efflux pump

• Resistance/nodulation/division (RND) antibiotic efflux

• Major facilitator superfamily (MFS) antibiotic efflux

• Multidrug efflux pump activity

• Multidrug resistance efflux pump

• Genes modulating antibiotic efflux: norA, baeR, marA, phoQ, ramA, soxR

• Small multidrug resistance (SMR) antibiotic efflux

• Chloramphenicol acetyltransferase

• Antibiotic target

• Genes modulating resistance: WblE, WhiB

• rRNA methyltransferase

• Other ARG: bacA



Probiotic Supplementation

A consensus-based protocol for probiotic supplementation was implemented in Norway in 2014 (30). Extremely preterm infants, contributing to around 90% of NEC cases in Norway, were considered as the target group for probiotic prophylaxis. At this time, probiotics was not used routinely for more mature preterm infants (≥28 weeks gestation) in any Norwegian neonatal unit. After considering the safety profile, a widely used probiotic combination product was selected (Infloran®) (31). One capsule Infloran contained 109 colony forming units (CFU) Lactobacillus acidophilus (ATCC 4356) and 109 CFU B. longum subspecies infantis (ATCC 15697). One-half capsule once daily was initiated on day 3–4 and increased to one capsule daily after 4–7 days. One capsule was opened and the content was diluted in 2 ml of breast milk, or formula. It was thereafter administered enteral via a nasogastric tube, either 1 ml (1/2 capsule) or 2 ml (one capsule).



Influence of Antibiotic Therapy

To quantify changes in the gut microbiota composition and resistome after antibiotic exposure, we stratified four different categories of antibiotic exposure: (i) antenatal exposure, (ii) short (≤72 h) vs. prolonged (>72 h) exposure in the first week of life (19, 22), (iii) any exposure after first week of life (yes/no), and (iv) narrow- vs. broad-spectrum exposure after first week of life. Potential effects of antenatal exposure and short vs. prolonged therapy after birth were only investigated at 7 days of age. We defined regimens including third-generation cephalosporins or carbapenems as a broad-spectrum regimens when compared to regimens containing aminoglycosides for coverage against Gram-negative bacteria. This definition was based on the fact that neonatal empiric treatment using a third-generation cephalosporin for Gram-negative coverage induce significantly higher antibiotic resistance rates among colonizing bacteria than a regimen containing an aminoglycoside (32).



Ethics, Trial Registration, and Statistical Analysis

The study was approved by the Norwegian Regional Ethical Committee (2014/930/REK nord) and registered in Clinicaltrials.gov (https://clinicaltrials.gov/ct2/show/NCT02197468). Informed written consent was obtained from all parents.

Data were analyzed using IBM-SPSS version 22 (IBM, Armonk NY, USA) statistical software, the R statistical framework (version 3.2.4; http://www.r-project.org/), and Statistical Analysis of Metagenomic Profiles (STAMP) software package (33). We used Mann–Whitney U-test or a Kruskal–Wallis test for comparisons between two or multiple independent groups. We used a Poisson generalized linear model to calculate trends in the relative abundance of genera and ARGs in the gut microbiota. Corrections based on multiple comparisons were performed by the Benjamini–Hochberg false discovery rate (FDR) (34). A FDR Q ≤ 0.10 was considered significant for any analyses with multiple comparisons. A standard P ≤ 0.05 was considered significant for all other analyses.

Alpha diversity was assessed by calculating the Shannon Diversity index (MEGAN, v5.10.6) (35). To detect changes in alpha diversity over time, we first performed a normality test and found that the residuals were normally distributed. Therefore, differences in alpha diversity over time between the three different groups were calculated using linear mixed models. The same model was used to calculate the influence of antibiotic exposure on alpha diversity. Multiple beta diversity metrics of samples was performed using non-metrical multidimensional scaling (NMDS) based on a matrix of Bray-Curtis distances calculated using the vegan R package. Differences between groups were tested using permutational multivariate analysis on beta diversity matrices.




RESULTS


Study Population and Antibiotic Exposure

Figure 1 shows study flow. We enrolled 66 preterm infants and 10 healthy full-term control (FTC) infants between February and October 2015. The six study sites had different admission numbers, and recruited each between 7 and 24 preterm infants (Figure 1). Clinical characteristics, antibiotic and probiotic exposure, duration of parenteral nutrition and enteral nutrition data are reported in Table 1. The “probiotic extremely preterm (PEP)” infants received much more antibiotics than the “non-probiotic very preterm (NPVP)” infants after first week of life. Two infants in the PEP-group were operated for NEC, both survived.
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FIGURE 1. CONSORT study flow diagram. PEP, probiotic extremely preterm; NPVP, non-probiotic very preterm; FTC, full term control; NICU, Neonatal Intensive care Unit.





Table 1. Clinical background data.
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Taxonomic Composition

On day 7, we found higher relative abundance of Bifidobacterium and Lactobacillus in PEP-infants compared to NPVP-infants (Figure 2A, Table 2). FTC infants had higher abundance of some genera (Streptococcus, Veilonella, and Haemophilus) that were only sparsely present in the two preterm infant groups (Figure 2A). Mode of delivery did not lead to detectable differences in the microbiota composition within the preterm groups on day 7 (data not shown).
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FIGURE 2. (A–C) Median relative abundance of dominant taxa at genus level. Box plot diagram where the inside bar represent median, the outer horizontal line of the box represents the 25th and the 75th percentile. (A) Median relative abundance at 7 days. (B) Median relative abundance at 28 days. (C) Median relative abundance at 4 months.





Table 2. Median relative abundance (%) of dominant genera in infant gut microbiota at 7, 28 days, and 4 months of age.
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On day 28, there was a striking increase in relative abundance of Escherichia in the PEP-infants and a similar striking increase in relative abundance of Bifidobacterium in NPVP-infants. FTC infants had significantly higher relative abundance of Lactobacillus than NPVP-infants. Overall, at 28 days of age the FTC- and NPVP-infants had higher abundance of Veilonella and Streptococcus than PEP-infants, while both preterm groups had higher relative abundance of Staphylococcus and Enterococcus than FTC-infants (Figure 2B).

By 4 months of age, there were no significant differences in taxonomic profile between PEP- and FTC-infants. The NPVP-infants had more Prevotella than PEP-infants, but otherwise all three groups were similar (Figure 2C). Duration of parenteral nutrition did not lead to detectable differences in the microbial composition between the preterm group(s) on 28 days and at 4 months of age (data not shown). We found no differences in abundance of bifidobacteria and or lactobacilli between hospitals at any time point.



Influence of Antibiotic Exposure on Taxonomic Composition

We found no significant influence of antenatal antibiotic exposure on the gut microbiota composition on day 7. However, 57/66 (86%) preterm infants also received antibiotic therapy (ampicillin or penicillin + gentamicin) during the first week of life (Table 1), limiting the possibility to detect isolated effects of antenatal exposure. There was no difference in the gut microbiota between those exposed to a short (≤72 h) compared to a prolonged (>72 h) course during first week of life. Broad-spectrum antibiotic therapy after the first week of life was mainly given to PEP-infants. Only one child in the NPVP-group received third generation cephalosporins after first week of life. At 4 months of age there was reduced relative abundance of Lactobacillus and Veilonella in those exposed to broad-spectrum antibiotics compared to infants exposed to narrow-spectrum therapy (Tables 3, 4). Moreover, there was a non-significant trend toward reduced relative abundance of Bifidobacterium and increased relative abundance of Escherichia among all preterm infants exposed to broad-spectrum antibiotics at both 28 days and 4 months of age (Tables 3, 4).



Table 3. Influence of antibiotic exposure (broad* vs. narrow) on taxonomic composition in all preterm infants (both PEP- and NPVP-infants) with fecal samples and who received antibiotics after first week of life.

[image: image]






Table 4. Influence of antibiotic exposure (broad* vs. narrow) on taxonomic composition in only the PEP-infants with fecal samples and who received antibiotics after first week of life.
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Diversity of the Gut Microbiota and Influence of Antibiotic Exposure

We found large intra-individual differences in the gut microbiota composition, in particular at 7 and 28 days of age (Figures 2A–C). The alpha diversity increased significantly with age in both preterm infant groups, but not in FTC-infants (Figure 3A). FTC-infants had significant higher diversity compared to PEP infants at 7 days of age. On day 28 and at 4 months of age, there were no significant differences in alpha diversity between any groups. Significant overall community (beta diversity) differences using Bray-Curtis dissimilarity were detected comparing the three groups on infants (PEP, NPVP, and FTC) at 7 days of age (P = 0.001) and 28 days of age (P = 0.003) (Figures 3B–D). However, we found no difference in alpha or beta diversity between different categories of antibiotic exposure at the three sampling time points.
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FIGURE 3. (A–D) Alpha diversity calculated by Shannon diversity index and beta diversity between PEP, NPVP, and FTC infants calculated by non-metrical multidimensional scaling (NMDS). Box plot diagram where the inside bar represent median, the outer horizontal line of the box represents the 25th and the 75th percentile. Error bars represent the standard error. Differences between groups at a given time point and at different time points were tested with linear mixed model. (A) Shannon diversity index of three groups of infants at three sampling points. (B) Beta diversity (NMDS) at 7 days. (C) Beta diversity (NMDS) at 28 days. (D) Beta diversity (NMDS) at 4 months.





Antibiotic Resistome–Distribution of ARG Classes and Abundance of ARGs

In all three groups, we identified putative ARGs conferring resistance to nine different classes of antibiotics, including beta lactams, aminoglycosides, tetracyclines, fosfomycine, sulphonamides, vancomycin, and the macrolide-lincosamide-streptogramin B group. Genes conferring resistance to fluoroquinolones and chloramphenicol were only detected in PEP- and NPVP-infants. Several genes encoding efflux pumps were also identified at all three sampling time points. In total 99 unique ARGs were identified, of which 28 (28%) were located on mobile genetic elements, and these latter were found in more than 80% of all infants (Table 5).



Table 5. Distribution of classes of antibiotic resistance genes among infants in each group.
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We found 21 different genes encoding beta-lactamases, including broad-spectrum and extended-spectrum beta lactamases (ESBLs). ESBL-genes were represented at all three time points in NPVP- and FTC-infants, but not detected in PEP-infants. The methicillin resistance gene (mecA) was identified at 7 and 28 days of age in 11/35 NPVP-infants and 13/31 PEP-infants, but not at 4 months of age. Only one PEP-infant and four NPVP-infants were persistent fecal carriers of mecA at days 7 and 28. Vancomycin ARGs were identified at 4 months of age in 16 infants, but only four of these had received vancomycin. Many of the ARGs identified, encoded resistance to other antibiotics than those used in the NICUs.

On day 7 NPVP-infants had higher abundance of ARGs from four different ARG classes and PEP-infants higher abundance of ARGs from two other ARG classes (Table 6). Only 24% of ARG-classes changed significantly their abundance during the three sampling points (P < 0.05) (Table 6).



Table 6. Median abundance of antibiotic resistance genes among infants in each group.
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On day 7 and at 4 months of age, different antibiotic exposure did not result in significant difference in total abundance of ARGs. However, on day 28, we detected significantly higher abundances of four classes of ARGs, including genes encoding beta-lactam and aminoglycoside resistance, in preterm infants exposed to broad-spectrum antibiotics compared to infants treated with narrow-spectrum regimens (Table 7). For the subset of preterm infants given probiotics there were no significant differences in abundance of ARGs at 4 weeks and 4 months (Table 8).



Table 7. Influence of antibiotic exposure (broad vs. narrow spectrum regimen after first week of life) on abundance of antibiotic resistance genes (ARGs) in all preterm infants.
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Table 8. Influence of antibiotic exposure (broad vs. narrow after first week of life) on abundance of antibiotic resistance genes (ARGs) in probiotic supplemented extremely preterm (PEP) infants.

[image: image]







DISCUSSION

The main aim of this explorative, observational multi-center study was to obtain in-depth knowledge on how probiotics and antibiotic therapy influenced the developing gut microbiota and antibiotic resistome of preterm infants. Previous studies have shown that the gut microbiota in preterm infants differs from term infants with limited diversity and delayed acquisition of a stable profile (36–38). However, most studies have assessed the gut microbiota composition collapsed at higher taxonomic rank levels (above species-genera level) by sequencing of the 16S ribosomal RNA gene (31, 39). There is limited data (21) on the association between use of probiotics, antibiotics and gut resistome development using shotgun-metagenomic sequencing.

Bifidobacteria strongly dominated the gut microbiota in extremely preterm infants only few days after commencing probiotic supplementation, in sharp contrast to very preterm infants not receiving probiotics who predominantly had Escherichia. High levels of probiotic bacteria are not necessarily indicative of colonization, but may represent the passage of DNA from the administered probiotic species through the host (40). Still, early dominance of bifidobacteria may theoretically enhance the risk of translocation to the blood stream, in particular during first weeks of life in extremely preterm infants when enteral nutrition with “fuel for bifidobacteria” is not yet fully established (13, 14). However, bifidobacterial infections are usually mild (14, 41), in contrast to sepsis caused by Gram-negative bacteria (Proteobacteria), which in preterm infants are the first colonizers of the intestinal tract. Previous studies have shown that the gut microbiota of preterm infants shortly after birth have a high proportion of Proteobacteria and that a bloom of Bifidobacterium occurs first around 33 weeks of age, in line with our findings in NPVP-infants at 7 and 28 days of age (42, 43).

Lactobacillus was only detected in small amounts in all groups, but relative abundance increased up to 4 months of age in all three groups. High levels of Bifidobacterium and barely detectable levels of Lactobacillus have been reported earlier in infants supplemented with equal doses of a probiotic combination of bifidobacteria and lactobacilli (31). A possible explanation for this observation is the spatial organization of intestinal bacteria, where lactobacilli are found in intestinal crypts, thus less accessible when collecting luminal contents (44). Indeed, a recent study in adults showed marked differences between the small intestine microbiota compared to the colonic microbiota (45), indicating the scientific limitations with fecal samples when aiming to understand the entire human intestinal ecosystem.

There is no consensus on the optimal dose of probiotics. One study from India compared standard and high-dose probiotic regimens and found no difference in proportion of infants colonized or quantitative colonization rates with probiotic species (46). Most large randomized trial have used daily doses of 1 × 108-109 CFU (40, 47, 48). Some authors suggest that at least 1 × 109 CFU is required to achieve a beneficial effect, in line with the doses used in our study (49). We observed an early and high relative abundance of Bifidobacterium in PEP-infants. However, we did not use traditional microbiological methods to assess the overall bacterial abundance in the gut. Some authors have suggested that a gradual increase in probiotic supplementation concomitantly with increased enteral nutrition may replicate the physiological gut microbiota development, and secure gut growth, digestive maturation and an appropriate response to bacterial colonization (50, 51). Our study does not allow us to draw any conclusions on dosing. A recent study reported that a daily dose of the same probiotic used in our study (Infloran®) leads to significantly higher levels of Bifidobacterium when compared to dosing bi-weekly or weekly (52).

A lower relative abundance of Bifidobacterium, Lactobacillus, and Veilonella, and a higher relative abundance of Escherichia, were observed at day 28 and 4 months of age among infants treated with broad-spectrum compared to narrow-spectrum antibiotic regimens. Reduced abundance of protective anaerobe commensals and higher abundance of Enterobacteriaceae after antibiotic exposure has also previously been reported (53, 54). When comparing presence and absence of antibiotic exposure after the first week of life, no differences in diversity or taxonomic composition were found. Previous studies on alpha diversity and influence of antibiotic treatment have shown inconsistent results (55). However, infants who were most heavily exposed to antibiotic treatment in our study were also supplemented with probiotics. In animals, probiotics may alleviate the potential loss of microbial diversity created by antibiotic treatment (56). This may explain why PEP-infants, exposed to massive antibiotic pressure, did not have reduced microbial gut diversity compared to other groups. Thus, probiotic supplementation may offer a protective effect partly compensating harmful effects of antibiotics in preterm infants. However, the early low number of taxa in preterm infant stools places constraints on interpreting diversity changes as diversity in a non-complex population may reflect changes in only one taxon.

In line with others, we found that the gut antibiotic resistome of preterm and term infants is established early, independent of antibiotic exposure (21, 57–59). We detected significant higher abundance of ARGs in infants receiving broad-spectrum antibiotics compared to narrow-spectrum regimens. Gibson and co-workers also showed that broad-spectrum antibiotic therapy in preterm infants, was associated with enrichment of specific ARGs (21). We aimed to investigate how probiotic supplementation can influence the gut antibiotic resistome. Overall, there were no differences in distribution of ARG-classes or abundance of ARGs at 28 days and 4 months of age between PEP-infants, exposed to massive antibiotic therapy, and the two other groups with limited or no antibiotic exposure. One possible mechanism for this finding is that probiotic bacteria can produce bacteriocins that improve mucosal integrity and thereby reduces the pathogenic bacterial population and antibiotic resistance (60).


Strengths and Limitations

At the time of this study, probiotic supplementation to extremely preterm infants was considered “standard of care” in Norway. We were therefore beyond equipoise to perform a randomized study comparing probiotic to no probiotic supplementation in this population. The NPVP-infant group has limitations as a control group due to maturational differences and the difference in antibiotic exposure compared to the PEP-infants. However, more antibiotic exposure in the PEP-infants would most likely have led to less diversity and higher abundance of ARGs. Still, we found few differences between the two preterm groups at 28 days and 4 months of age, suggesting a protective effect of probiotics in the PEP-infant group. The gut microbiota composition of preterm infants may differ between hospitals (61), but our multi-center approach intended to average local differences and strengthen generalizability. Infants harbor a much lower gut microbial diversity compared to adults. Any variation in the gut microbiota composition caused by storage may thus theoretically have a proportionally greater effect on the composition (25). We chose a standardized sampling technique in order to avoid potential biases due to freezing of samples at different time points and temperature variation during transport to the laboratory. However, in the most immature infants the DNA content in the early fecal samples was very low, and we were only able to obtain sequence data from 20/31 samples at 1 week of age.




CONCLUSION

Probiotic-supplemented extremely preterm (PEP) infants had a high relative abundance of Bifidobacterium at 1 week of age, only few days after start of probiotic supplementation. PEP-infants were also exposed to much more antibiotics, but overall microbial diversity and resistome was not different than in more mature infants at 4 weeks and 4 months. We speculate that probiotic supplementation may induce colonization resistance and thereby partly alleviate harmful effects of antibiotics on gut microbiota composition and the antibiotic resistome development.
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Introduction: Toxic shock syndromes (TSS) are severe shocks due to staphylococcal or streptococcal infection that require specific treatments. The early recognition of these shocks is crucial to improve their outcomes.

Objectives: The primary objective of this study was to compare characteristics and outcomes of staphylococcal and streptococcal TSS in children, in order to identify putative early clinical diagnostic criteria. Secondary objectives were to determine the toxin gene profiles of associated isolated strains and the relevance of measuring Vβ T-cell signatures to confirm the diagnosis.

Study design: We performed a multicenter retrospective evaluation of clinical data, biological results, and treatment outcomes of children with a confirmed or probable case of staphylococcal or streptococcal TSS. Children were consecutively included if they were admitted to the pediatric intensive care units of Lyon (France), between January 2005 and July 2011.

Results: Among the 30 analyzed children, 15 presented staphylococcal TSS and 15 streptococcal TSS. The most frequent origin of staphylococcal and streptococcal TSS was the lower respiratory tract (53%) and the genital tract (47%) respectively. Non-menstrual TSS syndrome cases presented more frequently with neurological alterations, and digestive signs were predominant in menstrual forms. Compared to Staphylococcal TSS, Streptococcal TSS presented with higher organ dysfunction scores (median Pediatric Index of Mortality 2 score 20.9 (4.1–100) vs. 1.7 (1.3–2.3), p = 0.001), required respiratory support more frequently (80 vs. 33%, p = 0.02), were intubated for a longer time (3 days (0.75–5) vs. 1 day (0–1.5), p = 0.006) and had a non-significant trend of higher, case-fatality rate (20 vs. 7%, p = 0.60). The lack of antitoxin therapy was associated with higher case-fatality rate (50 vs. 4%, p = 0.04). The Vβ repertoire measurements exhibited toxin dependent-alterations in accordance with the toxin gene profiles of isolated strains in both types of toxic shock syndromes. Regarding toxin gene profiles of isolated strains, 10/15 Staphylococcus aureus belonged to clonal complex (CC) 30 and 6/12 Streptococcus pyogenes were emm1 type suggesting clonal etiologies for both staphylococcal and streptococcal TSS.

Conclusion: Despite the involvement of functionally similar toxins, staphylococcal and streptococcal TSS differed by their clinical signs, origin of infection and prognosis. The detection of Vβ profiles was useful to confirm the diagnosis of staphylococcal and streptococcal TSS and for the identification of involved toxins.

Keywords: toxic shock syndrome, children, Staphylococcus aureus, Streptococcus pyogenes, Vβ T-cell signature, antitoxin therapy


INTRODUCTION

Toxic Shock Syndrome (TSS) is a severe acute illness characterized by high fever, hypotension, rash, multi-organ system dysfunction, and desquamation during convalescence. TSS is caused by toxin-producing strains of Staphylococcus aureus or Streptococcus pyogenes and occurs in both adult and pediatric patients (1–5). TSS remains a rare but severe disease, with a mortality rate that varies from 4 to 27% for streptococcal (Str) TSS (2–4) and from 0 to 22% for menstrual and non-menstrual staphylococcal (Sta) TSS (1). Studies conducted in pediatric intensive care units (PICU) reported a mortality rate that can reach 25% for Str-TSS (2–6). The outcome of Sta-TSS is more favorable in children than in adults (7, 8). TSSs have a specific pathophysiology linked to superantigen exotoxins. Superantigens (SAg), in contrast with conventional antigens, do not need to be processed by antigen-presenting cells before being presented to T cells. They instead directly stimulate T cells by cross-linking major histocompatibility complex class II molecules on the antigen-presenting cells with the variable portion of the T-cell antigen receptor chain (Vβ TCR), thereby inducing massive polyclonal cell proliferation (9, 10). Due to their structural differences, each SAg links preferentially to one or several Vβ repertoire, thus inducing targeted T cell expansion and the massive pro-inflammatory response (11). A transient depletion of targeted Vβ TCRs may be observed at the early phase of TSS due to the concomitant lymphopenia, to the mobilization/accumulation of T cells from peripheral blood to lymph nodes or to the spleen, and/or from downregulation of TCR molecules binding the toxin targeted Vβ repertoire(s) soon after T cell activation (12).

The diagnosis of TSS is based on the association of standardized clinical signs defined by the Centers for Disease Control (CDC), but some of them may be transient (i.e., hypotension), lacking (i.e., cutaneous rash) or of delayed occurrence (i.e., desquamation), and diagnosis is often difficult during the early stages of the diseases (13, 14). Distinction from septic shock, Kawasaki disease with shock, drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome is sometimes difficult (15). Nevertheless, treatments of these differential diagnoses differ significantly and early recognition of these diseases is a key point for the prognosis. Because SAgs are active at very low concentrations (< 1 pg/mL) that are barely detectable in vivo, the identification of ex vivo specific Vβ TCR alterations could help to diagnose or to confirm TSS (16–26).

Early diagnosis of TSS is required because specific TSS treatments with antitoxin effects must be added (1, 27) to adapted antimicrobial chemotherapy: clindamycin, rifampicin or linezolid to reduce exotoxin synthesis (2, 9, 28, 29), and intravenous immunoglobulin (IVIG) therapy to neutralize the SAg, especially in severe TSS (1–4, 7, 8, 30–36). Because of severity of the disease, the clinical characteristics of Sta- and Str-TSS have been primarily described in adult patients.

The objectives of this pediatric study were to compare the characteristics and the outcome of staphylococcal and streptococcal TSS in children to identify putative early clinical diagnostic criteria; to identify factors associated with case-fatality; to study the toxin gene profiles of associated isolated strains; and to assess the relevance of measuring Vβ T-cell signatures to confirm the diagnosis.



MATERIALS AND METHODS


Patient Selection

Selection of Eligible TSS Cases

The Sta- and Str-TSS cases were retrospectively selected by searching for the keywords “toxic” or “toxin-associated shock syndrome” in the hospital information system, as well as in the medical records and databases of the two PICUs of the Hospices Civils de Lyon, France (Debrousse Hospital and Edouard Herriot Hospital from 2005 to 2008), then the PICU of the “Hôpital Femme Mère Enfant” from 2008 to 2011 grouping those two units when they closed. A supplemental research was performed from the database of the French Staphylococcal and Streptococcal National Reference Centers (NRC) which collects prospectively strains involved in staphylococcal and streptococcal diseases, and notably toxin associated diseases. Appointed by Santé Publique France, an agency of the French Ministry of health, NRC missions include (i) strain expertises (identification, resistance, virulence, and typing), (ii) epidemiological surveillance of infections (i.e., increase of incidence, new virulent factor, etc.), and (iii) advice to public authorities, health agencies, and health professionals.



Included Cases

All records of the cases identified were reviewed by two authors (CJ, EJ) to check if they met the CDC criteria for confirmed and probable TSS cases (13, 14). Sta-TSS patients with all CDC criteria but desquamation were included in the probable Sta-TSS group, as this sign mainly occurred lately in the course of the disease and was therefore lacking in the PICU's medical record.



Collected Data

Clinical and biological data, including pediatric index of mortality (PIM 2), pediatric logistic organ dysfunction (PELOD) scores and 30 days outcomes (length of PICU stay and mortality) were collected anonymously (37, 38).



Ethics Statements

According to the French policies, our study was defined as a non-interventional study as it met the following two criteria: (i) parents of children included in the database have received information about the study and (ii) an non-formalized right of opposition was collected in the clinical records. Regarding this lack of written informed consent, patient records were collected anonymously and de-identified prior to analysis. Thus, this study was approved by an institutional ethics review board (“Comité de Protection des personnes Sud Est IV, DC-2008-176”).



Immunological Data

Blood samples were collected in EDTA tubes from 1 to 4 days (D) after PICU admission to measure Vβ CD3+T cell alterations. Due to the initial lymphopenia, the mobilization/accumulation of T cells from peripheral blood to lymph nodes or to the spleen, and/or from downregulation of TCR molecules binding the toxin targeted Vβ repertoire(s) soon after T cell activation, a second measurement was performed between D+3 and D+8 of PICU admission in case of massive decrease of one or association of Vβ repertoires known to be targetet by SAg. These measurements could only be performed 5 days a week (Monday–Friday) which explains that the first determination could range from D+1 to D+4 and the second from D+3 to D+8. The physicians responsible for case coding as well as those responsible for the clinical PICU's databases were not aware of the results of these immunological investigations.

The peripheral blood mononuclear cells were stained with CD3 and 24 TCR Vβ element antibodies (IO Test Beta Mark® kit, Beckman Coulter, Marseille, France) and analyzed with FACScan® flow cytometer (BD, Pont de Claix, France), as previously described (25). Based on our previous data that showed an association between TCR Vβ expansions and involved staphylococcal toxin, we limited the measure of Vβ CD3+T cell alterations to these 24 out of 65 known human Vβ elements.



Microbiological Data

Different anatomical sites were sampled and sent for microbiological analysis (culture and isolation of S. aureus or S. pyogenes) in order to identify etiology and source of infection. Strains were identified by biochemical tests, such as clumping factor, the coagulase test or Lancefield group agglutination (bioMérieux, Marcy l'Etoile, France), and with Phoenix® strips (BD, Pont de Claix, France) or mass spectrometry (VITEK MS®, BioMérieux, France). Antibiotic susceptibilities were determined using a Phoenix 100® instrument (BD) or by the disc diffusion method (SIRSCAN® I2A, Peyrols, France) following CA-SFM guidelines.

Toxin Gene Profiles of S. aureus Strains Determined by the French NRC of Staphylococci

The toxin gene profiles of S. aureus isolates were characterized for all patients. Staphylococcal DNA was extracted (Qiagen, Courtaboeuf, France), and the toxin gene profile was determined using Identibac S. aureus Genotyping® DNA microarrays (Alere, Jouy en Josas, France), as previously described (39). This Identibac S. aureus Genotyping® DNA microarray screened genes for strains identification, virulence factors, resistance and allow for the assignment to a probable clonal complex (CC) (39).

Toxin Gene Profiles and M Protein Typing of S. pyogenes Strains Determined by the French NRC of Streptococci

The toxin gene profiles of S. pyogenes isolates were characterized for 12/15 patients (three strains were not transmitted to the French NRC for streptococci). As previously described, S. pyogenes strains were analyzed to determine their gene profiles of superantigenic toxins and M protein types (emm) (8) by PCR.



Statistical Analysis

Data were analyzed with SPSS for Windows version 17.0 (SPSS Inc., Chicago, Illinois, USA). Qualitative variables were compared with a Chi-Square test supplemented by Fisher's exact test for low effective groups (n < 5). Quantitative variables are reported as the means and standard deviation or as medians and quartiles 1 and 3 for the variables that had distributions that were not normal. The Kolmogorov-Smirnov test was used to study the normality of the distribution of the continuous variables. The quantitative variables were compared with Student's t-test or with a non-parametric Wilcoxon test depending on the normality of their distribution. P-values below 0.05 were considered to indicate statistical significance.




RESULTS


Characteristics of the Study Population

Among the 34 patients identified from the cross-analysis of the databases, 30 (11 boys and 19 girls) were finally included in the study. Among them, 15 Str-TSS cases (11 confirmed and 4 probable cases according to the CDC criteria) and 15 Sta-TSS cases, 6 of which were menstrual Sta-TSS and 9 non-menstrual Sta-TSS (4 confirmed cases and 8 probable cases according to the CDC criteria) were included. The four excluded patients were 1 Stevens-Johnson syndrome, 1 Kawasaki syndrome with shock, 1 severe Panton-Valentine staphylococcal infection and 1 patient hospitalized in an intermediate care unit. The median age was 5.2 years (interquartile range: 1.4–12.8, Table 1). S. pyogenes were isolated in all the patients.



Table 1. Clinical and biological characteristics of patients with staphylococcal or streptococcal toxic shock syndrome.
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Comparison Between Patients With Staphylococcal and Streptococcal Toxic Shock Syndrome

Children with Str-TSS were significantly younger than children with Sta-TSS [1.7 years (0.7-5.4) vs. 12.8 years (5–15.7), p = 0.001]. At day 1, compared to Sta-TSS patients, Str-TSS patients needed ventilation support more often and had longer ventilation duration [3 days (0.75–5) vs. 1 day (0–1.5), p = 0.006]; had higher leukocyte counts (22.3 vs. 14.6 G/L, p = 0.049) and significantly higher CRP levels (238.8+/– 103.8 vs. 164+/– 82.8 mg/l, p = 0.04, respectively) and presented with significantly higher PIM 2 score (median 20.9 (4.1–100) vs. 1.7 (1.3–2.3), p = 0.001) Other clinical variable were similar in the two groups.

The primary origin of the Str-TSS was the lower respiratory tract (53% of Str-TSS cases) whereas menstrual and non-menstrual Sta-TSS involved the vagina, and the skin or the upper respiratory tract respectively (Table 2).



Table 2. Infectious source of patients with staphylococcal and streptococcal toxic shock syndrome.
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There was no difference between groups regarding IVIG use (53% for Str-TSS and 47% for Sta-TSS, p = 1) or the use of anti-infectious agents with antitoxin effects (clindamycin, linezolid, rifampicin; 93% for Str-TSS and 87% for Sta-TSS, p = 1).



Comparison Between Menstrual and Non-menstrual Staphylococcal Toxic Shock Syndrome

The most striking difference between menstrual and non-menstrual Sta-TSS was the constant presence of gastrointestinal signs (i.e., abdominal pain and emesis) in menstrual Sta-TSS (100 vs. 50%, p = 0.08) There was also a non-significant trend toward a higher frequency of neurological symptoms (i.e., confusion, impaired consciousness) in non-menstrual Sta-TSS (50 vs. 14%, p = 0.28).



Factors Associated With Case-Fatality:

Our retrospective study reported 4/30 deaths (13%) (Table 3). The non-survivors significantly presented with more organ dysfunctions, with a higher occurrence of acute respiratory distress syndrome and with a higher PELOD score measured at D+1. The case-fatality rate was not significantly different between the Staphylococcal and Streptococcal TSS groups (7 vs. 20% p = 0.60). All the children received adapted antimicrobial therapies for S. aureus or S. pyogenes, and 27/30 received an antitoxin therapy (clindamycin or clindamycin + IVIG) with a significant association with survival (Table 3). Among the 4 non-survivors, three died rapidly (one during the transport to PICU, one 4 h after arrival, one had presented a cardiac arrest just prior to PICU admission), and only one of them received an antitoxin antibiotic.



Table 3. Comparison of clinical characteristics and effects of antitoxin therapies on live vs. dead TSS cases.
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Microbiological Features

S. aureus strains belonged to the accessory gene regulator (Agr)1 (2/15), Agr2 (2/15) or Agr3 (11/15) genetic backgrounds. According to DNA microarrays assignments, 10/15 belongs to clonal complex (CC) 30, 1/15 to CC5, 1/ 15 to CC45, 1/15 to CC22, and the sole MRSA strain is CC5 and belongs to Geraldine clone. All menstrual Sta-TSS strains contained the TSS toxin gene (tst) that encodes TSS toxin −1 (TSST-1), the staphylococcal enterotoxin A gene (sea) gene that encodes staphylococcal enterotoxin (SE) A (4/7), the enterotoxin gene clusters (egc) that encode SEG, SEI, staphylococcal enterotoxin like (SEl) M, SElN and SElO (5/7). The non-menstrual Sta-TSS isolates were characterized by the presence of the tst gene encoding TSST-1 (6/8), seb (1/8), or sec (1/8) in association with other toxin genes; the most frequently found toxin genes were sea (4/8) and egc (7/8). Only one strain involved in non-menstrual Sta-TSS was resistant to methicillin.

S. pyogenes strains were primarily types emm1 (6/12) or emm12 (2/12). Toxin gene analysis showed the following 4 different profiles: contained the streptococcal pyrogenic exotoxin A (speA) and speC genes encoding streptococcal pyrogenic exotoxin (SPE) A and SPEC, respectively (2/12), contained only the speA gene (4/12), contained only speC (5/12) or contained neither speA nor speC but did encode speB (1/12). The gene speB was present in all S. pyogenes strains included in our study.



Immunological Features: Superantigenic Toxins and Vβ T-Cell Signatures

The Vβ repertoire profile of CD3+ T cells (Vβ profile) was determined at D1-4 after PICU admission in a subset of 18/30 patients that included 12 Sta-TSS and 6 Str-TSS cases (Tables 4, 5). Targeted by TSST-1, a significant Vβ2 alteration was observed in all confirmed and probable TSS-Sta cases. Whereas, a Vβ2 increase was measured for 8/12 (67%) Sta-TSS patients, it was delayed for 4 Sta-TSS cases with initially a large decrease of Vβ2 repertoire followed by a large expansion at the second measurement performed between D3 and D5. A correlation between the number of organ dysfunctions and the level of Vβ2 expression on CD3+ T cells between days 3 and 5 post-Sta-TSS onset was found (Figure 1). Regarding 6 Str-TSS cases, expansions of some or all Vβ repertoires targeted by SPEA or SPEC were also measured in all confirmed and probable Str-TSS cases at the first determination (Table 5).



Table 4. Vβ T cell signatures and Staphylococcus aureus toxin gene profiles of patients with staphylococcal toxic shock syndrome.
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FIGURE 1. Correlation between organ dysfunctions and Vβ2 expression on CD3+ T cells. Correlation between the number of organ dysfunctions and the Vβ2 expression measured on CD3+ T cells between days 3 and 5 after the onset of staphylococcal toxic shock syndrome. Pearson's correlation (R2) was used to measure co-linearity between the selected independent variables.





Table 5. VBeta T cell signatures and Streptococcus pyogenes toxin gene profiles of patients with streptococcal toxic shock syndrome.
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DISCUSSION

This retrospective analysis of 30 consecutive cases of Staphylococcal and Streptococcal TSS, admitted to the PICUs of the city of Lyon in France, showed differences between groups regarding clinical presentation, origin of infection, and outcome. However, pathophysiological mechanisms involving superantigenic toxins were consistent between groups. We showed that the detection of Vβ profiles could confirm the diagnosis of Staphylococcal and Streptococcal TSS cases, signing a toxin involvement, correlated to the toxin gene profile of the isolated strains.


Clinical Findings

Str-TSS patients were younger than Sta-TSS patients, with 47% of patients younger than 2 years, in agreement with previous studies (2, 4–6). Regarding their clinical signs, TSS associated with para-pneumonic empyema was highly suggestive of a streptococcal origin. Conversely, menstrual Sta-TSS should be suspected in a young adolescent girl with hypotension, rash, gastrointestinal symptoms and fever, whereas non-menstrual Sta-TSS may include a very heterogeneous group of patients in terms of age, gender and comorbidities.

Str-TSS cases had a more severe prognosis than the Sta-TSS cases, including longer PICU stay, higher PIM2 scores, higher number of organ failure with more frequent acute respiratory distress syndrome, and required mechanical ventilation more often and for a longer time, in accordance to UK and Australian studies (5, 6, 40). Although not significant, the case-fatality rate for Str-TSS (20%) was higher than Sta-TSS (7%), that is consistent with the meta-analysis of Chuang et al., who analyzed 27 and 30 studies focused on Sta- and Str-TSS, respectively. They found a 5 to 10% case-fatality rate for Str-TSS, a 3% case-fatality rate for menstrual Sta-TSS and a 5% rate for non-menstrual Sta-TSS (7). Moreover, three later studies that included critically ill children found a case-fatality rate between 20 and 30% for Str-TSS (2, 4, 6); however, that remains below the case-fatality rate (45%) estimated for adults by the French NRC between 2006 and 2010 (1). Recently, Chen et al. reported an absence of death in a large cohort of 62 Staphylococcal and Streptococcal TSS cases (5, 6).



Factors Associated With Case-Fatality

We found a significantly lower case-fatality rate in patients treated with at least one antitoxin therapy (clindamycin or clindamycin + IVIG) (Table 3). This result was in line with a recent study on TSS-Str demonstrating that clindamycin treatment substantially reduced mortality rate (41, 42). This effect may be enhanced by concurrent treatment with IVIG, contrasting with a previous study suggesting that IVIG had no effect (3, 41). Causality of our results cannot be ascertained because of the retrospective study design with no adjustment for disease severity (i.e., the lack of antitoxin therapy could be due to a misdiagnosis). This supports the need for a large randomized prospective trial, especially to test IVIG. Moreover, this difference in survival rates is likely to be due to the impossibility to receive such urgent treatments in time, because of the very high severity of the disease.



Microbiological and Immunological Findings

In accordance with DeVries et al. study which included any positive culture for S. aureus (including infection as well as carriage strains) and obtained strain in 72% of the examined cases, we systematically isolated S. aureus strains, suggesting a selection bias in our population based on TSS criteria (43). However, in agreement with other studies, bacteremia was rare in Sta-TSS (< 5%) and significantly more frequent in the Str-TSS (40 to 60%) (7). Because characterization of the toxin gene profile of isolates was not mandatory for the inclusion analysis, only 90% were characterized: The 15 isolated S. aureus strains belonged to 3 different agr groups, and 13/15 carried at least tst. Eleven of the S. aureus strains were Agr3, and among them, 6 exhibited similar toxin gene profile associating tst, sea, egc and seu, and belongs to clonal complex 30 (44). These results suggest the presence of a dominant S. aureus clone involved in Sta-TSS in France as recently described in United Kingdom. This CC30 MSSA produces more TSST-1 and induces more T-cell proliferation than CC30 MRSA (45). Similarly, Str-TSS were due to a dominant clone of S. pyogenes characterized by an emm1 gene encoding the M1 protein and speA, in agreement with previous studies (8).

Specific treatments appear most effective when administered early in the development of the disease; thus TSS should be diagnosed as early as possible. However, TSS diagnosis based on the CDC criteria is difficult (43) because some criteria occur lately or rarely, resulting in under-diagnosis of TSS cases (11). Moreover, differential diagnosis with septic shock or Kawasaki syndrome with shock and DRESS syndrome is sometimes challenging because of the association of shock, cutaneous rash and multi organ dysfunctions in these conditions. Parsonnet et al. suggested that the integration of other laboratory criteria such as the isolation of S. aureus, the production of TSST 1 (or another superantigen) and the absence of antibodies against superantigen produced by the host could increase the accuracy of TSS diagnosis (46). Based on a biological test measuring functional effects of SAgs on immune system, our study used Vβ profile test to improve TSS diagnosis. As previously described (18), Vβ2 alterations (initial decrease followed by large expansion) correspond to the activation of T cells by TSST-1 and were observed in each of the 12 Sta-TSS cases. Each of the eight Sta-TSS cases, classified as probable according to the CDC criteria and for which Vβ profile was studied, showed a Vβ 2 repertoire expansion similar to other confirmed Sta-TSS cases. Similarly, Vβ expansions corresponded to partial or complete profiles of streptococcal SAgs produced by the clinical isolates were measured in 6/6 patients with Str-TSS. However, in two cases of Str-TSS, the Vβ expansions were difficult to interpret due to partial Vβ profiles when they were compared to the Vβ specificity from the literature (16, 19, 21, 23, 24, 26). These partial profiles may be due to residual neutralizing effects of IVIG infusion before measurement of Vβ repertoire profiles. These discrepancies may also be explained by differences in the methods used to detect Vβ expansions (other sets of antibodies or RT-PCR), the length of the incubation and the use of different cut-off values used to define significant enhancement of Vβ alterations. Ideally, we should determine the Vβ specificity of streptococcal superantigens using a flow cytometric test that has been used for S. aureus superantigens (10, 25). Although there is no control group due to the retrospective collection of cases, our study described, for the first time, the use of Vβ profiles to characterize a large pediatric TSS population. This biological test, which was positive in probable as well as confirmed TSS, could identify the toxin involved in the TSS and show alterations at the first measurement, which could help diagnosing or confirming TSS cases. This test may allow for an early (within the first 24–48 h) diagnosis of Sta-TSS, especially in non-menstrual cases, showing a large decrease of Vβ2 associated with severe lymphopenia. Later on (after 48 h), when expansion would confirm the diagnosis whenever the doubt persists; for example when no staphylococcus has been isolated yet.

In contrast, Ferry et al. found no discriminant Vβ signature in septic shock (27), suggesting a high specificity of the Vβ profile for TSS. At least, the Vβ profile might thus constitute a new tool to improve the diagnosis of toxic shock and might also improve the TSS diagnosis criteria of the CDC. However, additional studies are required to evaluate its relevance in partial or doubtful form of TSS cases according to CDC criteria.



Limitations

The retrospective nature of our study did not allow interpreting reliably the impact of antitoxin therapy on survival. The inability to perform Vβ profile for all patients at a same time point may bias the analysis of the performance of this biological diagnosis test. However, these preliminary results are consistent with those found in adults and require a validation by a prospective multicenter study.

The low sample size did not allow for multifactorial analysis that would have strengthened our findings.




CONCLUSION

Sta- and Str-TSS are induced by similar toxins produced by strains with limited diversity which suggests a clonal origin of French strains involved in TSS. However, they differ in their clinical presentations (pulmonary involvement vs. gastrointestinal signs), their source of infection (bacteremia vs. vaginal localization), their severity and their prognosis. The detection of Vβ profiles was helpful for the diagnosis of probable TSS cases and for the identification of toxin involvement but future investigations are required to extensively identify the Vβ profiles of streptococcal toxins. However, this test might be added to the TSS diagnosis criteria in the future. Antitoxin therapies (clindamycin and/or IVIG) were associated with a better survival. However, a potential bias related to the discrepancy in the timing of treatment delivery may limit the interpretation of these results. The conduct of a large randomized controlled trial is mandatory to assess IVIG and anti-toxin chemotherapy efficacy.
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Neonates, especially those born preterm, are at increased risk of sepsis and adverse long-term effects associated with infection-related inflammation. Distinct neonatal immune responses and dysregulated inflammation are central to this unique susceptibility. The traditional separation of sepsis into an initial hyper-inflammatory response followed by hypo-inflammation is continually under review with new developments in this area of research. There is evidence to support the association of mortality in the early acute phase of sepsis with an overwhelming hyper-inflammatory immune response. Emerging evidence from adults suggests that hypo- and hyper-inflammation can occur during any phase of sepsis and that sepsis-immunosuppression is associated with increased mortality, morbidity, and risk to subsequent infection. In adults, sepsis-induced immunosuppression (SII) is characterised by alterations of innate and adaptive immune responses, including, but not limited to, a prominent bias toward anti-inflammatory cytokine secretion, diminished antigen presentation to T cells, and reduced activation and proliferation of T cells. It is unclear if sepsis-immunosuppression also plays a role in the adverse outcomes associated with neonatal sepsis. This review will focus on exploring if key characteristics associated with SII in adults are observed in neonates with sepsis.
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INFLAMMATION AND SEPSIS—A NEW PARADIGM?

Sepsis, defined as life-threatening organ dysfunction caused by a dysregulated host response to infection, represents an enormous burden affecting more than 30 million people with potentially 6 million associated deaths per year (1). Until recently, adult sepsis complicated by organ dysfunction, was termed severe sepsis, but is now represented by an increase in the Sequential Organ Failure Assessment (SOFA) score, secondary to the infection cause (2). The SOFA score, based on respiratory, cardiovascular, hepatic, coagulation, renal, and neurological systems, determines the extent of organ function and an increase of two points or more is associated with in-hospital mortality of >10% (2). Septic shock is defined as sepsis with circulatory and cellular/metabolic abnormalities that substantially increase mortality (2). Recent evidence from critically ill adults with sepsis and septic shock suggests the extent of recovery from sepsis may depend on the host's ability to orchestrate both the pro-inflammatory and hypo-inflammatory responses to achieve immunological homoeostasis following infection (3, 4). Hotchkiss et al., described three potential inflammatory responses to sepsis, and acknowledged that the immune response to sepsis is determined by many factors, including pathogen virulence and comorbidities (4). Firstly, at the onset of sepsis the pro-inflammatory response can dominate, even though both the pro-inflammatory and anti-inflammatory responses are initiated, and lead to an overwhelming hyper-inflammatory state that may cause multiple organ dysfunction and death within 1–2 days. Secondly, in patients with impaired immune responses due to comorbidities, the hyper-inflammatory phase may be absent or reduced and a profound anti-inflammatory state may occur, which may lead to further impaired immunity with increased risk of nosocomial infections and higher risk of death 10–14 days following sepsis onset. Thirdly, the immune response cycles between hyper-inflammatory and hypo-inflammatory states and death can occur in either state. With this response, there is an increased probability of the patient developing overwhelming immunosuppression as the infection persists (4).

There is increasing evidence to support the role of immunosuppression in sepsis (4). Critically ill adults with sepsis and septic shock may develop sepsis-induced immunosuppression (SII), a phenomenon of persistent systemic hypo-inflammation that compromises many immune functions, prevents bacterial elimination and immune homeostasis (3–7). Importantly, SII is associated with increased risk of multi-organ failure and mortality, and ongoing immunosuppression results in prolonged (10–14 days) susceptibility to secondary viral and bacterial infections (3–6, 8).

Immunologically, SII in adults is incompletely characterised, but is commonly associated with altered functions of the complex network of innate and adaptive immune responses to infection. Specifically, neutrophils, monocytes, macrophages, and dendritic cells (DCs) display a prominent shift of phenotype and function toward an impaired inflammatory response. This further includes decreased bactericidal defences in neutrophils (including oxidative burst and low intracellular expression of myeloperoxidase and lactoferrin), reduced neutrophil chemotaxis, biased anti-inflammatory cytokine secretion with an increased interleukin (IL)-10 to tumour necrosis factor alpha (TNFα) ratio. There is also reduced expression of the major histocompatibility complex (MHC) II cell surface receptor human leukocyte antigen-DR (HLA-DR) and consequently impaired antigen-presenting capacity of DCs and monocytes (3, 4, 6, 7). Changes to the adaptive immune response in adults with SII include: reduced activation of T cells through diminished cell surface expression of the co-stimulatory molecules CD80 and CD86 on antigen presenting cells (APCs); inhibition of T cell proliferation due to expansion of cell populations with immunosuppressive function, such as immature neutrophils, myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs); reduced effector functions of T cells, B cells, and natural killer cells; and T cell exhaustion, typified by decreased T cell activation, reduced ability to produce cytokines, and decreased cytotoxic functions (3, 4, 6, 7). Sepsis-induced apoptosis of DCs, CD4+ and CD8+ T cells and B cells occurs in primary immune organs such as blood, bone marrow, spleen, and thymus, resulting in an overwhelming depletion of immune cells (3, 4, 6, 7).

The suppressive effect of endotoxin tolerance, induced by repeat or long-term exposure to bacterial endotoxins, like lipopolysaccharide (LPS), mediates immune dysfunction through reprogramming of cell signalling and is associated with immunosuppression observed in the later-stage of adult sepsis (7, 9). Leukocytes from adult patients with sepsis behave similarly to in vitro endotoxin-tolerised cells, with a reduced responsiveness to produce cytokines, especially TNFα, upon re-challenge with LPS (10). The molecular mechanism is unclear, but Pena and colleagues have recently identified an endotoxin tolerance gene signature that may predict sepsis and organ dysfunction in adults with sepsis (9). Murine macrophages challenged with Gram-positive bacteria can also induce endotoxin tolerance, termed as cross-tolerance, to a lesser extent than LPS (11), but no associated gene signature has yet been reported.



SEPSIS-INDUCED IMMUNOSUPPRESSION AND THE NEONATE

Neonatal immune development is complex, incompletely understood and orchestrated by many factors, including intra- and extra-uterine exposure to antigens and commensal organisms (12–16). Immune development in infants born preterm (<37 weeks' gestation) may be further altered by perinatal exposures to corticosteroids and antibiotics and the unique environmental influences associated with prolonged hospital stay (e.g., mechanical ventilation, use of indwelling plastic devices, parenteral nutrition, invasive procedures, and exposure to nosocomial microbes) (14, 15, 17–19).

Despite advances in neonatal care, sepsis remains a significant cause of morbidity among neonates and is one of the most common causes of neonatal death, accounting for over four-hundred and twenty thousand deaths per year (20). Sepsis is a common complication that affects up to 40% of neonates born <28 weeks' gestation (21, 22). Chronic long-term morbidities, such as lung disease and neurodevelopmental impairment, are further increased among infants who acquire nosocomial sepsis (23, 24). Inflammation-related brain injury and the associated long-term effects are clearly evident in preterm infants with sepsis (23), and have also been observed in adults with sepsis (25).

The increased risk of sepsis-associated morbidity and mortality in neonates is largely attributed to immature innate immune functions resulting in dysregulated pro-inflammatory responses to systemic infection—often referred to as a “cytokine storm” (26–30). The mortality rate in infants with sepsis is 10–16%, with 50–57% of neonates die within the first 3 days of sepsis onset, 12–20% within 4–7 days and 23–39% after 7 days (31, 32). Similar to adults (4), there is strong evidence to support the association of mortality in the acute phase, i.e., within first days of sepsis, with a dysregulated pro-inflammatory immune response (28–30, 33, 34). However, emerging evidence suggests that the immature immune response to infection in neonates is characteristically similar to the endotoxin tolerance phenotype observed in critically ill adults with sepsis (7, 35). This is evident despite Gram-positive bacteria being the major causative organisms in neonatal sepsis (36), unlike in adult sepsis (37). In the neonatal setting, the risk of sepsis may be mediated by a relative inability to initiate appropriate hyper-inflammatory responses which, along with a predominant hypo-inflammatory response, actively causes immunosuppression (35). In keeping with findings in adult SII, Gervassi and colleagues proposed that the distinct neonatal responses to invasive microbes, as well as to vaccines, may be at least partly explained by active immune suppression, such as inhibition of T cell proliferation and function by Tregs and MDSCs, and the potential for B cells to skew the immune response toward an anti-inflammatory T helper 2 response (38).

Sepsis-induced immunosuppression has not yet been defined in neonates. In adults, SII signifies sepsis severity, septic shock, and mortality (3, 4, 6, 7). Identifying immunosuppression in neonates may not be as straight forward for several reasons, namely: the lack of a globally accepted definition for neonatal sepsis, including grading of severity; the distinct patterns of immune development; and the sparse data available on immune function and response to infection at the time of neonatal sepsis.

Firstly, neonatal sepsis, especially in those born preterm, is not clearly defined. The recently updated Third International Consensus Definitions for sepsis and septic shock in adults are not applicable to children, infants and neonates (2, 39, 40), and there is no equivalent SOFA score for determining sepsis severity in neonatal sepsis. Further to this, the international paediatric consensus definition for sepsis specifically excludes preterm neonates (39) and performs poorly in term neonates (40). This has widespread implications not only for reporting incidence and prevalence of neonatal sepsis, but for clinical management (accurate diagnosis and appropriate treatment) and the short- and long-term impact on clinical outcomes (41, 42). Further to this, the lack of a clear neonatal sepsis definition creates a substantial barrier to identifying predictive markers for sepsis, and improving diagnostic accuracy and speed (41, 43). To date, there is no consensus definition of neonatal sepsis and the current “gold standard” of positive blood culture plus clinical symptoms for the definition of “confirmed sepsis” has significant limitations (41, 44, 45). To further complicate diagnosis, sepsis can also be classified as “clinical sepsis,” with a negative culture in a symptomatic newborn (41).

Secondly, development of immunoregulation is distinct in neonates compared with adults. This includes differences in: (a) absolute numbers of immune cells (e.g., lower neutrophil counts and higher natural killer cell counts in neonates) (12, 46, 47); (b) the proportions of immune cell subtypes (e.g., higher immature/total neutrophil ratio in neonates) (48, 49), and (c) levels of various immune plasma proteins (e.g., lower complement, immunoglobulin, antimicrobial peptide levels in neonates) (12, 13).

Lastly, there is limited data on neonatal innate immune responses during sepsis, and studies relating immune function to sepsis severity are lacking. Neonatal immune studies commonly utilise cord blood, which is not representative of the immune system at 1–3 weeks of age, when the most common form of neonatal invasive infection, late-onset sepsis (LOS), typically occurs (50). Data available from the time of sepsis can be limited by low number of neonates and confounded by multiple factors, such timing of sample collection, volume of blood sample collection, pathogenesis of the causative organism, time of sepsis onset [e.g., early-onset sepsis (EOS) <72 h after birth and LOS >72 h after birth], and sepsis definition (e.g., confirmed vs. clinical). Further to this, time from sepsis onset to death is poorly reported and therefore causative attribution not consistently possible.

Confirming and describing SII in neonates may be instrumental in better defining the immune pathophysiology of neonatal sepsis. This could also aid in the identification of unique biomarkers that could be of clinical utility for immunomonitoring, prediction of outcomes, or even targeted therapeutics. The remainder of this review focusses on characterising immunosuppression in neonatal sepsis and their associated clinical implications. The principal immune functions characterised include cytokine secretion, antigen presentation, expansion of immunosuppressive cells, effector cell function, and sepsis-induced immune cell apoptosis. Information on gestational age (GA), postnatal age at onset of sepsis, classification (i.e., confirmed and clinical sepsis) and age at sepsis-related death in many studies were incomplete and may confound the interpretation. Available data were included in this review and in Tables 1–5 and Supplementary Tables 1, 2. For clarity, when neonatal GA was not described in the publication, we considered any infant born ≥37 weeks' gestation as term and any infant born <37 weeks' gestation as preterm.



Table 1. Sepsis-induced immunosuppression—association of secreted cytokine concentration with sepsis severity in neonates and adults with sepsis.
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INFLAMMATORY CYTOKINE SECRETION IN RESPONSE TO INFECTION IN ADULTS AND NEONATES


Circulating Inflammatory Cytokines in Adult Sepsis

Together, pro- and anti-inflammatory cytokines influence the innate immune responses to infection (88). Plasma levels of pro-inflammatory cytokines, including TNFα, IL-6, IL-8, IL-1β, interferon gamma (IFNγ), and the anti-inflammatory cytokines IL-10 and IL-4 are elevated in adults with sepsis and septic shock (52, 56–58, 72, 89)—study details described in Table 1. Interestingly, those with septic shock had both higher pro- and anti-inflammatory levels than patients without shock (57), with the levels of IL-6 and IL-8 positively associated with IL-10 levels (56), indicating a correlation with sepsis severity. Further support for the positive association between sepsis severity and immunosuppression are provided by reports of increased mortality in septic patients with elevated IL-10 levels or a high IL-10/TNFα ratio (52, 57–59). Additionally, patients who regained organ function by day 4 following sepsis onset had a significantly higher TNFα production capacity compared to those with ongoing organ failure by day 6 (51). While there is concomitant secretion of pro- and anti-inflammatory cytokines during sepsis, the increased ratio of IL-10 to TNFα is associated with sepsis mortality and immunosuppression (52, 58), however, the mechanism for this association has yet to be elucidated.



Functional Assessment of Cytokine Secretion in Adult Sepsis

Pro-inflammatory (TNFα, IL-1β, IL-6, IL-12) and anti-inflammatory (IL-10) responses occur concomitantly in stimulated whole blood and isolated monocytes from septic adults, albeit at a reduced capacity compared to healthy adults (60, 84, 89–91). Interestingly survival in these patients was associated with the recovery of pro-inflammatory cytokine production, but not IL-10 production—the IL-10/TNFα ratio was not reported (60). A similar pattern of decreased TNFα, IL-6, IFNγ, and IL-10 was also observed in a post-mortem study of stimulated splenocytes from patients who died of sepsis (84). These results suggest patients with sepsis have a sub-optimal capacity to produce pro- and anti-inflammatory cytokines, which is inversely associated with sepsis severity, especially when IL-10 levels remain relatively higher, eventually leading to organ failure, septic shock, and/or death.



Circulating Inflammatory Cytokines in Neonatal Sepsis

In both preterm and term neonates with EOS or LOS, the circulating levels of pro-inflammatory cytokines, IL-6 (28, 53–55, 92–96), IL-8 (53–55), and IFNγ (92, 94, 95) are consistently elevated compared to non-septic neonates. Whereas, TNFα and IL-1β levels are more variable (28, 53, 95, 96) or increased (28, 53–55, 92, 94, 96). The inconsistent reports of TNFα and IL-1β concentrations in neonatal sepsis may be a confounded by the kinetics and short half-life of circulating TNFα and IL-1β and the timing of sample collection relative to the onset of sepsis (97, 98). Circulating anti-inflammatory IL-10 concentrations (28, 53, 92, 94, 95) are elevated in preterm and term neonates with EOS or LOS compared to non-septic neonates, whereas the concentration of IL-4 is more variable (28, 92, 94, 95). These studies did not report the ratio of IL-10 to TNFα. Neonatal and sepsis characteristics, and relevant outcomes of these studies not in relation to sepsis severity are described in the Supplementary Table 1.

Gestational age may significantly influence the neonatal cytokine response to infection. In 14 very preterm (mean GA 28.7 ± 1.3 weeks) and 12 moderately preterm (mean GA 34.6 ± 1.8 weeks) neonates with confirmed or clinical sepsis (including LOS and EOS), the cytokine profiles differed (92). During sepsis, the levels of IFNγ, IL-6, IL-10, and IL-4 were significantly elevated in the moderate preterm group only. In contrast, the levels of TNFα did not significantly change from pre-sepsis to during sepsis in either group. These results suggest that increasing GA may be associated with a more robust pro- and anti-inflammatory response. While the lack of inflammatory response in very preterm infants may explain the increased incidence and severity of sepsis (99). The results from this small study do not allow firm conclusions on neonatal clinical outcomes.

Increased IL-6, IL-1β, and IL-8 cytokine production might be associated with sepsis severity and/or mortality in neonates with sepsis (53–55)—study details described in Table 1. Silveira-Lessa and colleagues investigated cytokine production in 13 term (GA range 37–42 weeks) neonates with confirmed (n = 3) and clinical (n = 10) LOS, including 6 with severe sepsis [classified as per the international paediatric consensus definition for sepsis (39)] and 3 with septic shock (53). Higher IL-6 and IL-1β levels were significantly associated with septic shock (n = 3) and mortality (n = 2), respectively (53). Increased levels of IL-8 and IL-10 were associated with sepsis, whereas TNFα was not changed. The sample size in this study was small, thus limiting the interpretation of significant changes in cytokine levels associated with sepsis severity. Similarly, increased levels of IL-6 and IL-8 persisted for longer in preterm and term neonates with fatal LOS and EOS (combined n = 26), whereas the duration of elevated TNFα levels was variable (54, 55). Similar to adults (100, 101), it has been suggested that IL-6 concentrations are a strong indicator of sepsis prognosis in neonates (53, 54). The results from these studies, summarised in Table 1, suggest increased and persistent levels of pro-inflammatory mediators correlate with greater neonatal sepsis severity. However, evidence as to the association between persistent anti-inflammatory mediator levels and clinical sepsis severity in neonates remains inconclusive.

The focus of the above neonatal studies was to characterise patterns of cytokine production in septic neonates as potential predictive or diagnostic tools or markers of development, and not necessarily to associate cytokine responses to clinical outcomes. From these results, we can acknowledge that neonates are capable of eliciting a cytokine response similar to that of adults in response to infection (52, 56–58, 72, 89). We cannot, however, infer that the pattern of cytokine production associated with SII and sepsis severity in adults, is also present in these neonates.



Functional Assessment of Cytokine Secretion in Neonatal Sepsis

One study has assessed monocyte cytokine production in 32 extremely (median gestation 25.5 weeks, range <28 weeks) and 44 very (median gestation 29 weeks, range 28–32 weeks) preterm neonates with confirmed (n = 38) and clinical (n = 38) LOS (102). The authors of this report found that following monocyte stimulation with Pam3Cys, both groups produced equivalent IL-1β, but extremely preterm neonates produced higher IL-18 (102). These results highlight the influence GA has on neonatal immune regulation, but outcomes are limited. There is a need to further investigate if immune cell dysfunction at the time of sepsis underpins immunosuppression in neonatal sepsis.




REDUCED MHC CLASS II EXPRESSION IN ADULT AND NEONATAL SEPSIS


HLA-DR Expression in Adult Sepsis

The upregulation of HLA-DR cell surface expression on APCs is a hallmark of APC activation and essential for increased presentation of antigens to naïve T cells, a critical step for initiating the adaptive immune response (103). Low HLA-DR expression associated with SII is often referred to as immunoparalysis (6, 104, 105) and the established cut-off for identifying immunoparalysis in adult patients with sepsis is <30% HLA-DR positive monocytes (6, 106, 107). In adults, sepsis and septic shock have been shown to negatively affect HLA-DR cell surface expression and cause immunosuppression (52, 61–63, 73, 76, 108)—study details summarised in Table 2. Low HLA-DR expression on monocytes and immunoparalysis are related to sepsis severity as shown by a significant increase in SOFA scores in adults with sepsis (61, 62). Monocyte HLA-DR expression is also significantly lower in sepsis non-survivors compared to survivors (52, 59, 61, 63).



Table 2. Sepsis-induced immunosuppression—association of monocyte surface HLA-DR expression with sepsis severity in neonates and adults with sepsis.
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Low HLA-DR expression on adult monocytes during sepsis is associated with altered immune responses, including imbalanced secretion of pro- and anti-inflammatory mediators and reduced antigen presentation capacity, and importantly sepsis severity and mortality (52, 59, 61–63). Decreased monocyte HLA-DR expression in critically ill adults with sepsis or septic shock has also been associated with a prominent shift toward significantly increased circulating levels of IL-10 (52, 59, 63). Interestingly, IL-10 mediates HLA-DR expression on monocytes (109–111), suggesting that HLA-DR expression could be a marker of SII-related cytokine changes.

In a study of 17 critically ill adults with sepsis, decreased expression of HLA-DR and CD86 on monocytes and CD28 on lymphocytes was significantly associated with reduced antigen presentation (63). Although the authors did not find any association between the levels of HLA-DR expression or antigen presentation and development of secondary infections, 6 of the 8 patients who survived sepsis went on to develop a secondary infection, 2 of whom later died (63).



Low HLA-DR Expression in Neonatal Sepsis

Several studies reported a decrease in monocyte HLA-DR expression in preterm and term neonates with confirmed or clinical sepsis (including EOS and LOS) (64–66, 93, 112). Neonatal and sepsis characteristics, and relevant outcomes of these studies not in relation to sepsis severity are described in the Supplementary Table 2. Decreased HLA-DR expression observed in mixed cohorts of preterm and term with neonatal sepsis appears unrelated to the GA (64, 93, 112). Serial assessment of HLA-DR expression during neonatal sepsis demonstrated that 3 days after sepsis onset, HLA-DR expression in both preterm and term neonates were similar to those without sepsis (93). However, low HLA-DR expression is a possible marker of sepsis-related mortality, as monocyte HLA-DR expression is down-regulated in term and preterm non-survivors of sepsis compared to survivors (64, 65)—study details summarised in Table 2. In this small study, Genel et al reported a significant decrease in monocyte HLA-DR expression between non-survivor (n = 8) and survivor (n = 32) preterm and term (median GA 36 weeks) neonates with confirmed (n = 18) and clinical (n = 22) LOS (mean postnatal age 16.3 days) (64). The preterm and term neonates with ≤30% HLA-DR positive monocytes had a 30-fold higher risk of mortality (Odds ratio 30); with 53.8% mortality among those with ≤30% HLA-DR positive monocytes compared to only 3.7% in neonates with >30% HLA-DR positive monocytes (64), similar to adults with confirmed immunoparalysis (61). Unlike for HLA-DR surface expression levels, the proportion of cells expressing any HLA-DR in neonates is correlated with GA and acts as a predisposing factor for sepsis as reported in 31 very low birth weight infants (VLBW; GA range 23–31 weeks) with clinical (n = 14) and confirmed (n = 17) sepsis (EOS n = 2 and LOS n = 29) (113). Pradhan et al. suggested that monocyte HLA-DR expression, combined with CD64 expression on neutrophils, may be a useful prognostic marker for neonatal sepsis (65).

There is a decrease in HLA-DR positive monocytes among preterm and term neonates with sepsis, compared to non-septic neonates (64, 66, 93, 112, 114, 115). Decreased HLA-DR positive monocytes in neonates with sepsis appears unrelated to the GA (64, 93, 112). Fotopoulos et al. monitored the proportion of HLA-DR positive monocytes over the course of a septic episode in preterm neonates (mean GA 31 weeks), with and without EOS (66). They reported that the percentage of HLA-DR positive monocytes significantly recovered over the course of sepsis in those neonates with mild sepsis, while those with severe sepsis showed a significant drop followed by a rise only upon recovery (66). While the authors did not provide the criteria for defining sepsis severity, this data may suggest that a decreased percentage of HLA-DR positive monocytes is associated with sepsis severity in neonates, however additional research in this area is essential.




EXPANSION OF IMMUNOSUPPRESSIVE CELLS IN ADULT AND NEONATAL SEPSIS


Immature Neutrophils in Adult Sepsis

The ability of immature neutrophils to suppress T cell proliferation was first observed by Pillay et al. (116), although the mechanism for suppression remains unclear. An increased frequency of immature neutrophils has been observed in adults with sepsis and is associated with sepsis severity, poor clinical outcomes, and increased risk of septic shock and mortality (67–69)—study details summarised in Table 3. As sepsis becomes more severe in adults, the increased frequency in immature neutrophil has been shown to be associated with a decrease in T cell proliferation (67).



Table 3. Sepsis-induced immunosuppression—association of immunosuppressive cell expansion with sepsis severity in neonates and adults with sepsis.
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Immature Neutrophils in Neonatal Sepsis

While neonates with sepsis have increased numbers of circulating immature neutrophils compared to neonates without sepsis, this is not a reliable diagnostic marker (117–121). There is a paucity of data on whether the T cell suppressive function of immature neutrophils contributes to sepsis severity, adverse outcomes, and increased mortality in neonatal sepsis. Saied and colleagues evaluated neutrophil left shift for its predictive value in sepsis outcomes in extremely preterm (n = 21; GA range ≤ 28 weeks), very/moderate preterm (n = 123; GA range >28–36 weeks), and term (n = 141; GA range >36 weeks) neonates with confirmed or clinical sepsis (EOS n = 76; LOS n = 134) (70). Although T cell function was not assessed in this study, they found that an increase in left shift (and hence proportions of immature neutrophils) correlates with increased sepsis mortality risk in preterm and term neonates (70). Further to this, Itoh et al. found a high number of circulating immature neutrophils, in addition to depleted lymphocytes in the thymus and hypertrophic spleen, in 15 VLBW infants (<1,500 g) that died from confirmed LOS (mean time from sepsis onset to death 3.7 ± 3.3 days) (71). Yet, the number of circulating immature neutrophils was only slightly elevated during the initial stage of sepsis the neonates that died from confirmed EOS (n = 5; mean time from sepsis onset to death 1.6 ± 0.5 days) (71). However, the number of neonates with sepsis were low and a non-septic control group was lacking for comparison. The frequency of immature neutrophils and its relation to sepsis severity observed in both neonates and adults are summarised in Table 3. These two studies suggest that immature neutrophils may be associated with worse outcomes with neonatal sepsis, however, further studies with larger sample size and non-septic controls are essential. Whether increased numbers of immature neutrophils are a consequence of sepsis or whether they cause more severe infection due to their immunosuppressive function on T cells remains to be determined in neonatal sepsis.



Regulatory T Cells (Tregs) in Adult Sepsis

Tregs play an important role in the maintenance of immune homeostasis, however their role in immunosuppression during sepsis is not entirely clear (7, 122, 123). Several studies have reported an elevated proportion of Tregs following the onset of sepsis or septic shock in adults, and associated this with an increased risk of immunosuppression, mortality, and morbidity (57, 72–75)—study details summarised in Table 3. The increased risk of mortality associated with sepsis and sepsis shock may be attributed to the immunosuppressive functions of Tregs by: (a) directly inhibiting effector CD4+ T cell proliferation and cytokine secretion (124–126); (b) indirectly supressing APC/T-cell receptor mediated CD4+ and CD8+ T cell activation (125–127); (c) suppressing T cell activation through increased expression of programmed cell death-1 (PD-1) receptor (128); or (d) suppressing other immune effector cells such as natural killer cells, B cells, and monocytes (129–131).



Regulatory T Cells (Tregs) in Neonatal Sepsis

Identifying the role of Tregs in neonatal sepsis is an emerging area of research. The proportion of Tregs is elevated in term neonates with confirmed sepsis (n = 30) (132). Likewise, the proportion of Tregs is higher in 22 preterm neonates (mean GA 28.1 ± 3.7 weeks) with clinical EOS (133). Sepsis severity and mortality were not discussed in these studies, nor was the age of sepsis onset. Surprisingly, unlike cord blood (134–137), the elevated proportion of Tregs reported in septic neonates may not be affected by GA (133), suggesting sepsis alone, and not gestation, influences Treg frequency, postnatally. There are no data on the potential impact of Tregs on sepsis severity, immunosuppression, or mortality during neonatal sepsis. Treg frequencies and further functional analysis is required to determine whether Tregs suppress T cell proliferation and function during neonatal sepsis, as observed in adults with SII (74, 122, 123, 125).



Myeloid-Derived Suppressor Cells (MDSCs) in Adult Sepsis

In healthy adults, the immature cells of the myeloid lineage, namely monocytic- and granulocytic-MDSCs, rapidly differentiate into DCs, macrophages, and granulocytes and act to preserve innate immunity (138). The expansion of MDSCs to suppress both the innate and adaptive immune responses is a phenomenon under investigation in adults with SII (77, 138). MDSC expansion has been observed in adults with sepsis and septic shock (76–78, 138), as summarised in Table 3. The immune suppressive characteristics of MDSC expansion, namely inhibition of T cell proliferation (76–78, 138) and increased secretion of immunosuppressive mediator IL-10 (78, 138), have been observed in adults with sepsis. MDSC expansion is associated with sepsis severity (77, 78) and adverse outcomes, such as chronic immune suppression following prolonged MDSC expansion in critically ill adults with sepsis (77). Expansion of MDSCs has also been shown to be associated with higher risk for subsequent nosocomial infections (76, 77), a characteristic found among patients with SII. However, the frequency of MDSCs among sepsis survivors and non-survivors was found to be similar, suggesting MDSC expansion alone does not influence mortality (76).



Myeloid-Derived Suppressor Cells (MDSCs) in Neonatal Sepsis

Only one group has investigated the frequency of MDSCs during neonatal sepsis, and found a significant increase in the frequency of MDSCs in 10 preterm neonates (mean GA 25 ± 3 weeks) with early- and late-onset clinical (80%) and confirmed (20%) sepsis compared to preterm neonates (GA range 23 to < 37 weeks) without sepsis (139). No associations with severity or sepsis outcomes were made in this study. With the limited data and small sample size in this publication the characterisation of MDSCs during neonatal sepsis requires further evaluation.




PROLONGED IMMUNOSUPPRESSION AND ALARMINS

Alarmins (also referred to as damage-associated molecular patterns), such as S100A8 and S100A9, are pro-inflammatory mediators present in low levels in circulating myeloid cells, namely monocytes and granulocytes, even in healthy subjects. S100A8 and S1009A are up-regulated in response to bacterial products, as well as pro- (e.g., TNFα and IL-1β) and anti-inflammatory cytokines (e.g., IL-10 and transforming growth factor β) (140). Up-regulation of S100A8 and S100A9 positively regulates MDSC frequency and function (141, 142), stimulates Treg expansion (140), and induces endotoxin tolerance by rendering phagocytes unresponsive to secondary Toll-Like Receptor-4 stimulation (143). Whether S100A8 and S100A9 function to enhance inflammation or to support immunosuppression is still unclear.


Alarmins in Adult Sepsis

Plasma levels of S100A8 and S100A9 were elevated, as was up-regulation of S100A12, S100A9, and arginase-1 gene expression, in adults with sepsis, compared to non-septic patients in intensive care (76). The increased levels of S100A12, S100A9, and arginase-1 were associated with MDSC expansion, and high initial levels of granulocytic-MDSCs, arginase-1 and S100A12 were associated with subsequent infections (76). Alarmins, such as the S100 proteins, may therefore, play multiple roles in adult SII.



Alarmins in Neonatal Sepsis

S100A8/A9 levels were elevated in eight neonates with confirmed sepsis (144). Gestational age, postnatal age at sepsis onset and relation of alarmin levels to the severity of the sepsis were not discussed. Whether alarmins, such as S100A8/S100A9, play a role in MDSC expansion and immunosuppression in neonatal sepsis requires further investigation.




COMPROMISED T CELL EFFECTOR CELL FUNCTION IN ADULT AND NEONATAL SEPSIS


Immune Checkpoint Molecule Expression in Adult Sepsis

The increased expression of the negative co-stimulatory molecule PD-1, and its associated ligand (PD-L1), on circulating monocytes, neutrophils and effector T cells may contribute to SII (79). Increased expression of PD-1/PD-L1 on monocytes and lymphocytes is associated with decreased monocyte HLA-DR expression, increased proportions of Tregs, and T cell exhaustion (3, 4, 79, 145–147). Several groups have reported an over-expression of PD-1 on T cells, including CD4+ and Tregs, and PD-L1 on monocytes in adults with sepsis and septic shock compared to healthy adults (74, 79, 80, 83, 84). Increased expression of PD-1 and PD-L1 on lymphocytes and monocytes is associated with more organ dysfunction during sepsis and increased risk of secondary infections and mortality (74, 79, 80), as summarised in Table 4. In addition, increased PD-L1 expression on monocytes has been shown to be an independent predictor of mortality in septic shock patients (80).



Table 4. Sepsis-induced immunosuppression—association of effector cell function and programmed cell death-1 receptor expression with sepsis severity in neonates and adults with sepsis.
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PD-1/PD-1L are inhibitory immune checkpoint molecules and blockade of their function to interact with other immune cells is being explored as a therapeutic agent for reversing the effects of immunosuppression (148). Pre-clinical models of sepsis, have shown that blockade of the PD-1/PD-L1 pathway with an antagonistic anti-PD-L1 antibody improves survival by inhibiting lymphocyte apoptosis and T cell exhaustion (145, 149, 150). Further to this, in vitro blockade of the PD-1/PD-L1 pathway in the blood from septic adults, decreases lymphocyte apoptosis, increases pro-inflammatory cytokine production and decreases IL-10 production (83, 146). Antibody blockade of PD-1 or PD-L1 as an immunomodulatory therapy for reversing immunosuppression is being trialled to improve survival in human patients with cancer (151). This promising therapy may spark exploration for PD-1 blockade immunotherapy in sepsis.



Immune Checkpoint Molecule Expression in Neonatal Sepsis

Despite the interest in exploring PD-1 blockade for reversing immunosuppression in septic adults, there is a paucity of data pertaining to PD-1 and PD-L1 expression or T cell exhaustion in neonates, and importantly neonates with sepsis. PD-1 expression was increased in 34 VLBW (<1,500 g and GA range ≤ 32 weeks) with confirmed LOS, and expression was significantly increased in 5 preterm infants with septic shock (identified using the international paediatric consensus criteria) and/or mortality (n = 6) compared to surviving preterm infants without shock (81). The role of GA on PD-1 expression during neonatal sepsis has not been explored. The results from this study, summarised in Table 4, suggest increased PD-1 expression may have an immunosuppressive function in neonatal sepsis, however with the limited available data this interpretation remains inconclusive.

Interestingly, Young and colleagues recently investigated the role of PD-1 in murine neonates and found improved survival in septic PD-1 knockout mice, further supporting the functional importance of PD-1 in neonatal sepsis and related mortality (152). The therapeutic potential for targeted blockade of PD-1 means that this is an area that deserves urgent exploration.

Up-regulation of carcinoembryonic antigen-related cell-adhesion molecule 1 (CEACAM1), another inhibitory immune checkpoint molecule (153), on T cells leads to reduced proliferation and cytokine secretion causing T cell suppression and subsequent prolonged immunosuppression (154, 155). Although not reported in adults with SII, the percentage of CEACAM1-positive CD4+ T cells in 12 preterm neonates with LOS is increased compared to 16 non-septic controls (155). With the small sample size and limited available data it is inconclusive as to whether increased expression of CEACAM1 on CD4+ T cells contributes to immunosuppression in septic neonates and thus requires further investigation.




SEPSIS-INDUCED IMMUNE CELL APOPTOSIS IN ADULTS AND NEONATES


Immune Cell Apoptosis in Adult Sepsis

Cell death is an important step for resolving infection and maintaining immune homeostasis. However, sepsis-induced immune cell apoptosis, resulting in an overwhelming depletion of immune cells, including T cells (CD4+ and CD8+), B cells, and DCs, is evident in prospective studies of adults with sepsis (82, 83). Similar findings have been reported in post-mortem studies of adults who died from sepsis, septic shock, and sepsis-related multiple organ dysfunction (84, 85, 156, 157)—study details summarised in Table 5. The degree of immune cell apoptosis has been shown to be correlated with sepsis severity, supporting a role for apoptosis in SII (82). In support of this concept, in mice in vivo prevention of cell death improves sepsis survival (158–162).



Table 5. Sepsis-induced immunosuppression—association of sepsis-induced immune cell apoptosis and depletion with sepsis severity in neonates and adults with sepsis.
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Immune Cell Apoptosis in Neonatal Sepsis

Three post-mortem studies have reported lymphocyte depletion in the spleen, thymus, and bone marrow in both preterm and term neonates that died from EOS and LOS compared to neonates that died of causes other than sepsis (71, 86, 87). The sample size in all three studies was small, with 5–15 neonates in the sepsis groups. There were conflicting results between the two studies that reported on lymphocyte depletion following EOS (71, 87). Only two of the three studies described the time from sepsis onset to death; death occurred within 48 h after sepsis onset for EOS (71, 87) and, on average, 3.7 (± 3.3) days following sepsis onset for LOS (71). These results, summarised in Table 5, suggest both term and preterm neonates with severe sepsis may develop sepsis-induced immune cell apoptosis, however there are no prospective studies to support this conclusion. Sepsis-induced immune cell apoptosis in relation to disease severity has not been assessed in neonates. A mouse model of neonatal sepsis found that blocking necroptosis, programmed cell death triggered by the caspase-independent pathway through death receptors, by inhibition of receptor-interacting protein kinase 1 with necrostatin-1, reduced lung injury associated with sepsis and improved survival (162).




IS SEPSIS-INDUCED IMMUNOSUPPRESSION A FEATURE OF NEONATAL SEPSIS?

In adults, SII is associated with increased risk of multi-organ failure and mortality as well as susceptibility to secondary viral and bacterial infections (3, 4, 6, 8). Similar clinical characteristics, including increased risk of multi-organ failure and mortality, are observed in neonatal sepsis (31, 163–165). It is unclear if these adverse outcomes observed in neonates are due to an overwhelming hyper-inflammatory immune response and/or SII. From the limited data available, it appears that fatal neonatal sepsis may be associated with alterations in immune function that are in agreement with SII findings in adults (3, 4, 6). The dysregulated immune responses observed in various neonatal studies include imbalanced secretion of pro- and anti-inflammatory mediators (53–55), diminished HLA-DR monocyte surface expression (64), expansion of immature neutrophils (70, 71), increased expression of PD-1/PD-L1 (81), and depletion of leukocytes (71, 86, 87). Published neonatal studies are limited by: (i) small sample size of neonates, (ii) incomplete reporting of time from sepsis onset to death, and (iii) the lack of consistent neonatal sepsis definition and objective measures for the degree of severity.

Despite distinct patterns of causative pathogens in adult and neonatal sepsis, similar immune function alterations are observed and endotoxin tolerance appears to be a feature in both adult and neonatal sepsis (9, 35). Therefore, SII may occur independently as a feature of the subsequent host response to inflammation.

In adults, SII is associated with increased susceptibility to secondary bacterial infections and associated late mortality (166, 167). Whether this is a result of organ damage or persistent SII is unclear. Interestingly, one study reported that the immune alterations associated with SII in adult septic shock survivors continued until discharge from the intensive care unit, but resolved by 6 months (168). It is unclear if survivors of neonatal sepsis remain at increased risk of developing subsequent infections (31, 163, 169–171). Preterm infants may have more than one episode of sepsis (~20%) during their NICU admission, and it is uncertain whether having a previous episode of sepsis contributes to the overall risk compared to the major risk factor that is degree of immaturity (31, 163, 169). Preterm neonates, remain at increased risk of infection-related admissions to hospital well into childhood (inversely related to both GA and birth weight) (172), however if neonatal sepsis contributes to infection-related hospital readmissions in childhood has not been studied. Increased risk of subsequent, more severe infections is a hallmark of SII in adults, but it is unclear if this clinical outcome is observed in neonates with sepsis.



CONCLUSIONS

Sepsis mortality in neonates may be associated with alterations in immune function that are in agreement with SII findings in adults. Whether immune cell dysfunction or impairment underpins immunosuppression in neonatal sepsis requires further investigation and stronger evidence. Large, collaborative longitudinal studies, from birth through to childhood, are essential to evaluate immune changes in neonates with sepsis, including the role for SII. Yet, first a definitive consensus on the definition of neonatal sepsis and severity needs to be established. Until then, sepsis severity could be measured by mortality. Advances in further understanding the immunological mechanisms behind immunosuppression may lead to effective targeted treatment therapies for reversing or modulating SII and improve outcomes. Immunosuppression reversal with PD-1/PD-L1 antibody blockade is currently being trialled in adult cancer patients who share similar immune defects as those with SII (151). Furthermore, pentoxifylline, an immune modulatory drug, is currently being trialled to improve long-term outcomes, primarily neurodevelopment impairment, associated with neonatal sepsis (ANZCTR ACTRN12616000405415). Assessing the impact of such interventions on SII-associated markers may provide a mechanistic insight into the success or failure of these interventions in preventing short and long-term negative sepsis outcomes.



AUTHOR CONTRIBUTIONS

JH conceived and wrote the first and subsequent drafts. TS and AC conceived and revised the manuscript.



ACKNOWLEDGMENTS

TS is supported by a Raine Medical Research Foundation Clinician Research Fellowship.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2018.00357/full#supplementary-material



REFERENCES

 1. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann P, et al. Assessment of global incidence and mortality of hospital-treated sepsis. Current estimates and limitations. Am J Respir Crit Care Med. (2016) 193:259–72. doi: 10.1164/rccm.201504-0781OC

 2. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 3. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy. Nat Rev Immunol. (2013) 13:862–74. doi: 10.1038/nri3552

 4. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of the disorder and a new therapeutic approach. Lancet Infect Dis. (2013) 13:260–8. doi: 10.1016/S1473-3099(13)70001-X

 5. Lyle NH, Pena OM, Boyd JH, Hancock RE. Barriers to the effective treatment of sepsis: antimicrobial agents, sepsis definitions, and host-directed therapies. Ann N Y Acad Sci. (2014) 1323:101–14. doi: 10.1111/nyas.12444

 6. Pfortmueller CA, Meisel C, Fux M, Schefold JC. Assessment of immune organ dysfunction in critical illness: utility of innate immune response markers. Intensive Care Med Exp. (2017) 5:49. doi: 10.1186/s40635-017-0163-0

 7. Venet F, Monneret G. Advances in the understanding and treatment of sepsis-induced immunosuppression. Nat Rev Nephrol. (2018) 14:121–37. doi: 10.1038/nrneph.2017.165

 8. Arens C, Bajwa SA, Koch C, Siegler BH, Schneck E, Hecker A, et al. Sepsis-induced long-term immune paralysis–results of a descriptive, explorative study. Crit Care (2016) 20:93. doi: 10.1186/s13054-016-1233-5

 9. Pena OM, Hancock DG, Lyle NH, Linder A, Russell JA, Xia J, et al. An endotoxin tolerance signature predicts sepsis and organ dysfunction at initial clinical presentation. EBioMedicine (2014) 1:64–71. doi: 10.1016/j.ebiom.2014.10.003

 10. Cavaillon JM, Adib-Conquy M. Bench-to-bedside review: endotoxin tolerance as a model of leukocyte reprogramming in sepsis. Crit Care (2006) 10:233. doi: 10.1186/cc5055

 11. Dobrovolskaia MA, Medvedev AE, Thomas KE, Cuesta N, Toshchakov V, Ren T, et al. Induction of in vitro reprogramming by Toll-like receptor (TLR)2 and TLR4 agonists in murine macrophages: effects of TLR “homotolerance” versus “heterotolerance” on NF-kappa B signaling pathway components. J Immunol. (2003) 170:508–19. doi: 10.4049/jimmunol.170.1.508

 12. Levy O. Innate immunity of the newborn: basic mechanisms and clinical correlates. Nat Rev Immunol. (2007) 7:379–90. doi: 10.1038/nri2075

 13. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert Rev Clin Immunol. (2014) 10:1171–84. doi: 10.1586/1744666X.2014.942288

 14. MacGillivray DM, Kollmann TR. The role of environmental factors in modulating immune responses in early life. Front Immunol. (2014) 5:434. doi: 10.3389/fimmu.2014.00434

 15. Shah BA, Padbury JF. Neonatal sepsis: an old problem with new insights. Virulence (2014) 5:170–8. doi: 10.4161/viru.26906

 16. van Well GTJ, Daalderop LA, Wolfs T, Kramer BW. Human perinatal immunity in physiological conditions and during infection. Mol Cell Pediatr. (2017) 4:4. doi: 10.1186/s40348-017-0070-1

 17. Melville JM, Moss TJ. The immune consequences of preterm birth. Front Neurosci. (2013) 7:79. doi: 10.3389/fnins.2013.00079

 18. Sharma AA, Jen R, Butler A, Lavoie PM. The developing human preterm neonatal immune system: a case for more research in this area. Clin Immunol. (2012) 145:61–8. doi: 10.1016/j.clim.2012.08.006

 19. Raymond SL, Rincon JC, Wynn JL, Moldawer LL, Larson SD. Impact of early-life exposures to infections, antibiotics, and vaccines on perinatal and long-term health and disease. Front Immunol. (2017) 8:729. doi: 10.3389/fimmu.2017.00729

 20. Liu L, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et al. Global, regional, and national causes of child mortality in 2000–13, with projections to inform post-2015 priorities: an updated systematic analysis. Lancet (2015) 385:430–40. doi: 10.1016/S0140-6736(14)61698-6

 21. Greenberg RG, Kandefer S, Do BT, Smith PB, Stoll BJ, Bell EF, et al. Late-onset sepsis in extremely premature infants: 2000–2011. Pediatr Infect Dis J. (2017) 36:774–9. doi: 10.1097/INF.0000000000001570

 22. Barton L, Hodgman JE, Pavlova Z. Causes of death in the extremely low birth weight infant. Pediatrics (1999) 103:446–51. doi: 10.1542/peds.103.2.446

 23. Strunk T, Inder T, Wang X, Burgner D, Mallard C, Levy O. Infection-induced inflammation and cerebral injury in preterm infants. Lancet Infect Dis. (2014) 14:751–62. doi: 10.1016/S1473-3099(14)70710-8

 24. Stoll BJ, Hansen NI, Adams-Chapman I, Fanaroff AA, Hintz SR, Vohr B, et al. Neurodevelopmental and growth impairment among extremely low-birth-weight infants with neonatal infection. JAMA (2004) 292:2357–65. doi: 10.1001/jama.292.19.2357

 25. Sonneville R, Verdonk F, Rauturier C, Klein IF, Wolff M, Annane D, et al. Understanding brain dysfunction in sepsis. Ann Intensive Care (2013) 3:15. doi: 10.1186/2110-5820-3-15

 26. Strunk T, Currie A, Richmond P, Simmer K, Burgner D. Innate immunity in human newborn infants: prematurity means more than immaturity. J Matern Fetal Neonatal Med. (2011) 24:25–31. doi: 10.3109/14767058.2010.482605

 27. Wynn JL, Wong HR. Pathophysiology and treatment of septic shock in neonates. Clin Perinatol. (2010) 37:439–79. doi: 10.1016/j.clp.2010.04.002

 28. Khaertynov KS, Boichuk SV, Khaiboullina SF, Anokhin VA, Andreeva AA, Lombardi VC, et al. Comparative assessment of cytokine pattern in early and late onset of neonatal sepsis. J Immunol Res. (2017) 2017:8601063. doi: 10.1155/2017/8601063

 29. Schultz C, Rott C, Temming P, Schlenke P, Moller JC, Bucsky P. Enhanced interleukin-6 and interleukin-8 synthesis in term and preterm infants. Pediatr Res. (2002) 51:317–22. doi: 10.1203/00006450-200203000-00009

 30. Rittirsch D, Flierl MA, Ward PA. Harmful molecular mechanisms in sepsis. Nat Rev Immunol. (2008) 8:776–87. doi: 10.1038/nri2402

 31. Stoll BJ, Hansen N, Fanaroff AA, Wright LL, Carlo WA, Ehrenkranz RA, et al. Late-onset sepsis in very low birth weight neonates: the experience of the NICHD Neonatal Research Network. Pediatrics (2002) 110(2 Pt 1):285–91. doi: 10.1542/peds.110.2.285

 32. Stoll BJ, Hansen NI, Sanchez PJ, Faix RG, Poindexter BB, Van Meurs KP, et al. Early onset neonatal sepsis: the burden of group B Streptococcal and E. coli disease continues. Pediatrics (2011) 127:817–26. doi: 10.1542/peds.2010-2217

 33. Wynn JL, Wilson CS, Hawiger J, Scumpia PO, Marshall AF, Liu JH, et al. Targeting IL-17A attenuates neonatal sepsis mortality induced by IL-18. Proc Natl Acad Sci USA. (2016) 113:E2627–35. doi: 10.1073/pnas.1515793113

 34. Roger T, Schneider A, Weier M, Sweep FC, Le Roy D, Bernhagen J, et al. High expression levels of macrophage migration inhibitory factor sustain the innate immune responses of neonates. Proc Natl Acad Sci USA. (2016) 113:E997–1005. doi: 10.1073/pnas.1514018113

 35. Maddux AB, Douglas IS. Is the developmentally immature immune response in paediatric sepsis a recapitulation of immune tolerance? Immunology (2015) 145:1–10. doi: 10.1111/imm.12454

 36. Cortese F, Scicchitano P, Gesualdo M, Filaninno A, De Giorgi E, Schettini F, et al. Early and late infections in newborns: where do we stand? A review. Pediatr Neonatol. (2016) 57:265–73. doi: 10.1016/j.pedneo.2015.09.007

 37. Vincent JL, Rello J, Marshall J, Silva E, Anzueto A, Martin CD, et al. International study of the prevalence and outcomes of infection in intensive care units. JAMA. (2009) 302:2323–9. doi: 10.1001/jama.2009.1754

 38. Gervassi AL, Horton H. Is infant immunity actively suppressed or immature? Virology (2014) 2014:1–9. doi: 10.4137/VRT.S12248

 39. Goldstein B, Giroir B, Randolph A. International pediatric sepsis consensus conference: definitions for sepsis and organ dysfunction in pediatrics. Pediatr Crit Care Med. (2005) 6:2–8. doi: 10.1097/00130478-200501000-00049

 40. Hofer N, Zacharias E, Muller W, Resch B. Performance of the definitions of the systemic inflammatory response syndrome and sepsis in neonates. J Perinat Med. (2012) 40:587–90. doi: 10.1515/jpm-2011-0308

 41. Wynn JL. Defining neonatal sepsis. Curr Opin Pediatr. (2016) 28:135–40. doi: 10.1097/MOP.0000000000000315

 42. Wynn JL, Wong HR, Shanley TP, Bizzarro MJ, Saiman L, Polin RA. Time for a neonatal-specific consensus definition for sepsis. Pediatr Crit Care Med. (2014) 15:523–8. doi: 10.1097/PCC.0000000000000157

 43. Ng S, Strunk T, Jiang P, Muk T, Sangild PT, Currie A. Precision medicine for neonatal sepsis. Front Mol Biosci. (2018) 5:70. doi: 10.3389/fmolb.2018.00070

 44. Meem M, Modak JK, Mortuza R, Morshed M, Islam MS, Saha SK. Biomarkers for diagnosis of neonatal infections: a systematic analysis of their potential as a point-of-care diagnostics. J Glob Health (2011) 1:201–9.

 45. Dong Y, Speer CP. Late-onset neonatal sepsis: recent developments. Arch Dis Child Fetal Neonatal Ed. (2015) 100:F257–63. doi: 10.1136/archdischild-2014-306213

 46. Melvan JN, Bagby GJ, Welsh DA, Nelson S, Zhang P. Neonatal sepsis and neutrophil insufficiencies. Int Rev Immunol. (2010) 29:315–48. doi: 10.3109/08830181003792803

 47. Guilmot A, Hermann E, Braud VM, Carlier Y, Truyens C. Natural killer cell responses to infections in early life. J Innate Immun. (2011) 3:280–8. doi: 10.1159/000323934

 48. Lawrence SM, Eckert J, Makoni M, Pereira HA. Is the use of complete blood counts with manual differentials an antiquated method of determining neutrophil composition in newborns? Ann Clin Lab Sci. (2015) 45:403–13.

 49. Simon AK, Hollander GA, McMichael A. Evolution of the immune system in humans from infancy to old age. Proc Biol Sci. (2015) 282:20143085. doi: 10.1098/rspb.2014.3085

 50. Camacho-Gonzalez A, Spearman PW, Stoll BJ. Neonatal infectious diseases: evaluation of neonatal sepsis. Pediatr Clin North Am. (2013) 60:367–89. doi: 10.1016/j.pcl.2012.12.003

 51. Maddux AB, Hiller TD, Overdier KH, Pyle LL, Douglas IS. Innate immune function and organ failure recovery in adults with sepsis. J Intensive Care Med. 2017:885066617701903. doi: 10.1177/0885066617701903

 52. Monneret G, Finck ME, Venet F, Debard AL, Bohe J, Bienvenu J, et al. The anti-inflammatory response dominates after septic shock: association of low monocyte HLA-DR expression and high interleukin-10 concentration. Immunol Lett. (2004) 95:193–8. doi: 10.1016/j.imlet.2004.07.009

 53. Silveira-Lessa AL, Quinello C, Lima L, Redondo ACC, Ceccon M, Carneiro-Sampaio M, et al. TLR expression, phagocytosis and oxidative burst in healthy and septic newborns in response to Gram-negative and Gram-positive rods. Hum. Immunol. (2016) 77:972–80. doi: 10.1016/j.humimm.2016.07.230

 54. Prashant A, Vishwanath P, Kulkarni P, Sathya Narayana P, Gowdara V, Nataraj SM, et al. Comparative assessment of cytokines and other inflammatory markers for the early diagnosis of neonatal sepsis-a case control study. PLoS ONE (2013) 8:e68426. doi: 10.1371/journal.pone.0068426

 55. Kocabas E, Sarikcioglu A, Aksaray N, Seydaoglu G, Seyhun Y, Yaman A. Role of procalcitonin, C-reactive protein, interleukin-6, interleukin-8 and tumor necrosis factor-alpha in the diagnosis of neonatal sepsis. Turk J Pediatr. (2007) 49:7–20.

 56. Tamayo E, Fernandez A, Almansa R, Carrasco E, Heredia M, Lajo C, et al. Pro- and anti-inflammatory responses are regulated simultaneously from the first moments of septic shock. Eur Cytokine Netw. (2011) 22:82–7. doi: 10.1684/ecn.2011.0281

 57. Ono S, Kimura A, Hiraki S, Takahata R, Tsujimoto H, Kinoshita M, et al. Removal of increased circulating CD4+CD25+Foxp3+ regulatory T cells in patients with septic shock using hemoperfusion with polymyxin B-immobilized fibers. Surgery (2013) 153:262–71. doi: 10.1016/j.surg.2012.06.023

 58. van Dissel JT, van Langevelde P, Westendorp RG, Kwappenberg K, Frolich M. Anti-inflammatory cytokine profile and mortality in febrile patients. Lancet (1998) 351:950–3. doi: 10.1016/S0140-6736(05)60606-X

 59. Hynninen M, Pettila V, Takkunen O, Orko R, Jansson SE, Kuusela P, et al. Predictive value of monocyte histocompatibility leukocyte antigen-DR expression and plasma interleukin-4 and−10 levels in critically ill patients with sepsis. Shock (2003) 20:1–4. doi: 10.1097/01.shk.0000068322.08268.b4

 60. Weighardt H, Heidecke CD, Emmanuilidis K, Maier S, Bartels H, Siewert JR, et al. Sepsis after major visceral surgery is associated with sustained and interferon-gamma-resistant defects of monocyte cytokine production. Surgery (2000) 127:309–15. doi: 10.1067/msy.2000.104118

 61. Papadopoulos P, Pistiki A, Theodorakopoulou M, Christodoulopoulou T, Damoraki G, Goukos D, et al. Immunoparalysis: clinical and immunological associations in SIRS and severe sepsis patients. Cytokine (2017) 92:83–92. doi: 10.1016/j.cyto.2017.01.012

 62. Winkler MS, Rissiek A, Priefler M, Schwedhelm E, Robbe L, Bauer A, et al. Human leucocyte antigen (HLA-DR) gene expression is reduced in sepsis and correlates with impaired TNFα response: a diagnostic tool for immunosuppression? PLoS ONE (2017) 12:e0182427. doi: 10.1371/journal.pone.0182427

 63. Manjuck J, Saha DC, Astiz M, Eales LJ, Rackow EC. Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients. J Lab Clin Med. (2000) 135:153–60. doi: 10.1067/mlc.2000.104306

 64. Genel F, Atlihan F, Ozsu E, Ozbek E. Monocyte HLA-DR expression as predictor of poor outcome in neonates with late onset neonatal sepsis. J Infect. (2010) 60:224–8. doi: 10.1016/j.jinf.2009.12.004

 65. Pradhan R, Jain P, Paria A, Saha A, Sahoo J, Sen A, et al. Ratio of neutrophilic CD64 and monocytic HLA-DR: a novel parameter in diagnosis and prognostication of neonatal sepsis. Cytometry B Clin Cytom. (2016) 90:295–302. doi: 10.1002/cyto.b.21244

 66. Fotopoulos S, Debonera F, Stamokosta E, Paterakis G, Stavropoulos-Giokas C, Germenis A, et al., (eds.). The monocyte HLA-DR expression of healthy and infected premature neonates. Pediatr Res (1999) 45:763.

 67. Guerin E, Orabona M, Raquil MA, Giraudeau B, Bellier R, Gibot S, et al. Circulating immature granulocytes with T-cell killing functions predict sepsis deterioration*. Crit Care Med. (2014) 42:2007–18. doi: 10.1097/CCM.0000000000000344

 68. Mare TA, Treacher DF, Shankar-Hari M, Beale R, Lewis SM, Chambers DJ, et al. The diagnostic and prognostic significance of monitoring blood levels of immature neutrophils in patients with systemic inflammation. Crit Care (2015) 19:57. doi: 10.1186/s13054-015-0778-z

 69. Demaret J, Venet F, Friggeri A, Cazalis MA, Plassais J, Jallades L, et al. Marked alterations of neutrophil functions during sepsis-induced immunosuppression. J Leukoc Biol. (2015) 98:1081–90. doi: 10.1189/jlb.4A0415-168RR

 70. Saied DA. Can we rely on the neutrophil left shift for the diagnosis of neonatal sepsis? Need for re-evaluation. Egypt Pediatr Assoc Gaz. (2018) 66. doi: 10.1016/j.epag.2017.12.002

 71. Itoh K, Aihara H, Takada S, Nishino M, Lee Y, Negishi H, et al. Clinicopathological differences between early-onset and late-onset sepsis and pneumonia in very low birth weight infants. Pediatr Pathol. (1990) 10:757–68. doi: 10.3109/15513819009064710

 72. Li J, Li M, Su L, Wang H, Xiao K, Deng J, et al. Alterations of T helper lymphocyte subpopulations in sepsis, severe sepsis, and septic shock: a prospective observational study. Inflammation (2015) 38:995–1002. doi: 10.1007/s10753-014-0063-3

 73. Monneret G, Debard AL, Venet F, Bohe J, Hequet O, Bienvenu J, et al. Marked elevation of human circulating CD4+CD25+ regulatory T cells in sepsis-induced immunoparalysis. Crit Care Med. (2003) 31:2068–71. doi: 10.1097/01.CCM.0000069345.78884.0F

 74. Liu Q, An L, Qi Z, Zhao Y, Li C. Increased expression of programmed cell death-1 in regulatory T cells of patients with severe sepsis and septic shock: an observational clinical study. Scand J Immunol. (2017) 86:408–17. doi: 10.1111/sji.12612

 75. Huang H, Xu R, Lin F, Bao C, Wang S, Ji C, et al. High circulating CD39(+) regulatory T cells predict poor survival for sepsis patients. Int J Infect Dis. (2015) 30:57–63. doi: 10.1016/j.ijid.2014.11.006

 76. Uhel F, Azzaoui I, Gregoire M, Pangault C, Dulong J, Tadie JM, et al. Early expansion of circulating granulocytic myeloid-derived suppressor cells predicts development of nosocomial infections in patients with sepsis. Am J Respir Crit Care Med. (2017) 196:315–27. doi: 10.1164/rccm.201606-1143OC

 77. Mathias B, Delmas AL, Ozrazgat-Baslanti T, Vanzant EL, Szpila BE, Mohr AM, et al. Human myeloid-derived suppressor cells are associated with chronic immune suppression after severe sepsis/septic shock. Ann Surg. (2017) 265:827–34. doi: 10.1097/SLA.0000000000001783

 78. Darcy CJ, Minigo G, Piera KA, Davis JS, McNeil YR, Chen Y, et al. Neutrophils with myeloid derived suppressor function deplete arginine and constrain T cell function in septic shock patients. Crit. Care (2014) 18:R163. doi: 10.1186/cc14003

 79. Guignant C, Lepape A, Huang X, Kherouf H, Denis L, Poitevin F, et al. Programmed death-1 levels correlate with increased mortality, nosocomial infection and immune dysfunctions in septic shock patients. Crit Care (2011) 15:R99. doi: 10.1186/cc10112

 80. Shao R, Fang Y, Yu H, Zhao L, Jiang Z, Li CS. Monocyte programmed death ligand-1 expression after 3–4 days of sepsis is associated with risk stratification and mortality in septic patients: a prospective cohort study. Crit Care (2016) 20:124. doi: 10.1186/s13054-016-1301-x

 81. Zasada M, Lenart M, Rutkowska-Zapala M, Stec M, Durlak W, Grudzien A, et al. Analysis of PD-1 expression in the monocyte subsets from non-septic and septic preterm neonates. PLoS ONE. (2017) 12:e0186819. doi: 10.1371/journal.pone.0186819

 82. Hotchkiss RS, Osmon SB, Chang KC, Wagner TH, Coopersmith CM, Karl IE. Accelerated lymphocyte death in sepsis occurs by both the death receptor and mitochondrial pathways. J Immunol. (2005) 174:5110–8. doi: 10.4049/jimmunol.174.8.5110

 83. Zhang Y, Li J, Lou J, Zhou Y, Bo L, Zhu J, et al. Upregulation of programmed death-1 on T cells and programmed death ligand-1 on monocytes in septic shock patients. Crit Care (2011) 15:R70. doi: 10.1186/cc10059

 84. Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al. Immunosuppression in patients who die of sepsis and multiple organ failure. JAMA. (2011) 306:2594–605. doi: 10.1001/jama.2011.1829

 85. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE Jr., Hui JJ, Chang KC, et al. Sepsis-induced apoptosis causes progressive profound depletion of B and CD4+ T lymphocytes in humans. J Immunol. (2001) 166:6952–63. doi: 10.4049/jimmunol.166.11.6952

 86. Christensen RD, Rothstein G. Exhaustion of mature marrow neutrophils in neonates with sepsis. J Pediatr. (1980) 96:316–8. doi: 10.1016/S0022-3476(80)80837-7

 87. Toti P, De Felice C, Occhini R, Schuerfeld K, Stumpo M, Epistolato MC, et al. Spleen depletion in neonatal sepsis and chorioamnionitis. Am J Clin Pathol. (2004) 122:765–71. doi: 10.1309/RV6E9BMC9954A2WU

 88. Striz I, Brabcova E, Kolesar L, Sekerkova A. Cytokine networking of innate immunity cells: a potential target of therapy. Clin Sci. (2014) 126:593–612. doi: 10.1042/CS20130497

 89. Munoz C, Carlet J, Fitting C, Misset B, Bleriot JP, Cavaillon JM. Dysregulation of in vitro cytokine production by monocytes during sepsis. J Clin Invest. (1991) 88:1747–54. doi: 10.1172/JCI115493

 90. Rigato O, Salomao R. Impaired production of interferon-gamma and tumor necrosis factor-alpha but not of interleukin 10 in whole blood of patients with sepsis. Shock (2003) 19:113–6. doi: 10.1097/00024382-200302000-00004

 91. Sinistro A, Almerighi C, Ciaprini C, Natoli S, Sussarello E, Di Fino S, et al. Downregulation of CD40 ligand response in monocytes from sepsis patients. Clin Vacc Immunol. (2008) 15:1851–8. doi: 10.1128/CVI.00184-08

 92. Segura-Cervantes E, Mancilla-Ramirez J, Gonzalez-Canudas J, Alba E, Santillan-Ballesteros R, Morales-Barquet D, et al. Inflammatory response in preterm and very preterm newborns with sepsis. Mediat inflamm. (2016) 2016:6740827. doi: 10.1155/2016/6740827

 93. Drossou-Agakidou V, Kanakoudi-Tsakalidou F, Sarafidis K, Tzimouli V, Taparkou A, Kremenopoulos G, et al. In vivo effect of rhGM-CSF And rhG-CSF on monocyte HLA-DR expression of septic neonates. Cytokine (2002) 18:260–5. doi: 10.1006/cyto.2002.1037

 94. Ng PC, Li K, Wong RP, Chui K, Wong E, Li G, et al. Proinflammatory and anti-inflammatory cytokine responses in preterm infants with systemic infections. Arch Dis Child Fetal Neonatal Ed. (2003) 88:F209–13. doi: 10.1136/fn.88.3.F209

 95. Ye Q, Du LZ, Shao WX, Shang SQ. Utility of cytokines to predict neonatal sepsis. Pediatr Res. (2017) 81:616–21. doi: 10.1038/pr.2016.267

 96. Silveira RC, Procianoy RS. Evaluation of interleukin-6, tumour necrosis factor-alpha and interleukin-1beta for early diagnosis of neonatal sepsis. Acta Paediatr. (1999) 88:647–50. doi: 10.1080/08035259950169314

 97. Engelberts I, Stephens S, Francot GJ, van der Linden CJ, Buurman WA. Evidence for different effects of soluble TNF-receptors on various TNF measurements in human biological fluids. Lancet (1991) 338:515–6. doi: 10.1016/0140-6736(91)90591-C

 98. van Deuren M. Kinetics of tumour necrosis factor-alpha, soluble tumour necrosis factor receptors, interleukin 1-beta and its receptor antagonist during serious infections. Eur J Clin Microbiol Infect Dis. (1994) 13(Suppl. 1):S12–6. doi: 10.1007/BF02390680

 99. Afonso EDP, Blot S. Effect of gestational age on the epidemiology of late-onset sepsis in neonatal intensive care units - a review. Expert Rev Anti Infect. Ther. (2017) 15:917–24. doi: 10.1080/14787210.2017.1379394

 100. Jekarl DW, Lee SY, Lee J, Park YJ, Kim Y, Park JH, et al. Procalcitonin as a diagnostic marker and IL-6 as a prognostic marker for sepsis. Diagn Microbiol Infect Dis. (2013) 75:342–7. doi: 10.1016/j.diagmicrobio.2012.12.011

 101. Barre M, Behnes M, Hamed S, Pauly D, Lepiorz D, Lang S, et al. Revisiting the prognostic value of monocyte chemotactic protein 1 and interleukin-6 in the sepsis-3 era. J Crit Care (2018) 43:21–8. doi: 10.1016/j.jcrc.2017.08.024

 102. Zasada M, Lenart M, Rutkowska-Zapala M, Stec M, Mol N, Czyz O, et al. Analysis of selected aspects of inflammasome function in the monocytes from neonates born extremely and very prematurely. Immunobiology (2018) 223:18–24. doi: 10.1016/j.imbio.2017.10.019

 103. Parihar A, Eubank TD, Doseff AI. Monocytes and macrophages regulate immunity through dynamic networks of survival and cell death. J Innate Immun. (2010) 2:204–15. doi: 10.1159/000296507

 104. Hamers L, Kox M, Pickkers P. Sepsis-induced immunoparalysis: mechanisms, markers, and treatment options. Mine Anestesiol. (2015) 814)426–39.

 105. Sundar KM, Sires M. Sepsis induced immunosuppression: implications for secondary infections and complications. Ind J Crit Care Med. (2013) 17:162–9. doi: 10.4103/0972-5229.117054

 106. Docke WD, Hoflich C, Davis KA, Rottgers K, Meisel C, Kiefer P, et al. Monitoring temporary immunodepression by flow cytometric measurement of monocytic HLA-DR expression: a multicenter standardized study. Clin Chem. (2005) 51:2341–7. doi: 10.1373/clinchem.2005.052639

 107. Frazier WJ, Hall MW. Immunoparalysis and adverse outcomes from critical illness. Pediatr Clin North Am. (2008) 55:647–68, xi. doi: 10.1016/j.pcl.2008.02.009

 108. Lukaszewicz AC, Grienay M, Resche-Rigon M, Pirracchio R, Faivre V, Boval B, et al. Monocytic HLA-DR expression in intensive care patients: interest for prognosis and secondary infection prediction. Crit Care Med. (2009) 37:2746–52. doi: 10.1097/CCM.0b013e3181ab858a

 109. de Waal Malefyt R, Haanen J, Spits H, Roncarolo MG, te Velde A, Figdor C, et al. Interleukin 10 (IL-10) and viral IL-10 strongly reduce antigen-specific human T cell proliferation by diminishing the antigen-presenting capacity of monocytes via downregulation of class II major histocompatibility complex expression. J Exp Med. (1991) 174:915–24. doi: 10.1084/jem.174.4.915

 110. Koppelman B, Neefjes JJ, de Vries JE, de Waal Malefyt R. Interleukin-10 down-regulates MHC class II alphabeta peptide complexes at the plasma membrane of monocytes by affecting arrival and recycling. Immunity (1997) 7:861–71. doi: 10.1016/S1074-7613(00)80404-5

 111. Fumeaux T, Pugin J. Role of interleukin-10 in the intracellular sequestration of human leukocyte antigen-DR in monocytes during septic shock. Am J Respir Crit Care Med. (2002) 166:1475–82. doi: 10.1164/rccm.200203-217OC

 112. Kanakoudi-Tsakalidou F, Debonera F, Drossou-Agakidou V, Sarafidis K, Tzimouli V, Taparkou A, et al. Flow cytometric measurement of HLA-DR expression on circulating monocytes in healthy and sick neonates using monocyte negative selection. Clin Exp Immunol. (2001) 123:402–7. doi: 10.1046/j.1365-2249.2001.01471.x

 113. Palojarvi A, Petaja J, Siitonen S, Janer C, Andersson S. Low monocyte HLA-DR expression as an indicator of immunodepression in very low birth weight infants. Pediatr Res. (2013) 73(4 Pt 1):469–75. doi: 10.1038/pr.2012.199

 114. Juskewitch JE, Abraham RS, League SC, Jenkins SM, Smith CY, Enders FT, et al. Monocyte HLA-DR expression and neutrophil CD64 expression as biomarkers of infection in critically ill neonates and infants. Pediatr Res. (2015) 78:683–90. doi: 10.1038/pr.2015.164

 115. Skrzeczynska J, Kobylarz K, Hartwich Z, Zembala M, Pryjma J. CD14+CD16+ monocytes in the course of sepsis in neonates and small children: monitoring and functional studies. Scand J Immunol. (2002) 556):629–38. doi: 10.1046/j.1365-3083.2002.01092.x

 116. Pillay J, Kamp VM, van Hoffen E, Visser T, Tak T, Lammers JW, et al. A subset of neutrophils in human systemic inflammation inhibits T cell responses through Mac-1. J Clin Invest. (2012) 122:327–36. doi: 10.1172/JCI57990

 117. Newman TB, Draper D, Puopolo KM, Wi S, Escobar GJ. Combining immature and total neutrophil counts to predict early onset sepsis in term and late preterm newborns: use of the I/T2. Pediatr Infect Dis J. (2014) 33:798–802. doi: 10.1097/INF.0000000000000297

 118. Mikhael M, Brown LS, Rosenfeld CR. Serial neutrophil values facilitate predicting the absence of neonatal early-onset sepsis. J Pediatr. (2014) 164:522 -528.e3. doi: 10.1016/j.jpeds.2013.10.080

 119. Murphy K, Weiner J. Use of leukocyte counts in evaluation of early-onset neonatal sepsis. Pediatr Infect Dis J. (2012) 31:16–9. doi: 10.1097/INF.0b013e31822ffc17

 120. Cimenti C, Erwa W, Herkner KR, Kasper DC, Muller W, Resch B. The predictive value of immature granulocyte count and immature myeloid information in the diagnosis of neonatal sepsis. Clin Chem Lab Med. (2012) 50:1429–32. doi: 10.1515/cclm-2011-0656

 121. Hornik CP, Benjamin DK, Becker KC, Benjamin DK Jr., Li J, Clark RH, et al. Use of the complete blood cell count in late-onset neonatal sepsis. Pediatr Infect Dis J. (2012) 31:803–7. doi: 10.1097/INF.0b013e31825691e4

 122. Cao C, Ma T, Chai YF, Shou ST. The role of regulatory T cells in immune dysfunction during sepsis. World J Emerg Med. (2015) 6:5–9. doi: 10.5847/wjem.j.1920-8642.2015.01.001

 123. Wan YY. Regulatory T cells: immune suppression and beyond. Cell Mol Immunol. (2010) 7:204–10. doi: 10.1038/cmi.2010.20

 124. Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G. Ex vivo isolation and characterization of CD4(+)CD25(+) T cells with regulatory properties from human blood. J Exp Med. (2001) 193:1303–10. doi: 10.1084/jem.193.11.1303

 125. Schmidt A, Oberle N, Krammer PH. Molecular mechanisms of treg-mediated T cell suppression. Front Immunol. (2012) 3:51. doi: 10.3389/fimmu.2012.00051

 126. Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T cells: how do they suppress immune responses? Int Immunol. (2009) 21:1105–11. doi: 10.1093/intimm/dxp095

 127. Levings MK, Sangregorio R, Roncarolo MG. Human cd25(+)cd4(+) t regulatory cells suppress naive and memory T cell proliferation and can be expanded in vitro without loss of function. J Exp Med. (2001) 193:1295–302. doi: 10.1084/jem.193.11.1295

 128. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, Kobayashi SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol Cell Biol. (2005) 25:9543–53. doi: 10.1128/MCB.25.21.9543-9553.2005

 129. Ghiringhelli F, Menard C, Terme M, Flament C, Taieb J, Chaput N, et al. CD4+CD25+ regulatory T cells inhibit natural killer cell functions in a transforming growth factor-beta-dependent manner. J Exp Med. (2005) 202:1075–85. doi: 10.1084/jem.20051511

 130. Taams LS, van Amelsfort JM, Tiemessen MM, Jacobs KM, de Jong EC, Akbar AN, et al. Modulation of monocyte/macrophage function by human CD4+CD25+ regulatory T cells. Hum Immunol. (2005) 66:222–30. doi: 10.1016/j.humimm.2004.12.006

 131. Lim HW, Hillsamer P, Banham AH, Kim CH. Cutting edge: direct suppression of B cells by CD4+ CD25+ regulatory T cells. J Immunol. (2005) 175:4180–3. doi: 10.4049/jimmunol.175.7.4180

 132. Behrendt J, Karpe J, Mazur B, Stojewska M, Sadownik B, Wasek A, et al. [Quantitative changes of CD3+, CD4+, CD8+, HLA-DR+, T lymphocytes and CD25+ cells in eutrophic full-term neonates with staphylococcal septicemia]. Przegl lek. (2002) 59(Suppl. 1):50–3.

 133. Pagel J, Hartz A, Figge J, Gille C, Eschweiler S, Petersen K, et al. Regulatory T cell frequencies are increased in preterm infants with clinical early-onset sepsis. Clin Exp Immunol. (2016) 185:219–27. doi: 10.1111/cei.12810

 134. Takahata Y, Nomura A, Takada H, Ohga S, Furuno K, Hikino S, et al. CD25+CD4+ T cells in human cord blood: an immunoregulatory subset with naive phenotype and specific expression of forkhead box p3 (Foxp3) gene. Exp Hematol. (2004) 32:622–9. doi: 10.1016/j.exphem.2004.03.012

 135. Dirix V, Vermeulen F, Mascart F. Maturation of CD4+ regulatory T lymphocytes and of cytokine secretions in infants born prematurely. J Clin. Immunol. (2013) 33:1126–33. doi: 10.1007/s10875-013-9911-4

 136. Luciano AA, Arbona-Ramirez IM, Ruiz R, Llorens-Bonilla BJ, Martinez-Lopez DG, Funderburg N, et al. Alterations in regulatory T cell subpopulations seen in preterm infants. PLoS ONE (2014) 9:e95867. doi: 10.1371/journal.pone.0095867

 137. Rueda CM, Moreno-Fernandez ME, Jackson CM, Kallapur SG, Jobe AH, Chougnet CA. Neonatal regulatory T cells have reduced capacity to suppress dendritic cell function. Eur J Immunol. (2015) 45:2582–92. doi: 10.1002/eji.201445371

 138. Janols H, Bergenfelz C, Allaoui R, Larsson AM, Ryden L, Bjornsson S, et al. A high frequency of MDSCs in sepsis patients, with the granulocytic subtype dominating in gram-positive cases. J Leukoc Biol. (2014) 96:685–93. doi: 10.1189/jlb.5HI0214-074R

 139. Schwarz J, Scheckenbach V, Kugel H, Spring B, Pagel J, Hartel C, et al. Granulocytic myeloid-derived suppressor cells (GR-MDSC) accumulate in cord blood of preterm infants and remain elevated during the neonatal period. Clin Exp Immunol. (2018) 191:328–37. doi: 10.1111/cei.13059

 140. El Gazzar M. Immunobiology of S100A8 and S100A9 proteins and their role in acute inflammation and sepsis. Int J Immunol Immunother. (2015) 2:2. doi: 10.23937/2378-3672/1410013

 141. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al. Inhibition of dendritic cell differentiation and accumulation of myeloid-derived suppressor cells in cancer is regulated by S100A9 protein. J Exp Med. (2008) 205:2235–49. doi: 10.1084/jem.20080132

 142. Sinha P, Okoro C, Foell D, Freeze HH, Ostrand-Rosenberg S, Srikrishna G. Proinflammatory S100 proteins regulate the accumulation of myeloid-derived suppressor cells. J Immunol. (2008) 181:4666–75. doi: 10.4049/jimmunol.181.7.4666

 143. Austermann J, Friesenhagen J, Fassl SK, Petersen B, Ortkras T, Burgmann J, et al. Alarmins MRP8 and MRP14 induce stress tolerance in phagocytes under sterile inflammatory conditions. Cell Rep. (2014) 9:2112–23. doi: 10.1016/j.celrep.2014.11.020

 144. Decembrino L, De Amici M, Pozzi M, De Silvestri A, Stronati M. Serum calprotectin: a potential biomarker for neonatal sepsis. J Immunol Res. (2015) 2015:147973. doi: 10.1155/2015/147973

 145. Brahmamdam P, Inoue S, Unsinger J, Chang KC, McDunn JE, Hotchkiss RS. Delayed administration of anti-PD-1 antibody reverses immune dysfunction and improves survival during sepsis. J Leukoc Biol. (2010) 88:233–40. doi: 10.1189/jlb.0110037

 146. Chang K, Svabek C, Vazquez-Guillamet C, Sato B, Rasche D, Wilson S, et al. Targeting the programmed cell death 1: programmed cell death ligand 1 pathway reverses T cell exhaustion in patients with sepsis. Crit Care (2014) 18:R3. doi: 10.1186/cc13176

 147. de Kleijn S, Langereis JD, Leentjens J, Kox M, Netea MG, Koenderman L, et al. IFN-gamma-stimulated neutrophils suppress lymphocyte proliferation through expression of PD-L1. PLoS ONE (2013) 8:e72249. doi: 10.1371/journal.pone.0072249

 148. Patil NK, Guo Y, Luan L, Sherwood ER. Targeting immune cell checkpoints during sepsis. Int J Mol Sci. (2017) 18:2413. doi: 10.3390/ijms18112413

 149. Zhang Y, Zhou Y, Lou J, Li J, Bo L, Zhu K, et al. PD-L1 blockade improves survival in experimental sepsis by inhibiting lymphocyte apoptosis and reversing monocyte dysfunction. Crit Care (2010) 14:R220. doi: 10.1186/cc9354

 150. Huang X, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, et al. PD-1 expression by macrophages plays a pathologic role in altering microbial clearance and the innate inflammatory response to sepsis. Proc Natl Acad Sci USA. (2009) 106:6303–8. doi: 10.1073/pnas.0809422106

 151. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. New Engl J Med. (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

 152. Young WA, Fallon EA, Heffernan DS, Efron PA, Cioffi WG, Ayala A. Improved survival after induction of sepsis by cecal slurry in PD-1 knockout murine neonates. Surgery (2017) 161:1387–93. doi: 10.1016/j.surg.2016.11.008

 153. Markel GSY., Mandel I., Hakim M., Shaked R. Inhibition of the novel immune checkpoint CEACAM1 to enhance anti-tumor immunological activity. J Clin Oncol. (2016) 34(15 Suppl.):3044. doi: 10.1200/JCO.2016.34.15_suppl.3044

 154. Chen CJ, Shively JE. The cell-cell adhesion molecule carcinoembryonic antigen-related cellular adhesion molecule 1 inhibits IL-2 production and proliferation in human T cells by association with Src homology protein-1 and down-regulates IL-2 receptor. J Immunol. (2004) 172:3544–52. doi: 10.4049/jimmunol.172.6.3544

 155. van der Flier M, Sharma DB, Estevao S, Emonts M, Rook D, Hazelzet JA, et al. Increased CD4(+) T cell co-inhibitory immune receptor CEACAM1 in neonatal sepsis and soluble-CEACAM1 in meningococcal sepsis: a role in sepsis-associated immune suppression? PLoS ONE (2013) 8:e68294. doi: 10.1371/journal.pone.0068294

 156. Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, Matuschak GM, et al. Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction. Crit Care Med. (1999) 27:1230–51. doi: 10.1097/00003246-199907000-00002

 157. Hotchkiss RS, Tinsley KW, Swanson PE, Grayson MH, Osborne DF, Wagner TH, et al. Depletion of dendritic cells, but not macrophages, in patients with sepsis. J Immunol. (2002) 168:2493–500. doi: 10.4049/jimmunol.168.5.2493

 158. Hotchkiss RS, Swanson PE, Knudson CM, Chang KC, Cobb JP, Osborne DF, et al. Overexpression of Bcl-2 in transgenic mice decreases apoptosis and improves survival in sepsis. J Immunol. (1999) 162:4148–56.

 159. Hotchkiss RS, Chang KC, Grayson MH, Tinsley KW, Dunne BS, Davis CG, et al. Adoptive transfer of apoptotic splenocytes worsens survival, whereas adoptive transfer of necrotic splenocytes improves survival in sepsis. Proc Natl Acad Sci USA. (2003) 100:6724–9. doi: 10.1073/pnas.1031788100

 160. Inoue S, Unsinger J, Davis CG, Muenzer JT, Ferguson TA, Chang K, et al. IL-15 prevents apoptosis, reverses innate and adaptive immune dysfunction, and improves survival in sepsis. J Immunol. (2010) 184:1401–9. doi: 10.4049/jimmunol.0902307

 161. Meng Y, Zhao Z, Zhu W, Yang T, Deng X, Bao R. CD155 blockade improves survival in experimental sepsis by reversing dendritic cell dysfunction. Biochem Biophys Res Commun. (2017) 490:283–9. doi: 10.1016/j.bbrc.2017.06.037

 162. Bolognese AC, Yang WL, Hansen LW, Denning NL, Nicastro JM, Coppa GF, et al. Inhibition of necroptosis attenuates lung injury and improves survival in neonatal sepsis. Surgery. (2018) 2018:S0039-6060(18)30096-5. doi: 10.1016/j.surg.2018.02.017

 163. Tsai MH, Hsu JF, Chu SM, Lien R, Huang HR, Chiang MC, et al. Incidence, clinical characteristics and risk factors for adverse outcome in neonates with late-onset sepsis. Pediatr Infect Dis J. (2014) 33:e7–e13. doi: 10.1097/INF.0b013e3182a72ee0

 164. Qazi SA, Stoll BJ. Neonatal sepsis: a major global public health challenge. Pediatr Infect Dis J. (2009) 28(1 Suppl.):S1–2. doi: 10.1097/INF.0b013e31819587a9

 165. Liu L, Johnson HL, Cousens S, Perin J, Scott S, Lawn JE, et al. Global, regional, and national causes of child mortality: an updated systematic analysis for 2010 with time trends since 2000. Lancet (2012) 379:2151–61. doi: 10.1016/S0140-6736(12)60560-1

 166. Prescott HC, Osterholzer JJ, Langa KM, Angus DC, Iwashyna TJ. Late mortality after sepsis: propensity matched cohort study. BMJ (2016) 353:i2375. doi: 10.1136/bmj.i2375

 167. Ou SM, Chu H, Chao PW, Lee YJ, Kuo SC, Chen TJ, et al. Long-term mortality and major adverse cardiovascular events in sepsis survivors. A nationwide population-based study. Am J Res Crit Care Med. (2016) 194:209–17. doi: 10.1164/rccm.201510-2023OC

 168. Zorio V, Venet F, Delwarde B, Floccard B, Marcotte G, Textoris J, et al. Assessment of sepsis-induced immunosuppression at ICU discharge and 6 months after ICU discharge. Ann Intens Care (2017) 7:80. doi: 10.1186/s13613-017-0304-3

 169. Makhoul IR, Sujov P, Smolkin T, Lusky A, Reichman B. Epidemiological, clinical, and microbiological characteristics of late-onset sepsis among very low birth weight infants in Israel: a national survey. Pediatrics (2002) 109:34–9. doi: 10.1542/peds.109.1.34

 170. Lin CB, Hornik CP, Clark R, Cotten CM, Benjamin DK Jr., Cohen-Wolkoweiz M, et al. Very low birth weight neonates who survive early-onset sepsis do not have an increased risk of developing late-onset sepsis. Early Hum Dev. (2012) 88:905–9. doi: 10.1016/j.earlhumdev.2012.07.009

 171. Wynn JL, Hansen NI, Das A, Cotten CM, Goldberg RN, Sanchez PJ, et al. Early sepsis does not increase the risk of late sepsis in very low birth weight neonates. J Pediatr. (2013) 162:942 -948.e3 doi: 10.1016/j.jpeds.2012.11.027

 172. Miller JE, Hammond GC, Strunk T, Moore HC, Leonard H, Carter KW, et al. Association of gestational age and growth measures at birth with infection-related admissions to hospital throughout childhood: a population-based, data-linkage study from Western Australia. Lancet Infect. Dis. (2016) 16:952–61. doi: 10.1016/S1473-3099(16)00150-X

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Hibbert, Currie and Strunk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	PERSPECTIVE
published: 23 January 2019
doi: 10.3389/fped.2018.00425






[image: image2]

Sepsis: Changing Definitions, Unchanging Treatment


Nchafatso Gikenyi Obonyo1,2,3,4*, Luregn Jan Schlapbach5,6,7,8 and John Francis Fraser3,8,9


1Initiative to Develop African Research Leaders (IDeAL-DELTAS), Kilifi, Kenya

2KEMRI-Wellcome Trust Research Programme, CGMRC, Kilifi, Kenya

3Critical Care Research Group, The Prince Charles Hospital, Chermside, QLD, Australia

4Wellcome Trust Centre for Global Health Research, Imperial College London, London, United Kingdom

5Paediatric Critical Care Research Group, Child Health Research Centre, The University of Queensland, South Brisbane, QLD, Australia

6Paediatric Intensive Care Unit, Queensland Children's Hospital, South Brisbane, QLD, Australia

7Department of Pediatrics, Inselspital Universitätsspital Bern, Bern, Switzerland

8Faculty of Medicine, The University of Queensland, Herston, QLD, Australia

9School of Medicine, Griffith University, Gold Coast, QLD, Australia

Edited by:
Jan Hau Lee, KK Women's and Children's Hospital, Singapore

Reviewed by:
Arun Bansal, Post Graduate Institute of Medical Education and Research (PGIMER), India
 Oguz Dursun, Akdeniz University, Turkey

* Correspondence: Nchafatso Gikenyi Obonyo, nobonyo@kemri-wellcome.org

Specialty section: This article was submitted to Pediatric Critical Care, a section of the journal Frontiers in Pediatrics

Received: 04 October 2018
 Accepted: 21 December 2018
 Published: 23 January 2019

Citation: Obonyo NG, Schlapbach LJ and Fraser JF (2019) Sepsis: Changing Definitions, Unchanging Treatment. Front. Pediatr. 6:425. doi: 10.3389/fped.2018.00425



The recently revised Sepsis-3 definitions were based on criteria that were derived and validated in adult patient databases from high income countries. Both sepsis and septic shock continue to account for a substantial proportion of mortality globally, especially amongst children in low-and-middle income country settings. It is therefore urgent to develop and validate standardized criteria for sepsis that can be applied to pediatric populations in different settings, including in- and outside intensive care, both in high- and low/middle- income countries. This will be a pre-requisite to evaluate the impact of sepsis treatment strategies to improve clinical outcomes.
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BACKGROUND

In 2016, the International Sepsis Definition Taskforce convened by the Society of Critical Care Medicine, and the European Society of Intensive Care Medicine, updated definitions and clinical criteria for sepsis. These should facilitate recognition, targeted management of patients with sepsis and also improve accurate characterization of the global sepsis burden (1). Sepsis-3 defines sepsis as life-threatening organ dysfunction caused by a dysregulated host response to infection, while the concept of septic shock incorporates profound circulatory, cellular and metabolic abnormalities associated with a greater risk of mortality (1). These new Sepsis-3 criteria reflect advances made in the understanding of the pathobiology, epidemiology, and management of sepsis. While the concept underlying the new sepsis definition can be applied to all age groups, the operationalization of definition was derived and validated in adult cohorts only.

In May, 2017, the World Health Assembly (WHA), the World Health Organization's (WHO) decision-making body, adopted a resolution recognizing the need to improve the prevention, diagnosis, and management of sepsis as a priority (2). It is currently estimated that 30 million cases and 6 million sepsis-related deaths occur worldwide each year including 3 million newborns and 1.2 million children who suffer from sepsis globally on an annual basis (3). Translating the WHO resolution at national and international level into actions leading to improved outcomes for children will require addressing the unique features characterizing epidemiology, host responses, and outcomes (4) to ensure accurate definition, and targeted treatment.



DEFINITIONS OF PEDIATRIC SEPSIS

The Sepsis-3 criteria were based on systematic reviews, Delphi processes, and stringent methodology to develop and validate robust criteria for sepsis (1, 5, 6), and the merit in this data-driven approach is widely recognized. Yet, validity remains restricted to the adult populations in which the criteria were developed and tested, and a gap exists in relation to pediatric sepsis. Several studies have demonstrated that the application of Sepsis-3 derived criteria to children in intensive care settings in high income countries performs reasonably well (7, 8). However, a number of challenges remain to be addressed to translate these to settings outside intensive care, including emergency departments, and in particular low-and-middle income (LMIC) settings (3). In the global context, pediatric sepsis burden occurs disproportionately in LMICs with a devastating impact on neonatal and childhood mortality (2). However, robust data on the burden of pediatric sepsis in LMICs remain scarce (3). Currently, there is no definition of pediatric sepsis that is harmonized with Sepsis-3, a shortcoming recognized by the 2016 Sepsis International Consensus Taskforce which acknowledged the need to develop similar definitions for pediatric populations, incorporating clinical criteria that take age-dependent variation into account (9). Presently used clinical criteria for diagnosing sepsis in children in LMICs include the 2005 Pediatric Sepsis Consensus Conference (PSCC) (10, 11) and the World Health Organization's Integrated Management of Childhood Illnesses (WHO-IMCI) (12). Further criteria facilitating assessment of septic shock in neonates and children were proposed by the American College of Critical Care Medicine (ACCM) in 2002 and subsequently updated in 2007 (13) and 2014 (14). These have also been applied in LMICs settings but to varied extents due to limitations in ability to implement criteria such as inotrope therapy as well as intensive care hemodynamic monitoring and support. Box 1 below compares and contrasts different criteria used to identify pediatric sepsis. Of note, subtle but substantial differences exist in some of the cut-off values for various variables used in defining sepsis when comparing the PSCC, WHO-IMCI, and ACCM criteria (Table 1).


Box 1. Criteria to recognize sepsis and septic shock in children.

Pediatric Sepsis Consensus Conference definitions

The 2005 pediatric Sepsis Consensus Conference, PSCC, definition of sepsis is systemic inflammatory response syndrome (SIRS) in the presence of, or as a result of, suspected or proven infection, whereby SIRS comprises temperature dysregulation (defined as core body temperature >38.5 or < 36°C); tachycardia (defined as a mean heart rate >2 SD above normal for age in the absence of external stimulus chronic drugs, or painful stimuli; or otherwise unexplained persistent elevation over a 0.5–4 h time period or for children < 1 year old); bradycardia (defined as a mean heart rate < 10th percentile for age in the absence of external vagal stimulus, βeta-blocker drugs, or congenital heart disease; or otherwise unexplained persistent depression over a 0.5 h time period); respiratory rate dysregulation (defined as a mean respiratory rate >2 SD above normal for age or mechanical ventilation for an acute process not related to underlying neuromuscular disease or the receipt of general anesthesia); leucocyte count elevated or depressed for age, or >10% immature neutrophils, but not secondary to chemotherapy-induced leukopenia (10, 11). Septic shock was defined as presence of sepsis and cardiovascular organ dysfunction in the PSCC definition (10, 11).

World Health Organization definitions

In the World Health Organization-Integrated Management of Childhood Illnesses, WHO-IMCI, sepsis is a diagnosis of exclusion, defined as presence of acute fever (>39°C) and severe illness when no other cause is found (12), while septic shock includes cold hands with poor peripheral perfusion; increased capillary refill time (>3 s); fast and weak pulse volume; hypotension; and decreased mental status (lethargy) (12).

American College of Critical Care Medicine clinical practice parameters for hemodynamic support of pediatric and neonatal septic shock (2017 update)

The American College of Critical Care Medicine defines sepsis as presence of hypothermia or hyperthermia plus clinical signs of inadequate tissue perfusion including any of the following: decreased or altered mental status; capillary refill time >2 s, diminished pulses, mottled cool extremities (cold shock); flash capillary refill, bounding peripheral pulses, wide pulse pressure (warm shock); urine output < 1 ml/kg/h. Hypotension is not necessary for clinical diagnosis of septic shock, but its presence in a child with clinical suspicion of infection is confirmatory (14).

Fluid Expansion as Supportive Therapy definitions

The Fluid Expansion As Supportive Therapy, FEAST, trial recruitment criteria required presence of the following: 1) fever (axillary body temperature >37.5 or < 36°C); 2) impaired consciousness (prostration or coma) and/or respiratory distress (increased work of breathing); 3) impaired perfusion (evidenced by one or more of the following criteria: capillary refill time of 3 or more seconds, lower limb temperature gradient, weak radial pulse volume, or severe tachycardia >180 beats per minute in children younger than 12 months of age, >160 beats per minute in children 1–5 years of age, or >140 beats per minute in children older than 5 years of age) (15).





Table 1. Selected age-specific variables are compared between different criteria to recognize sepsis and septic shock in children.
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CHANGING DEFINITIONS, UNCHANGING TREATMENT

The Surviving Sepsis Campaign (SSC) guidelines focus on antibiotics, fluids, and inotropes as key elements of initial resuscitation (16). In the 2018 update of the adult Surviving Sepsis Campaign (SSC) bundle, a 1 h sepsis bundle for immediate management of sepsis is described, combining elements from previous 3 and 6 h bundles (17). The 1 h sepsis bundle makes a strong recommendation of administering 30 ml/kg bolus of crystalloid for resuscitation of adults with hypotension or lactate ≥4 mmol/L but further grades this recommendation as low quality given the available supporting evidence (17). In children, the recent ACCM recommendations advocate for administration of appropriate antibiotics, fluid boluses of up to 60 ml/kg, followed by initiation of inotropic support all within < 60 min, ideally within as little as 15 min, in children with septic shock (14). While there is supportive retrospective evidence for the recommendations of the 1 h sepsis bundle in children highlighting the need for early sepsis recognition, sampling for blood cultures, and administration of broad spectrum antibiotics (18), several components of the recognition and resuscitation bundles are based on expert opinion rather than evidence. Administration of rapid fluid boluses remains a cornerstone of treatment of shock, but the potential for harm related to large volume fluid administration is increasingly considered.

In 2011, the Fluid Expansion As Supportive Therapy (FEAST) multi-center randomized clinical trial (15) used pragmatic clinical and age-specific criteria for pediatric sepsis. These criteria in the FEAST trial were designed to generate practical, evidence-based data for management of children with severe febrile illness and impaired perfusion in resource-poor settings in sub-Saharan Africa and included over 3,000 patients (15). The landmark FEAST trial demonstrated that fluid boluses significantly increased 48 h mortality in acutely ill children with impaired perfusion in the resource-limited settings in South Saharan Africa (15, 19). A recent animal model of hyperdynamic endotoxaemic shock (20) reported paradoxical higher vasopressor requirement to maintain mean arterial blood pressure (MAP) following fluid bolus resuscitation which may account for some of the pathophysiology underlying findings in the FEAST study (21). More recently, the use of fluid boluses in septic shock in both pediatric (22) and adult populations (23, 24) is undergoing evaluation in several randomized controlled trials (Restrictive Intravenous Fluids Trial in Sepsis, RIFTS; Crystalloid Liberal or Vasopressors Early Resuscitation in Sepsis, CLOVERS).

In the 2016 update of the WHO pediatric emergency triage, assessment and treatment (ETAT) guideline, despite a search of 1,600 references, including 3 randomized controlled trials (RCTs), only the FEAST trial met the inclusion criteria for consideration regarding pediatric sepsis and septic shock (25).

Post hoc and pre-specified sub-group analyses of the FEAST trial suggested that the excess mortality observed with fluid bolus therapy was not attributable to factors such as under-recognition of fluid overload, high prevalence of malaria (57%) and severe anemia (hemoglobin levels below 5 g/dL in 32%) in the study population; indeed fluid boluses were associated with adverse outcomes in all sub-groups analyzed (19, 26).

In contrast to adults, where large trials were performed on key interventions such as the use of hydrocortisone in septic shock (27), or on the use of norepinephrine and dopamine in septic shock (28), there are no comparably powered pediatric trials published or ongoing. Currently, to the best of our knowledge there are no large randomized controlled trials ongoing which compare fluid bolus therapy with alternative interventions such as vasopressors, or steroids in pediatric patients with septic shock (29), resulting in ongoing controversy around best practice.

In the past decade, outside the FEAST trial, only a relatively small number of interventional trials in pediatric sepsis were conducted, the majority of those with < 100 included patients (30–33). In 2008, Santhanam et al. found no differences in mortality or resolution of shock when comparing resuscitation of 147 children with septic shock using 40 mls/kg fluid over 15 min followed by dopamine vs. 20 mls/kg fluid over 20 min up to a maximum of 60 mls/kg/h followed by dopamine (34). Oliveira et al. observed reduced mortality when using superior vena cava oxygenation as an end-point in goal-directed therapy in children with septic shock (35). A more recent trial from the United Kingdom highlighted challenges pertinent to feasibility of trials investigating the volume of fluid resuscitation in sepsis (22).

Future research on optimal hemodynamic support in sepsis and septic shock should consider assessing the role of volume, type (balanced crystalloids vs. normal saline) (36, 37), rate, and temperature of fluids and evaluate fluid-sparing strategies such as early vasoactive and inotrope support. Studies should include sites in resource-limited settings inter alia (26), as well as addressing and adjusting for variations attributable to different settings pertinent to host and pathogen characteristics all of which are likely to affect susceptibility, response, and outcomes (38).

In conclusion, it is urgent that the pediatric community collaborates across the globe to address the need for meaningful, pertinent and harmonized sepsis criteria that can be applied to children in different settings, including in- and outside intensive care, both in high-income countries and LMIC. This will allow the rigorous evaluation of the impact of sepsis bundles. Robust criteria will facilitate design and recruitment into novel trials to improve the evidence for currently recommended treatments to result in improved outcomes for children with sepsis.
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Objective: Neonatal bacterial meningitis is a severe infectious disease with a high risk of neurodevelopmental sequelae. The causative pathogens may be related to specific clinical features of the disease. Therefore, this study aimed at determining the pathogen-specific and clinical features of bacterial meningitis in full-term neonates.

Methods: We enrolled neonates from the Shanghai Neonate Meningitis Cohort (2005–2017), which is a multicenter retrospective cohort that recruits almost all full-term neonates in Shanghai who underwent lumbar puncture. Patient history and clinical examination results were extracted from the computer-documented information systems of four hospitals. The trends of pathogen distribution were analyzed and differences in the clinical manifestations, treatment, and clinical outcomes at discharge were compared according to the causative pathogen. Logistic regression was used to evaluate the pathogen-specific risk of neurological complications.

Results: In total, 518 cases of neonatal meningitis, including 189 proven cases, were included. Group B Streptococcus (GBS) and Escherichia coli (E. coli) were the leading pathogens in proven cases of early-onset and late-onset neonatal meningitis, respectively. The proportion of early-onset and late-onset GBS and late-onset E. coli meningitis cases increased gradually. GBS meningitis had the highest risk of neurological complications, whereas the overall incidence of hydrocephalus and brain abscess in E. coli was higher than that in GBS.

Conclusions: Rates of neonatal GBS and E. coli meningitis were high in 2005–2017 in Shanghai, and the risk of neurological complications was also high. Therefore, active prevention, rational use of antibiotics, and continuous monitoring of GBS and E. coli in neonates should be initiated in Shanghai.

Keywords: pathogens, clinical features, neonatal bacterial meningitis, Group B Streptococcus, Escherichia coli, neurological complications


INTRODUCTION

Despite advances in infant intensive care, neonatal meningitis remains a devastating disease. In some developed countries, Group B Streptococcus (GBS) and Escherichia coli (E. coli) were reported as the main pathogens of bacterial meningitis in young infants (1–4). However, in the developing world, the microbiology of bacterial meningitis in neonates varies geographically. A World Health Organization-supported study in four African countries showed that Klebsiella pneumoniae and E. coli were the most-prevalent causative pathogens in cases of neonatal meningitis (5). Reports from the central and western provinces of China showed that E. coli was a commonly isolated bacterium in cases of neonatal meningitis; other pathogens included Staphylococcus epidermidis, K. pneumonia, and GBS (6, 7). However, no large-scale study has examined the etiology of neonatal bacterial meningitis in the eastern regions of China.

The morbidity rate of neonatal meningitis, especially the incidence of neurological sequelae, is currently high worldwide (8, 9), and the clinical severity and prognosis of neonatal bacterial meningitis may be associated with the type of invading pathogen. Most studies have focused on the clinical features of a single pathogen. For instance, both hyper-, and hypothermia were reported as being the most frequent clinical signs of E. coli meningitis at admission (10). Further, GBS meningitis, an isolated illness caused by a gram-positive pathogen, was found to be characterized by the presence of specific signs of meningitis, such as lethargy and seizure (2, 11). Symptomatically, gram-negative pathogens are more likely to cause seizures as the initial manifestation of meningitis and are associated with higher cerebrospinal fluid (CSF) white blood cell counts than gram-positive pathogens (12). However, studies on the systematic identification of the clinical features of different pathogens are lacking. Selection bias in such comparative studies can only be reduced by simultaneously comparing the clinical differences of different pathogens in the same study.

Understanding the differences in the clinical manifestations of these pathogens is important for early identification of pathogens and the rational use of antibiotics. In addition, the lack of studies examining the etiology of neonatal bacterial meningitis in the eastern regions of China impedes the development of strategies for the prevention of neonatal bacterial meningitis in these regions. Therefore, this large-scale study aimed to identify the trends in bacterial infection among cases of meningitis in full-term neonates in Shanghai and explore the pathogen-specific and clinical features of bacterial meningitis among full-term neonates.



MATERIALS AND METHODS

The Shanghai Neonate Meningitis Cohort is a multicenter retrospective cohort, including almost all full-term neonates who underwent lumbar puncture in Shanghai (2005–2017). It was conducted at neonatal wards of four tertiary class A pediatric hospitals in Shanghai that examined approximately 95% of the neonates with bacterial meningitis in Shanghai (Xinhua Hospital, affiliated to Shanghai Jiaotong University School of Medicine; Shanghai Children's Medical Center, affiliated to Shanghai Jiaotong University School of Medicine; Children's Hospital of Shanghai Jiaotong University, and Children Hospital of Fudan University).

The history and clinical examination results for all neonates were abstracted from the computer-documented hospital information systems. Approval for the study and sharing data with the coordinating institution was granted by Xinhua Hospital affiliated to Shanghai Jiaotong University School of Medicine and was consented by the other hospitals (No. XHEC-C-2017-084).

In this study, the inclusion criteria for neonatal bacterial meningitis included one or more of the following: (a) isolation of a bacterial pathogen from CSF culture; (b) isolation of the same bacterial pathogen from blood drawn simultaneously at two different sites, with CSF pleocytosis (≥20 cells/mm3) (13–15); and (c) no pathogen isolated from either CSF or blood, with clinical symptoms and CSF pleocytosis (≥20 cells/mm3). Proven meningitis was defined in patients with either inclusion criterion (a) or (b). Clinically diagnosed meningitis was defined in patients with inclusion criterion (c). Exclusion criteria were as follows: (a) gestational age < 37 weeks, (b) onset of bacterial meningitis after >28 days of life, (c) history of severe neurological disease or ventricular drain, or (d) receipt of traumatic lumbar puncture (≥10,000 × 106/L red blood cells in CSF) (16) with negative CSF culture result.

Coagulase-negative staphylococci (CoNS), considered as being potential contaminants were further evaluated as follows: Three neonatologists gathered clinical data from the hospital's computerized information system, and pathogens were assessed to determine their clinical significance.

The following data were retrieved from the computer-documented hospital information systems: bacterial species, antimicrobial susceptibility testing, demographic information, clinical signs and symptoms, first laboratory examination of CSF, cranial magnetic resonance imaging (MRI) results during treatment, and clinical outcomes at discharge. Three independent neonatologists performed the data input and checked to avoid data mis-recording as much as possible.

The threshold for early-onset and late-onset diseases was seven days after birth (17, 18). Neonates presenting with symptoms of fever, lethargy, poor feeding, vomiting, cyanosis, and apnea were considered to have nonspecific symptoms. Neonates presenting with symptoms of seizures, dystonia, irritability, abnormal primitive reflexes, bulging fontanelle, and screaming were considered to have neurological symptoms. Neonates presenting with complications including omphalitis, pneumonia, skin infection, diarrhea, and urinary infection were considered to have non-neurological complications. Neurological complications were limited to abnormal cranial MRI results including ventriculitis, intracranial hemorrhage, subdural effusion, hydrocephalus, and brain abscess, which were confirmed by MRI experts. The clinical prognosis at discharge was evaluated using the Glasgow Outcome Scale (GOS) (1, death; 2, persistent vegetative state; 3, severe disability; 4, moderate disability; 5, good recovery). Moderate or severe disability was defined as any of the following conditions: spasticity, muscle weakness, and immobility in one or more limbs; microcephaly; hydrocephalus; seizure disorder; hearing loss. A GOS score of ≤ 4 was defined as poor prognosis (19). During the antibiotic treatment, some families decided to withdraw treatment. These neonates had been using antibiotics during hospitalization and did not complete antibiotic treatment before the families withdrew treatment. Once the families withdrew treatment, these neonates were discharged immediately. There were two reasons why the families withdrew treatment: (a) they can no longer afford hospitalization expenses; (b) the neonates had complications during treatment, or parents felt that the prognosis will be poor, and they lost confidence in the recovery of the neonates.

We calculated the median and interquartile range for continuous variables (as most data were not normally distributed), and frequency for categorical variables. Continuous variables were compared using nonparametric methods (Mann-Whitney U-test). Categorical variables were compared using the chi-square test or Fisher's exact test, where appropriate. Considering the multiple comparisons, we used the Bonferroni method to adjust for the type I error rate. Multivariate logistic regression models were used to evaluate risk factors for poor prognosis and neurological complications. All statistical analyses were performed using SPSS 17.0 (SPSS Inc, Chicago, IL, USA). The figures were produced using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA).



RESULTS


Pathogen Distribution

We identified 518 cases of neonatal meningitis, including 189 proven cases and 329 clinically diagnosed cases. In the proven cases, gram-positive pathogens accounted for 116 cases (61.4%), and gram-negative pathogens accounted for the remaining 73 cases (38.6%). GBS (n = 55, 29.1%) and E. coli (n = 55, 29.1%) were the leading pathogens in the proven cases of neonatal meningitis. Other pathogens involved in < 5 cases included CoNS (n = 42, 22.2%), Enterobacteriaceae (except E. coli) (n = 11, 5.8%), and Enterococcus (n = 10, 5.3%) (Table 1).



Table 1. Pathogen distribution of 189 full-term neonatal cases with proven meningitis.
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Trends in Pathogen Distribution

Early-onset bacterial meningitis accounted for 31.2% of the proven cases among full-term neonates in Shanghai during 2005–2017. There was an upward trend in the proportions of both early-onset and late-onset GBS meningitis (Figure 1). Over the study duration, GBS was the leading pathogen in early-onset meningitis (21/49, 42.9%). The proportion of late-onset E. coli meningitis cases increased gradually, and E. coli was the most-common pathogen in cases of late-onset meningitis (45/140, 32.1%). The proportion of all other pathogens decreased gradually in cases of both early-onset and late-onset meningitis.
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FIGURE 1. Trends in the pathogen distribution of full-term neonatal meningitis in Shanghai, 2005–2017. (A) All meningitis cases; (B) Early-onset meningitis cases; (C) Late-onset meningitis cases. E. coli, Escherichia coli; GBS, Group B Streptococcus.





Antibiotic Susceptibility

All GBS strains were sensitive to gentamicin, ampicillin, vancomycin, and linezolid while only 16.2% of GBS cases were sensitive to clindamycin (Table 2). Only one strain was resistant to penicillin. E. coli showed a high sensitivity to cefepime (88.6%) and meropenem (100.0%), a varying resistance to ampicillin, gentamicin, cefotaxime, and ceftriaxone (71.4, 36.8, 50.0, and 43.3%, respectively), and a high proportion of extended spectrum beta-lactamase (ESBL)-producing isolates (41.2%).



Table 2. In vitro antimicrobial susceptibility testing of common pathogens from full-term neonatal cases with proven meningitis.
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Demographic Information and Clinical Symptoms

Of the 518 neonates, 307 (59.3%) were boys, 15 (2.9%) had low birth weights (< 2,500 g), and 344 (66.4%) were born by cesarean section. Fever was the predominant symptom in all cases, regardless of the etiology, and 197 cases (38.0%) showed neurological symptoms. Seizures (n = 83, 16.0%) were the leading presentation of neurological symptoms. Poor feeding, seizures, and irritability occurred more frequently in GBS cases than in the clinically diagnosed cases (P < 0.05). Incidence rates of the other symptoms did not differ among the clinically diagnosed, GBS and E. coli cases (Table 3).



Table 3. Characteristics of full-term neonatal meningitis cases caused by the three most commonly cultured pathogens.
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CSF Findings

Lumbar puncture was performed in all 518 cases. The GBS and E. coli cases showed higher CSF white blood cell counts, protein levels, and lower glucose levels than the clinically diagnosed cases (P < 0.05). There were no significant differences in CFS findings between the GBS and E. coli cases.



Clinical Outcomes at Discharge

A total of 3 neonates died in hospital, and 140 neonates (27.0%) had poor prognosis (GOS score ≤ 4) at discharge. Seventy-six neonates (14.7%) were discharged after families chose to withdraw treatment, in which 25 neonates received >2 weeks of treatment. The rates of in-hospital deaths and treatment withdrawal did not differ significantly between the clinically diagnosed, GBS, and E. coli meningitis cases. There was also no difference between the clinically diagnosed group and each proven group in terms of the incidence of poor prognosis. However, the rate of poor prognosis was significantly higher in E. coli cases than in GBS cases (P < 0.05), and this difference was consistent when we further adjusted for gender, birth weight, and early or late-onset pattern in the multivariate analyses (Supplementary Table 1).

Most neonates (501/518, 96.7%) underwent cranial MRI during treatment, and the results of 146 neonates (29.1%) were abnormal, including ventriculitis (21/501, 4.2%), intracranial hemorrhage (88/501, 17.6%), subdural effusion (41/501, 8.2%), hydrocephalus (33/501, 6.6%), and brain abscess (17/501, 3.4%). Neonates with GBS meningitis had a much higher risk of total neurological complications, especially subdural effusion and brain abscess, than clinically diagnosed cases (total neurological complications: odds ratio [OR], 2.3; 95% confidence interval [CI], 1.3–4.1; subdural effusion: OR, 5.0; 95% CI, 2.2–11.3; and brain abscess: OR, 6.3; 95% CI, 1.8–22.8). Neonates with E. coli meningitis had a relatively higher risk of total neurological complications, subdural effusion, hydrocephalus, and brain abscess than the clinically diagnosed cases (total neurological complications: OR, 2.0; 95% CI, 1.1–3.6; subdural effusion: OR, 3.5; 95% CI, 1.5–8.4; hydrocephalus: OR, 4.0; 95% CI, 1.7–9.3; and brain abscess: OR, 6.3; 95% CI, 1.8–22.8). Compared to neonates with GBS meningitis, those with E. coli meningitis showed a higher overall incidence of hydrocephalus and brain abscess.

Multivariate analysis of the neurological complications showed that neonates with GBS and E. coli meningitis had a significantly higher risk of neurological complications than those with clinically diagnosed meningitis (GBS: OR, 2.3; 95% CI, 1.3–4.3; E. coli: OR, 2.0; 95% CI, 1.1–3.6). There was no significant difference in the risk of neurological complications between the clinically diagnosed cases and the cases of the other pathogens (Table 4).



Table 4. Univariate and multivariate analyses of risk factors for neurological complications in full-term neonatal meningitis cases.
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DISCUSSION

To the best of our knowledge, this is the first long-term study of full-term neonatal meningitis with a large sample size in Shanghai, China. We found that GBS and E. coli were the leading pathogens in proven cases of neonatal meningitis, which was similar with that of the developed countries. GBS and E. coli were the most-common pathogens in early-onset and late-onset neonatal meningitis, respectively, both of which showed an increasing trend and had a high risk of neurological complications.

In some developed countries and regions, GBS is the most-prevalent pathogen causing meningitis in young infants, and is confined to this population (1, 2, 4). In the USA, approximately 16.7–22.7% of pregnant women showed GBS colonization (20). GBS prevention activities increased since the 1990s, and the first recommendation for universal screening was issued in 2002. This resulted in an estimated 80% decrease in early-onset GBS infection in the USA (21). In China, GBS infection occurs in 7.1–10.4% of pregnant women, a lower prevalence than that of the USA (22, 23). However, in our study, GBS was the leading pathogen in early-onset meningitis, and the prevalence of both early-onset and late-onset GBS meningitis has shown an increasing trend in recent years. Regarding antimicrobial susceptibility, neonates with GBS meningitis showed high sensitivity to penicillin and ampicillin, which remain the agents of choice for intrapartum antibiotic prophylaxis (IAP) (24, 25). These results may be partially related to the non-wide implementation of IAP in China.

In this study, neonates with GBS meningitis had a significantly higher incidence of poor feeding, seizures, and irritability than neonates with clinically diagnosed meningitis. In addition, the incidence of nonspecific and neurological symptoms of GBS and E. coli meningitis was both slightly higher than those of clinically diagnosed meningitis (although not significantly). As for the CSF findings, GBS and E. coli meningitis were significantly more serious than clinically diagnosed meningitis. Based on these, if a newborn presents with several clinical symptoms combined with severe CSF findings, we should be wary of GBS or E. coli meningitis.

The fact that neonatal GBS meningitis had the highest risk of neurological complications may be related to the virulence of GBS and the severe damage to the brain caused by its infection. In vitro and clinical studies have found that GBS can promote blood-brain barrier penetration (26–28) and may cause severe cerebrovascular diseases (29). Abnormal findings on full-term neonatal MRI were associated with a poor neurodevelopmental outcome (30). A meta-analysis on neurodevelopmental impairment after GBS disease in infants aged < 90 days showed that GBS meningitis was an important risk factor for moderate-to-severe neurodevelopmental impairment, affecting approximately 20% of survivors (31). Therefore, it is important to conduct brain imaging on neonates with GBS meningitis and to follow-up for long-term neurological sequelae. In addition, the implementation of IAP may be associated with a low mortality in cases of early-onset GBS disease, and mild late-onset GBS disease (32, 33). Currently, in China, only a few hospitals perform IAP by strictly following a risk-based strategy. Hence, IAP should be promoted and continuous monitoring of GBS should be initiated in China.

Similar to GBS, we also found that E. coli meningitis had a significantly higher risk of neurological complications than those of clinically diagnosed meningitis, especially subdural effusion, hydrocephalus, and brain abscess. As reported in other studies, neonatal E. coli meningitis may cause learning and memory impairments in adulthood (34), which may be related to the high incidence of E. coli neurological complications. Although E. coli meningitis had a similar incidence of neurological complications to GBS, the overall incidence of hydrocephalus and brain abscess was higher than the latter. As serious neurological complications, hydrocephalus and brain abscess were associated with significant long-term morbidity and mortality (35, 36). We further speculate that the high proportion of ESBL-producing isolates in E. coli cases increases the risk of serious neurological complications. The high proportion of ESBL-producing isolates in E. coli cases is similar to that reported in a large multicenter study in China, which may be related to the universal antibiotic overuse or misuse in China (37). At present, there is no national guideline for the treatment of neonatal meningitis in China, so the choice and course of antimicrobial treatment may vary in different hospitals. Therefore, a consensus guideline for treatment of neonatal meningitis should be established and better monitoring of drug-resistant bacteria should be encouraged.

To our knowledge, this is the first large-scale study of neonatal meningitis in Shanghai investigating pathogen trends in the past 13 years, and its results have furthered the understanding of the pathogen-specific and clinical features of bacterial meningitis in full-term neonates. However, there are some limitations. First, the meningitis cases in our study were diagnosed based on CSF pleocytosis, but the interpretation of CSF pleocytosis parameters are not yet standardized (38). This, together with the exclusion of infants who received traumatic lumbar punctures, may have led to underdiagnoses of meningitis in some cases and overdiagnoses in others, limiting this study's ability to estimate of overall burden of neonatal meningitis in Shanghai. Second, viral studies were not routinely considered without significant clinical signs and symptoms in neonates. However, CSF leukocytosis may also occur in neonatal viral meningitis. For example, a proportion of neonatal enteroviral meningitis can cause CSF leukocytosis (39, 40), thus the incidence of neonatal viral meningitis has likely been underestimated. Further, intracranial hemorrhage might also lead to CSF leukocytosis and be confused with clinically diagnosed cases. Third, although CoNS is sometimes a contaminant, it has increasingly been recognized as a cause of clinically significant nosocomial bloodstream infections, particularly in neonates (41). As a result, we did not rule out CoNS cases, which might introduce misdiagnosis; we only included cases with typical meningitis symptoms and signs, in addition to those with positive CSF culture or positive blood culture from blood drawn simultaneously at two different sites. Fourth, some families withdrew treatment, which increased the lost to follow-up rate. This might have introduced bias to the results, such as the incidence of neurological complications. To follow-up on this hospital-based retrospective survey, we plan to address these limitations by conducting a more detailed prospective study on neonatal meningitis in the future.

Rates of neonatal GBS and E. coli meningitis were high in 2005–2017 in Shanghai, and the risk of neurological complications was also high. Therefore, active prevention, rational use of antibiotics and continuous monitoring of GBS and E. coli in neonates should be initiated in Shanghai.



DATA AVAILABILITY STATEMENT

The datasets for this manuscript are not publicly available because: part of the data is included in other manuscripts under preparation. Requests to access the datasets should be directed to Lisu Huang: huanglisu@xinhuamed.com.cn.



AUTHOR CONTRIBUTIONS

MX, LaH, YZ, CC, XZ, and LiH conceptualized and designed the study. HH, LW, and JT collected the data. MX, YZ, XZ, and LiH analyzed the data. MX drafted the initial manuscript. All authors contributed to the interpretation of the data and contributed to the final draft of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2019.00031/full#supplementary-material



ABBREVIATIONS

CoNS, Coagulase-negative staphylococci; E. coli, Escherichia coli; ESBL, extended spectrum beta-lactamase; GBS, Group B Streptococcus; GOS, Glasgow Outcome Scale; IAP, intrapartum antibiotic prophylaxis; CSF, cerebrospinal fluid.



REFERENCES

 1. Okike IO, Johnson AP, Henderson KL, Blackburn RM, Muller-Pebody B, Ladhani SN, et al. Incidence, etiology, and outcome of bacterial meningitis in infants aged < 90 days in the United kingdom and Republic of Ireland: prospective, enhanced, national population-based surveillance. Clin Infect Dis. (2014) 59:e150–7. doi: 10.1093/cid/ciu514

 2. Gaschignard J, Levy C, Romain O, Cohen R, Bingen E, Aujard Y, et al. Neonatal bacterial meningitis: 444 cases in 7 years. Pediatr Infect Dis J (2011) 30:212–7. doi: 10.1097/INF.0b013e3181fab1e7

 3. Ouchenir L, Renaud C, Khan S, Bitnun A, Boisvert AA, McDonald J, et al. The epidemiology, management, and outcomes of bacterial meningitis in infants. Pediatrics (2017) 140:e20170476. doi: 10.1542/peds.2017-0476

 4. Thigpen MC, Whitney CG, Messonnier NE, Zell ER, Lynfield R, Hadler JL, et al. Bacterial meningitis in the United States, 1998-2007. N Engl J Med. (2011) 364:2016–25. doi: 10.1056/NEJMoa1005384

 5. Furyk JS, Swann O, Molyneux E. Systematic review: neonatal meningitis in the developing world. Trop Med Int Health (2011) 16:672–9. doi: 10.1111/j.1365-3156.2011.02750.x

 6. The Collaborative Group For Neonatal Meningitis Study TC, Liu CQ. Epidemiology of neonatal purulent meningitis in Hebei Province, China: a multicenter study. Zhongguo Dang Dai Er Ke Za Zhi (2015) 17:419–24. doi: 10.7499/j.issn.1008-8830.2015.05.001

 7. Jiang H, Su M, Kui L, Huang H, Qiu L, Li L, et al. Prevalence and antibiotic resistance profiles of cerebrospinal fluid pathogens in children with acute bacterial meningitis in Yunnan province, China, 2012-2015. PloS ONE (2017) 12:e0180161. doi: 10.1371/journal.pone.0180161

 8. Harvey D, Holt DE, Bedford H. Bacterial meningitis in the newborn: a prospective study of mortality and morbidity. Semin Perinatol. (1999) 23:218–25. doi: 10.1016/S0146-0005(99)80066-4

 9. Stevens JP, Eames M, Kent A, Halket S, Holt D, Harvey D. Long term outcome of neonatal meningitis. Arch Dis Child Fetal Neonatal Ed. (2003) 88:F179–84. doi: 10.1136/fn.88.3.F179

 10. Houdouin V, Bonacorsi S, Bidet P, de La Rocque F, Cohen R, Aujard Y, et al. Clinical outcome and bacterial characteristics of 99 Escherichia coli meningitis in young infants. Arch Pediatr. (2008) 15(Suppl. 3):S138–47. doi: 10.1016/S0929-693X(08)75497-6

 11. Baud O, Aujard Y. Neonatal bacterial meningitis. Handb Clin Neurol. (2013) 112:1109–13. doi: 10.1016/B978-0-444-52910-7.00030-1

 12. Smith PB, Cotten CM, Garges HP, Tiffany KF, Lenfestey RW, Moody MA, et al. A comparison of neonatal Gram-negative rod and Gram-positive cocci meningitis. J Perinatol. (2006) 26:111–4. doi: 10.1038/sj.jp.7211438

 13. Garges HP, Moody MA, Cotten CM, Smith PB, Tiffany KF, Lenfestey R, et al. Neonatal meningitis: what is the correlation among cerebrospinal fluid cultures, blood cultures, and cerebrospinal fluid parameters? Pediatrics (2006) 117:1094–100. doi: 10.1542/peds.2005-1132

 14. Byington CL, Kendrick J, Sheng X. Normative cerebrospinal fluid profiles in febrile infants. J Pediatr. (2011) 158:130–4. doi: 10.1016/j.jpeds.2010.07.022

 15. Kestenbaum LA, Ebberson J, Zorc JJ, Hodinka RL, Shah SS. Defining cerebrospinal fluid white blood cell count reference values in neonates and young infants. Pediatrics (2010) 125:257–64. doi: 10.1542/peds.2009-1181

 16. Lyons TW, Cruz AT, Freedman SB, Neuman MI, Balamuth F, Mistry RD, et al. Interpretation of cerebrospinal fluid white blood cell counts in young infants with a traumatic lumbar puncture. Ann Emerg Med. (2017) 69:622–31. doi: 10.1016/j.annemergmed.2016.10.008

 17. May M, Daley AJ, Donath S, Isaacs D. Australasian study group for neonatal infections. Early onset neonatal meningitis in Australia and New Zealand, 1992-2002. Arch Dis Child Fetal Neonatal Ed. (2005) 90:F324–7. doi: 10.1136/adc.2004.066134

 18. Heath PT, Nik Yusoff NK, Baker CJ. Neonatal meningitis. Arch Dis Child Fetal Neonatal Ed. (2003) 88:F173–8. doi: 10.1136/fn.88.3.F173

 19. Tan J, Kan J, Qiu G, Zhao D, Ren F, Luo Z, et al. Clinical prognosis in neonatal bacterial meningitis: the role of cerebrospinal fluid protein. PLoS ONE (2015) 10:e0141620. doi: 10.1371/journal.pone.0141620

 20. Kwatra G, Cunnington MC, Merrall E, Kwatra G, Cunnington MC, Merrall E, et al. Prevalence of maternal colonisation with group B streptococcus: a systematic review and meta-analysis. Lancet Infect Dis. (2016) 16:1076–84. doi: 10.1016/S1473-3099(16)30055-X

 21. Phares CR, Lynfield R, Farley MM, Mohle-Boetani J, Harrison LH, Petit S, et al. Epidemiology of invasive group B streptococcal disease in the United States, 1999-2005. JAMA (2008) 299:2056–65. doi: 10.1001/jama.299.17.2056

 22. Lu B, Li D, Cui Y, Sui W, Huang L, Lu X. Epidemiology of Group B streptococcus isolated from pregnant women in Beijing, China. Clin Microbiol Infect. (2014) 20:O370–3. doi: 10.1111/1469-0691.12416

 23. Tsui MH, Ip M, Ng PC, Sahota DS, Leung TN, Lau TK. Change in prevalence of group B Streptococcus maternal colonisation in Hong Kong. Hong Kong Med J. (2009) 15:414–9.

 24. Verani JR, McGee L, Schrag SJ. Prevention of perinatal group B streptococcal disease–revised guidelines from CDC, 2010. MMWR Recomm Rep. (2010) 59:1–36.

 25. Tunkel AR, Hartman BJ, Kaplan SL, Kaufman BA, Roos KL, Scheld WM, et al. Practice guidelines for the management of bacterial meningitis. Clin Infect Dis. (2004) 39:1267–84. doi: 10.1086/425368

 26. Magalhaes V, Andrade EB, Alves J, Ribeiro A, Kim KS, Lima M, et al. Group B Streptococcus hijacks the host plasminogen system to promote brain endothelial cell invasion. PLoS ONE (2013) 8:e63244. doi: 10.1371/journal.pone.0063244

 27. van Sorge NM, Quach D, Gurney MA, Sullam PM, Nizet V, Doran KS. The group B streptococcal serine-rich repeat 1 glycoprotein mediates penetration of the blood-brain barrier. J Infect Dis. (2009) 199:1479–87. doi: 10.1086/598217

 28. Cutting AS, Del Rosario Y, Mu R, Rodriguez A, Till A, Subramani S, et al. The role of autophagy during group B Streptococcus infection of blood-brain barrier endothelium. J Biol Chem. (2014) 289:35711–23. doi: 10.1074/jbc.M114.588657

 29. Tibussek D, Sinclair A, Yau I, Teatero S, Fittipaldi N, Richardson SE, et al. Late-onset group B streptococcal meningitis has cerebrovascular complications. J Pediatr. (2015) 166:1187–92.e1. doi: 10.1016/j.jpeds.2015.02.014

 30. Massaro AN. MRI for neurodevelopmental prognostication in the high-risk term infant. Semin Perinatol. (2015) 39:159–67. doi: 10.1053/j.semperi.2015.01.009

 31. Kohli-Lynch M, Russell NJ, Seale AC, Dangor Z, Tann CJ, Baker CJ, et al. Neurodevelopmental impairment in children after group B streptococcal disease worldwide: systematic review and meta-analyses. Clin Infect Dis. (2017) 65:S190–9. doi: 10.1093/cid/cix663

 32. Edmond KM, Kortsalioudaki C, Scott S, Schrag SJ, Zaidi AK, Cousens S, et al. Group B streptococcal disease in infants aged younger than 3 months: systematic review and meta-analysis. Lancet (2012) 379:547–56. doi: 10.1016/S0140-6736(11)61651-6

 33. Berardi A, Rossi C, Lugli L, Creti R, Bacchi Reggiani ML, Lanari M, et al. Group B streptococcus late-onset disease: 2003-2010. Pediatrics (2013) 131:e361–8. doi: 10.1542/peds.2012-1231

 34. Barichello T, Dagostim VS, Generoso JS, Simoes LR, Dominguini D, Silvestre C, et al. Neonatal Escherichia coli K1 meningitis causes learning and memory impairments in adulthood. J Neuroimmunol. (2014) 272:35–41. doi: 10.1016/j.jneuroim.2014.05.003

 35. Tully HM, Dobyns WB. Infantile hydrocephalus: a review of epidemiology, classification and causes. Eur J Med Genet. (2014) 57:359–68. doi: 10.1016/j.ejmg.2014.06.002

 36. Felsenstein S, Williams B, Shingadia D, Coxon L, Riordan A, Demetriades AK, et al. Clinical and microbiologic features guiding treatment recommendations for brain abscesses in children. Pediatr Infect Dis J. (2013) 32:129–35. doi: 10.1097/INF.0b013e3182748d6e

 37. Quan J, Zhao D, Liu L, Chen Y, Zhou J, Jiang Y, et al. High prevalence of ESBL-producing Escherichia coli and Klebsiella pneumoniae in community-onset bloodstream infections in China. J Antimicrob Chemother. (2017) 72:273–80. doi: 10.1093/jac/dkw372

 38. Srinivasan L, Harris MC, Shah SS. Lumbar puncture in the neonate: challenges in decision making and interpretation. Semin Perinatol. (2012) 36:445–53. doi: 10.1053/j.semperi.2012.06.007

 39. Seiden JA, Zorc JJ, Hodinka RL, Shah SS. Lack of cerebrospinal fluid pleocytosis in young infants with enterovirus infections of the central nervous system. Pediatr Emerg Care (2010) 26:77–81. doi: 10.1097/PEC.0b013e3181ce2fad

 40. Tan NW, Lee EY, Khoo GM, Tee NW, Krishnamoorthy S, Choong CT. Cerebrospinal fluid white cell count: discriminatory or otherwise for enteroviral meningitis in infants and young children? J Neurovirol. (2016) 22:213–7. doi: 10.1007/s13365-015-0387-2

 41. von Eiff C, Jansen B, Kohnen W, Becker K. Infections associated with medical devices: pathogenesis, management and prophylaxis. Drugs (2005) 65:179–214. doi: 10.2165/00003495-200565020-00003

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Xu, Hu, Huang, Wang, Tan, Zhang, Chen, Zhang and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	SYSTEMATIC REVIEW
published: 03 May 2019
doi: 10.3389/fped.2019.00161






[image: image2]

The Role of Parental Concerns in the Recognition of Sepsis in Children: A Literature Review


Amanda Harley1,2,3, Jos M. Latour4 and Luregn J. Schlapbach1,2,5*


1Paediatric Critical Care Research Group, Child Health Research Centre and Faculty of Medicine, The University of Queensland, Brisbane, QLD, Australia

2Paediatric Intensive Care Unit, Queensland Children's Hospital, Children's Health Queensland, Brisbane, QLD, Australia

3School of Nursing, The University of Queensland, Brisbane, QLD, Australia

4Faculty of Health and Human Sciences, School of Nursing and Midwifery, University of Plymouth, Plymouth, United Kingdom

5Department of Paediatrics, Bern University Hospital, Inselspital, University of Bern, Bern, Switzerland

Edited by:
Jan Hau Lee, KK Women's and Children's Hospital, Singapore

Reviewed by:
Jhuma Sankar, All India Institute of Medical Sciences, India
 Eduardo Villamor, Maastricht University Medical Centre, Netherlands

* Correspondence: Luregn J. Schlapbach, l.schlapbach@uq.edu.au

Specialty section: This article was submitted to Pediatric Critical Care, a section of the journal Frontiers in Pediatrics

Received: 24 December 2018
 Accepted: 08 April 2019
 Published: 03 May 2019

Citation: Harley A, Latour JM and Schlapbach LJ (2019) The Role of Parental Concerns in the Recognition of Sepsis in Children: A Literature Review. Front. Pediatr. 7:161. doi: 10.3389/fped.2019.00161



Background: Sepsis is a time critical disease and outcomes strongly depend on time to initiation of appropriate treatment in hospital. A range of studies have assessed sepsis recognition in hospital settings, whereas little is known about sepsis recognition in the community. The decision-making of parents in seeking medical care may substantially impact survival of children with sepsis. An improved understanding of the parental perspective in recognizing sepsis is urgently needed to inform the design of education campaigns and consideration of using parental concerns as a trigger in sepsis screening tools.

Aim: To review the literature on parental concerns in the diagnosis of sepsis in children.

Methods: A literature review on parental concerns in pediatric sepsis was performed accessing publications in PubMed, CINAHL and Medline published between 1990 and 2018. In addition, we compared guidelines and online institutional sepsis recognition tools and assessed whether parental concerns were used for screening.

Results: Out of 188 articles reviewed, 11 met the criteria. One article was found prospectively assessing the diagnostic performance of parental concern in children evaluated for infection, indicating high positive (16.4) and negative likelihood ratio (0.23) for sepsis/meningitis in presence of parental concerns. The role of parental concern was listed as a sign assisting recognition of sepsis in four studies reporting original data, and six reviews commented on parental concern listed as a factor upon diagnosis of sepsis. When comparing selected examples of institutional sepsis pathways available online, parental concern was variably listed as a criterion to prompt evaluation for sepsis.

Conclusions: Despite some guidelines emphasizing the role of parental concern in recognizing sepsis, there is a paucity of data in the field. An improved understanding of whether parental concerns adds diagnostic value to sepsis recognition at acceptable sensitivity and specificity is urgently needed. Future prospective studies should assess whether including parental concerns in sepsis screening tools benefits the assessment resulting in early diagnosis and treatment of children with sepsis.

Keywords: child, concern, diagnosis, infection, parent, recognition, sepsis, septic shock


INTRODUCTION

Sepsis represents a leading cause of global childhood mortality (1–3). In response to the recent resolution by the World Health Organization recognizing sepsis as a priority in healthcare(4, 5), several national and regional healthcare systems have implemented sepsis pathways to improve recognition and early treatment of sepsis in hospital settings (6). Sepsis in children remains a time critical disease and the majority of deaths and multi-organ dysfunction occur within the first 48 h of admission (7–10), highlighting the relevance of timely intervention. While interventional trials in children and adults have failed to result in reduced mortality (11–13), observational studies have consistently indicated that time to sepsis treatment strongly impacts on sepsis survival (14–18).

Physiologic criteria, early warning tools, and electronic health-record based trigger tools have been reported to improve the recognition of children with severe bacterial infections, and sepsis (19–23). Currently used sepsis recognition tools yield high sensitivity but mostly at the expense of poor specificity, given that most infectious illnesses in children manifest with fever, tachycardia, and tachypnea (24, 25). Inaccurate sepsis diagnosis may lead to unnecessary antibiotic therapy, hospitalization, and missed alternative diagnoses. The importance of balancing the need for rapid sepsis recognition vs. potential adverse effects on patients, healthcare resource use and antimicrobial resistance related to overtreatment is becoming increasingly recognized (26, 27) implicating an urgent need for rigorous studies on sepsis recognition.

Importantly, sepsis starts most commonly in the community and the decision and timing of parents in seeking medical care for children is likely to contribute to severity upon presentation and sepsis-related outcomes. Root cause analyses after fatal sepsis outcomes in children often report on recurrent presentations to hospital (16) and anecdotal data reveals parents in such cases often indicated concerns that “this disease is different” suggesting parents may have sensed the potential severity of the disease prior to the recognition of sepsis by clinicians. Increasing parental education has been demonstrated to reduce infant mortality due to infections in low income settings (28, 29). Yet the potential value of including parental assessment in discriminating children with mild infections from sepsis has received little attention. The capacity of parents to assess whether a disease presents differently to previous common febrile illnesses could potentially result in improved diagnostic accuracy of sepsis assessment.

We therefore aimed to review the literature on parental concerns in recognizing sepsis in children, with particular focus on studies reporting on diagnostic accuracy. In addition, we searched whether online available institutional sepsis screening tools include parental concern as a trigger for recognition or escalation.



METHODS


Objectives

To review the literature on parental concern in the diagnosis of sepsis in children.



Eligibility Criteria

The Population-Intervention-Control-Outcome-Study design (PICOS) approach was applied and guided the literature review focusing on: (P) pediatric age groups of <18 years of age; with (I) parental concern utilized as an assessment tool; (C) control consisting of standard diagnostic approach without including parental concern as a diagnostic tool; (O) diagnosis of sepsis and diagnostic accuracy of sepsis diagnosis as outcomes; and (S) both quantitative and qualitative original research, case reports, editorials/viewpoints, guidelines, and reviews included.



Search Strategy

Three strategies for data collection were utilized: First, a comprehensive search for published literature through international databases was performed. Second, we manually searched reference lists from articles identified through the database search. Third, we considered additional articles identified as relevant by the authors. Publications were accessed in three literature databases: MEDLINE, CINAHL and PUBMED. Search terms used included: “Concern” OR “worry” OR “fear,” AND “infant” OR “pediatric” OR “pediatric” OR “child” OR “neonate” OR “childhood,” AND “sepsis” OR “septic” OR “severe sepsis” OR “septic shock” OR “bacteremia” OR ”severe infection” OR “systemic inflammatory response syndrome,” AND “parent” OR “family” OR “caregiver” OR “mother” OR “father” (Supplementary Table 1).

Studies were considered if they were published as full text in the English language between January 1st 1990 and September 1st 2018. Duplicate references were removed manually. Original research, case reports, editorials/viewpoints, guidelines, and reviews were considered. The initial title and abstract screen for further review was conducted by two authors (AH, LS). Articles for full text review were selected by applying the search terms to the titles and abstracts of articles.

We then performed a two-stage review of full text articles. In the first stage, we searched articles that provided original data on parental concerns in pediatric sepsis. We considered publications that defined sepsis, including septic shock and severe sepsis, according to the 2005 International Pediatric Sepsis Definition Conference (30), the American College of Chest Physicians (31), or adaptations from the recent Sepsis-3 criteria (24, 32). We included articles which reported on parental concern for children below 18 years as part of diagnostic assessment for patients presenting with sepsis or severe infection. Given the low yield of only one article meeting the PICOS criteria, we included studies reporting on severe infections, and bacteraemia. In the second stage, we searched full-text articles that reported on the use or importance of parental concerns in pediatric sepsis without providing original data.

Articles were excluded if full text was unavailable in English was unavailable. All full text articles identified underwent review by two independent investigators (AH, LJS). Clarification for inclusion was resolved by discussion. Due to the paucity of data reporting on diagnostic accuracy, sensitivity, specificity, and negative and positive predictive value in relation to parental concern, a meta-analysis could not be performed.



Inclusion of Parental Concerns in Pediatric Sepsis Pathways

In order to compare examples of pediatric sepsis pathways in relation to utilization of parental concern, we selected published or online accessible pediatric sepsis pathways available in English language which were published in the past 5 years (date of updated search September 1st 2018). We limited the search to published international pediatric sepsis guidelines, and to pathways of jurisdictions which had previously reported on state- or nationwide sepsis campaigns (14, 33–35). This resulted in examples of pathways from three continents (North America, Europe and Oceania). These examples were selected to show different approaches to the recognition of sepsis in children. Pathways were then searched for the presence of a field listing parental concern as a risk factor or warning sign for sepsis. We considered terms such as “concern” (OR “worry” OR “fear”), and “parent” (OR “family” OR “caregiver” OR “mother/maternal” OR “father/paternal”).




RESULTS


Study Selection

The search of the databases yielded 219 results and an additional four articles through other sources. After exclusion of duplicates and records in languages other than English, 188 remained (Figure 1). Abstract review by two assessors excluded 156 articles as the records were not reporting on sepsis diagnosis pertinent to parental concerns and children. Reference chaining identified a further 19 articles. In total, 51 Articles were selected for full-text review by two assessors. Of these, a further 40 were excluded because of one study in non-English language (36), and 39 because they did not report on parental concern in relation to recognition of sepsis. We included 11 articles in the review, of which five reported original data, out of which one only reported on diagnostic accuracy. Six articles were reviews reporting on parental concern without original data.
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FIGURE 1. PRISMA flow diagram.





Study Characteristics

Only one study reported original data on diagnostic accuracy of parental assessment in relation to sepsis (Table 1). Van den Bruel performed a prospective multicenter study in primary care settings including 3981 children which presented to 121 physicians (General practitioners, pediatricians, and emergency physicians) (37). The study was designed to assess diagnostic accuracy of several clinical features including physiological variables, clinician perception that “something is wrong,” and parental concern. Parental concern was defined as the parental perception or statement that the “disease is different.” Classification and regression tree analysis was performed to define the best performing criteria and criteria combination for clinical practice. Out of the 3981 included children (mean age 5.0 years, range = 0.02–16.9 years), 31 (0.78%) had a serious bacterial infection and 9 (0.22%) were diagnosed with sepsis and/or meningitis. Presence of parental concern that the disease is different was associated with an odds ratio (OR) of 70.5 (95%-CI 14.5 to 341.4) for sepsis/meningitis in the decision tree model, and a sensitivity of 77.8%, specificity of 95.1%, positive predictive value (PPV) of 3.6%, negative predictive value (NPV) of 100%, positive likelihood ratio (PLR) of 16.4, and negative likelihood ratio (NLR) of 0.23. In comparison, the assessment by the treating physician that “something is wrong” was associated with sepsis with an OR of 268 (33–2,163) and a sensitivity of 88.9% and specificity of 97.1%. The sensitivity of parental concern to capture any serious bacterial infection was 46.4%, and the according specificity was 96.8%, PPV 9.5%, NPV 99.6%, PLR 14.35 and NLR 0.55, respectively.



Table 1. Original studies reporting on diagnostic accuracy of parental concern in diagnosis of severe infection and sepsis.
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Four further studies reported original data, however none of these reported on diagnostic accuracy (Table 2). A secondary analysis of the 2007 Van den Bruel study investigated the role of clinician‘s gut feeling that something is wrong in the patients. Parental concern was identified as the strongest factor increasing the likelihood of clinician‘s gut feeling that something is wrong (univariate OR 26.93; 9.02 to 80.41, multivariate OR 36.26; 12.28 to 107.07) (38). However, the secondary analysis did not comment on the predictive accuracy of parental concern in relation to serious bacterial infection. Another study by Van den Bruel et al. (39) performed qualitative interviews with families and practitioners of 18 children hospitalized for severe bacterial infection with a mean age of 2.5 years (range 14 days to 11 years). Parents reported findings such as “The moment he was sitting on my lap and suddenly collapsed, I was really frightened and came here immediately. At that moment I just knew it was more than just a cold.” Van den Bruel et al. (39) referring to a 2-year-old child with sepsis. The authors concluded that parents have a high accuracy in describing the behavior of their children and to assess how the current behavior compares with normal behavior, and with behavior during previous illnesses. Another study performed qualitative interviews with General Practitioners to assess their attitudes in relation to recognizing children with meningitis and meningococcal septicemia (40). No patient data was assessed. Parental concern, and maternal “instinct” that the child was not right were mentioned as sometimes representing the only clues to a severe disease. Another study interviewed 95 parents from primary care inner city settings and performed focus groups to explore parental concerns about acute pediatric illness (41). Fever, cough and risk of meningitis emerged as key areas of concern. Sepsis was not specifically mentioned, however parents reported their fear that they may fail to recognize a life-threatening condition.



Table 2. Original studies reporting on parental concern as diagnostic measure of sepsis, not reporting on diagnostic accuracy of parental concern.
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Six review articles were included which reported on parental concern in diagnosis of sepsis (Table 3). Two systematic reviews analyzed the findings from 36, and 35 articles, respectively, including 30 articles reporting on clinical features in relation to diagnosis of serious infection in children in developed countries (43, 47). The original study of Van den Bruel was the only study in both reviews which reported on parental concern to assist in the diagnosis of serious infection in children (37). While clinician‘s gut feeling that something was wrong performed better than parental concerns, the diagnostic accuracy of both parental concern and clinician‘s gut feeling outperformed most routinely used physiological or observational data in other studies. Four further non-systematic reviews and narratives were identified which listed parental concerns as a feature of children presenting with life-threatening infections or sepsis (42, 44–46). These articles did not use any original data to justify this but rather commented on the value of parental concern in the perspective by the authors.



Table 3. Reviews reporting on parental concern in relation to diagnosis of sepsis.
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Examples of Use of Parental Concern in Guidelines and Institutional Pathways

We assessed published and online available international pediatric sepsis guidelines pathways and guidelines in relation to the role of parental concern in the recognition of sepsis. In addition, we selected examples of published and online available institutional pathways designed for the recognition of sepsis in children (Table 4). The selection was limited to jurisdictions which has previously published on the state- or nation-wide implementation of sepsis bundles, specifically the United Kingdom, New York State in the United States, and New South Wales in Australia (14, 33–35).



Table 4. Selected examples of online available guidelines and pathways on pediatric sepsis recognition.
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Two recent international guidelines pertinent to pediatric age groups, the American College of Critical Care Medicine Guidelines 2017 (48), and the 2013 Surviving Sepsis Campaign (49) guidelines, recommend that institutions implement sepsis screening tools. Parental concerns are not featured in these two guidelines. In contrast, the National Institute for Health and Care Excellence (NICE) (https://www.nice.org.uk/guidance/ng51/resources) and Sepsis Trust (Sepsis 6) (https://sepsistrust.org/professional-resources/clinical/) guidelines in the U.K. Both list parental concern as a feature of sepsis recognition. Two examples of institutional pathways from New York State, United States (http://pediatrics.aappublications.org/content/pediatrics/137/3/e20144082.full.pdf), and New South Wales, Australia (http://www.cec.health.nsw.gov.au/__data/assets/pdf_file/0008/343475/Pediatric-Sepsis-Pathway-Sept-2016-with-watermark.pdf), further illustrate that the utilization of parental concern varies in these pathways. Some list parental concern specifically as a feature that should support clinicians to think “Could this be sepsis,” others list it as one of several criteria prompting treatment, and some do not mention parental concern specifically.




DISCUSSION

In this literature review on parental concerns as a tool to assist in the recognition of sepsis, we identified a paucity of evidence to guide best practice. Only one study was found which assessed diagnostic accuracy of parental concerns in serious infections, suggesting superior performance of parental concern in comparison to routine physiological-based criteria. Several reviews highlighted the potential of parental concerns in recognizing children with life-threatening infections. Despite the fact that sepsis starts most commonly at home, the role of recognition of sepsis by parents to improve accuracy of early sepsis diagnosis represents a neglected field. Yet, several institutional and national sepsis quality improvement tools have embedded assessment for parental concerns as part of standardized sepsis screening. Our findings indicate an urgent need for well-designed diagnostic accuracy studies to define the value of assessing parental concerns in sepsis recognition in acute care settings. To the best of our knowledge this is the first review providing a comprehensive overview in the field.

The study by Van den Bruel prospectively assessed parental concerns, defined as a parental perception that the disease was different from previous illnesses (37). Despite the sample size of this well-designed study including 3982 visits to General Practitioners, Pediatricians, and Emergency Settings, the prevalence of serious infections was very low, and very few of the serious infections were reported as sepsis, hence resulting in low power for sepsis as an outcome. Despite these limitations, the performance of parental concern was clearly superior to routinely used physiological markers. The authors assessed as well the diagnostic value of clinician‘s gut feeling with serious infections and identified both parental and healthcare worker concerns as good predictors (38). Yet these findings may not necessarily reflect diagnostic performance in Emergency Department settings where patient acuity is higher. In addition, in larger Emergency Departments, a majority of parents already has gone through a selection process by community physicians and parental concern potentially may be less discriminative, restricting the generalizability of the findings by Van den Bruel.

Qualitative studies have shown that parents of children presenting with severe infections report on changes in their child‘s observed behavior ranging from altered crying or mentation, to moaning or inconsolability (43, 47), highlighting the role of parents as experts of their child‘s behavior. The value of parental involvement in healthcare decision-making and provision has been increasingly recognized in areas other than sepsis, building up on the unique position of parents being experts of their child. Structured parental education on early recognition of severe infections has become standard in the management of oncologic children and children discharged with indwelling medical devices (50, 51). While the setting fever and neutropenia may allow easier operationalization than the more vague concept of sepsis, parents of immunosuppressed children are empowered to raise concerns and are often considered part of the experts in making informed decisions about best care to their children. Importantly, in resource poor settings, maternal education has been demonstrated to lead to reduced infection-related mortality during childhood (28), likely through improved prevention and faster recognition of disease leading to earlier treatment.

At present, several campaigns incorporate parental education and empowerment on sepsis, for example the Sepsis Assessment and Management (SAM) tool in the United Kingdom (http://www.southdevonandtorbayccg.nhs.uk/your-health/Documents/sam-sepsis-leaflet.pdf). The Public Health England and the UK Sepsis Trust jointly lead a campaign to improve parental awareness and knowledge of sepsis (http://www.independent.co.uk/life-style/health-and-families/health-news/sepsis-campaign-nhs-jeremy-hunt-children-condition-what-are-symptoms-signs-child-health-a7476426.html. In New York State, education of children on sepsis has become mandatory as part of the Rory Staunton regulations (http://www.nysed.gov/curriculum-instruction/sepsis). Kerkhof et al analyzed data from over 6,000 children and assessed the predictive performance of NICE criteria and suggested future iterations should consider parental concern (52). The more recent NICE guidelines on the recognition of sepsis in children include parental concerns.

Several challenges may arise when including parental concerns as a tool to recognize sepsis: First, the prevalence of sepsis is very low across most pediatric Emergency Departments where hundreds of children present daily with non-septic febrile infections. At the same time, most parents of children with acute infections attending Emergency Departments (rather than General Practitioners) may have substantial concerns. Second, the parental understanding on the possible life-threatening nature of a disease is likely influenced by common belief (“cough” or “fever” is dangerous) rather than specific features of disease. Yet, the paternalistic approach assuming that medical practitioners and Early Warning Tools (19, 53, 54) perform superior to parents may falls short of daily challenges in the provision of medical care: the level of experience of many doctors involved in initial patient assessment may be low, and during busy periods medical staff may not always have sufficient time to assess all patients thoroughly.

Third, the need for, and the benefit of antimicrobial stewardship may not be directly evident to parents who present with a child with a mild disease yet are concerned this could be sepsis—some parents may request antibiotic therapy to prevent or treat potential progression to a severe disease (25). Indeed, a cluster randomized controlled factorial trial evaluated a brief intervention to elicit parental concern combined with safety net advice and found increased antibiotic prescribing in children allocated to this arm (55). The study findings imply that over-prescription of antibiotics needs to be considered as a balancing measure when designing interventions focusing on parental concern. Forth, a study in east Africa (56) investigated the educational background of parents in relation to presentations for pediatric illness and demonstrated that the majority of the parents had very limited knowledge of their children's health problems as assessed in the study. This illustrates the considerable cultural and educational challenges in applying parental concern-based approaches in low income settings. Finally, individual parents may have different perceptions and approaches to risks related to infectious diseases and treatment (57).

Future studies should prospectively assess the diagnostic accuracy of parental assessment of infectious disease severity across low, middle, and high income settings with particular focus on sepsis and septic shock. Further information is needed to specifically analyze the benefit of providing targeted sepsis education to parents. Given the unique role of parents as experts of their child, such interventions have in principle a substantial potential to enhance the diagnostic performance of screening for sepsis as part of a rule-in approach. Yet, such approaches needs to be balanced against the risk that creating community awareness of sepsis may lead to excessive consumption of healthcare resources for children with mild infections, and lead to unnecessary treatment. Hence, while it may be beneficial for clinicians to include questions pertinent to the level of parental concern in their assessment of the acutely ill child evaluated for infection, clinicians should be empowered to consider diagnoses other than sepsis and make an informed decision to rule-out sepsis if such is considered unlikely (25). Parents should be considered key partners in safety netting of such children where sepsis was ruled out—ongoing observation at home with the availability for prompt representation to reassess may potentially reduce adverse outcomes from late sepsis presentations.


Limitations

Several limitations of this review need to be considered. First, only one original study was identified reporting on the diagnostic accuracy of parental concerns in the recognition of sepsis, with a very small number of children meeting the outcome, and a meta-analysis could not be performed. Second, the design and quality of included articles was variable, ranging from original quantitative studies, original qualitative studies, and high quality systematic reviews to non-systematic narratives. In view of the lack of data, the review was extended to include original studies not reporting on diagnostic accuracy and reviews referring to parental concern in children with sepsis. Third, only abstracts leading to full text publications in English were considered, and this may have further reduced the yield of the search. Finally, the overview of institutional sepsis pathways represents a selection pertinent to recently published international sepsis guidelines, and jurisdictions who have reported on sepsis pathway implementation.




CONCLUSION

In conclusion, this review identified a paucity of data analyzing the role of parental concerns in recognizing sepsis. Several guidelines and institutional protocols emphasize the importance of listening to parents and utilize parental concerns as one of the trigger criteria for sepsis recognition. Parental concern needs to be considered to improve accuracy in recognizing life-threatening infections in children. Education on utilizing parental concerns to recognize sepsis has the potential to lead to better outcomes in paediatric sepsis. However, understanding parental perceptions of sepsis, and parental decision-making in seeking advice is urgently needed to inform on optimal design of education campaigns, and to assist in the design of sepsis recognition bundles. Prospective studies are needed testing the sensitivity, specificity, and negative and positive predictive value of parental concerns in sepsis in various settings, while assessing the potential impact on antibiotic and health care resource use.
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Introduction: Vancomycin remains the reference antibiotic in neonates for care-related infections caused by ß-lactam–resistant Gram-positive bacteria. Achieving the optimal serum vancomycin level is challenging because of high inter-individual variability and the drug's narrow therapeutic window. Continuous infusion might offer pharmacokinetic and practical advantages, but we lack consensus on the dosing regimen. The aim was to determine the proportion of neonates achieving an optimal therapeutic vancomycin level at the first vancomycin concentration assay and which dosing regimen is the most suitable for neonates.

Methods: All neonates receiving continuous-infusion vancomycin (loading dose 15 mg/kg and maintenance dose 30 mg/kg/d) in a neonatal intensive care unit were retrospectively analyzed. The proportion of neonates reaching the target serum vancomycin level was calculated. After reviewing the literature to identify all published articles proposing a dosing regimen for continuous-infusion vancomycin for neonates, regimens were theoretically applied to our population by using maintenance doses according to covariate(s) proposed in the original publication.

Results: Between January 2013 and December 2014, 75 neonates received 91 vancomycin courses by continuous infusion. Median gestational age, birth weight, and postnatal age were 27 weeks (interquartile range 26–30.5), 815 g (685–1,240), and 15 days (9–33). At the first assay, only 28/91 (30.8%) courses resulted in vancomycin levels between 20 and 30 mg/L (target level), 23/91 (25.3%) >30 mg/L and 40/91 (43.9%) <20 mg/L. We applied six published dosing regimens to our patients. One of these dosing regimens based on corrected gestational age (CGA) and serum creatinine level (SCR) would have allowed us to prescribe lower doses to neonates with high vancomycin levels and higher doses to neonates with low levels.

Conclusions: A simplified dosing regimen of continuous-infusion vancomycin did not achieve therapeutic ranges in neonates; a patient-tailored dosing regimen taking into account CGA and SCR level or an individualized pharmacokinetic model can help to anticipate the inter-individual variability in neonates and would have been more suitable.

Keywords: vancomycin, continuous-infusion, neonates, dosing, pharmacokinetics


INTRODUCTION

Vancomycin is a glycopeptide antibiotic frequently prescribed for neonatal care-related infections caused by Gram-positive bacteria such as coagulase-negative Staphylococci (CoNS), methicillin-resistant Staphylococcus aureus (MRSA), and Enterococci species (1). Because of the narrow therapeutic window and the lack of consensus on a toxicity threshold, determining the optimal dosing regimen for vancomycin is difficult, particularly for premature neonates, including those born before 28 weeks' gestation.

Vancomycin is a time-dependant antibiotic. It is sensitive to high inoculum effect and inhibited by biofilms (2). Its pharmacokinetics are characterized by an unbound fraction higher in neonates (about 90%) than adults and children (3), a nearly total renal clearance correlated with creatinine clearance and a half life of 3.5 to 10 h (2, 4). Vancomycin is administered intravenously because of its very low oral bioavailability. At all ages and even more so in neonates, the serum levels of vancomycin achieved feature high inter-individual variability (4). Covariates reported to influence its clearance are weight, gestational age (GA), corrected gestational age (CGA), post-natal age (PNA), co-medication with non-steroidal anti-inflammatory drugs, and serum creatinine (SCR) level, which could be interrelated (4, 5).

A ratio of 24-h area under the curve (AUC0−24h) to minimum inhibitory concentration (MIC) >400 mg.h/L for total vancomycin is considered predictive of optimal antibacterial efficiency against MRSA in adults (6). This AUC0−24h/MIC ratio is based on studies of adults using discontinuous infusion of vancomycin with a target trough level of 15 to 20 mg/L (7). In clinical practice, the AUC0−24h/MIC ratio is difficult to estimate during discontinuous infusion (8) but is easy to estimate with steady-state levels during continuous infusion with the assumption that the level is relatively stable during infusion. For instance, for S. aureus infection [modal MIC 1 mg/L, MIC breakpoint 2 mg/L (9)], a steady-state level of vancomycin ≥17 mg/L corresponds to an AUC0−24h/MIC ratio ≥400 mg.h/L. Concerning CoNS infection, consistent data for neonates in an experimental animal model suggested an optimal efficacy of vancomycin and a decrease in induced resistance with an AUC0−24h/MIC ratio >400 mg.h/L (10). These data have not been validated in human neonates. For CoNS [modal MIC 2 mg/L, MIC breakpoint 4 mg/L (9)], a steady-state level of 33 mg/L would be necessary to achieve an AUC0−24h/MIC ratio >400 mg.h/L.

Because of the lack of consensus on efficacy and toxicity thresholds and an optimal dosing regimen, vancomycin dosing regimens between centers exhibit large heterogeneity (11). Continuous administration is controversal, notably in neonates, and data are mostly extrapolated from adult studies (12). Continuous administration requires a continuous availability of line but neonates, especially preterm neonates, often have a central catheter. Furthermore, vancomycin is stable for at least 48 h and compatible with parenteral nutrition (13) and the only one practical limitation can be drug incompatibilities. However, the major advantage of continuous infusion in neonates concomitant to parenteral nutrition is practical: preventing numerous catheter manipulations could decrease the risk of catheter-related infection (14). Therapeutic levels are achieved faster with continuous infusion, without clinical superiority as compared with discontinuous infusion (15, 16). Furthermore, with continuous infusion, fewer blood samples are required to adjust the optimal dosing regimen, possibly because therapeutic levels are achieved faster (17, 18). A steady-state level can be sampled at any time, for example, concomitant to a scheduled blood test, and is easier to interpret than trough levels (17, 19).

Few data are available on continuous infusion in neonates, particularly for premature infants born before 28 weeks' gestation (5). Different dosing regimens and different target levels have been proposed; with this heterogeneity, choosing an optimal dosing strategy in neonatology is difficult. Pharmacokinetics studies tend to develop individualized pharmacokinetic models with patient-tailored dosing regimens (8, 20).

The aim of this study was to assess the efficiency of a simplified dosing regimen of continuous-infusion vancomycin (loading dose 15 mg/kg and maintenance dose 30 mg/kg/d) in a neonatal intensive care unit (NICU) in neonates with suspected care-related infections caused by ß-lactam–resistant Gram-positive bacteria. We assessed the proportion of neonates with serum vancomycin level achieving the chosen target with a first therapeutic drug monitoring. We then determined which dosing regimen, among those published, would have been the most adequate in our population.



MATERIAL AND METHODS


Population and Collected Data

We included all neonates receiving vancomycin with at least one serum vancomycin concentration assay between January 2013 and December 2014 in the NICU of Center Hospitalier Intercommunal de Créteil (France). The following data were retrospectively collected from patient charts: GA in weeks (wks) based on the best obstetrical estimate, birth weight (g), intra-uterine growth restriction (IUGR, birth weight <10th percentile for gestational age), sex, PNA in days (d), corrected gestational age (wks), current weight (g), SCR level (μmol/L) before treatment (quantified by the Jaffe method, Roche diagnostics, Indianapolis, IN, USA), serum vancomycin level (mg/L), delay between loading dose and blood sample (h), and microbiological data (results of blood cultures). No other consent than consent to usual standard care from parents was requested because the studied treatment was a standard of care. The local ethics committee of Créteil hospital approved the anonymous collection of data and their publication.



Vancomycin Dosing Regimen

Vancomycin was administered by continuous infusion via a central or peripheral catheter starting with a loading dose of 15 mg/kg over 1 h followed by a maintenance dose of 30 mg/kg/d (21). A blood sample was drawn at least 18 h after the loading dose to reach the steady state (20). Serum vancomycin level was determined by the immunoturbidimetric technique (QMS system of Vancomycin, Seradyn Inc., Indianapolis, IN, USA). If the target level was not reached in the first sample, the maintenance dose was adjusted according to clinicians' choice and a new vancomycin assay was performed at least 24 h after dose adjustment until the target level of 20 to 30 mg/L was achieved.



Assessed Outcomes

Our first goal was to determine the proportion of neonates reaching the target serum vancomycin level and to identify independent covariates associated with low or high therapeutic levels. The target level used was 20 to 30 mg/L (19).

Our second objective was to assess different continuous-infusion regimens proposed in the literature as applied to our population. We determined whether each proposed regimen would have resulted in a significantly higher, equal or lower vancomycin dose within each subgroup of our population: infants with a first therapeutic drug monitoring <20 mg/L (underdose), 20 to 30 mg/L (appropriate dose), and >30 mg/L (overdose). For each patient, we used the covariate(s) proposed in the original publication.



Literature Search

MEDLINE was searched via PubMed to identify all published articles proposing a dosing regimen for continuous-infusion vancomycin for neonates. The search was conducted in August 2018 with the following terms: neonates AND vancomycin AND (dosing OR continuous). We selected English-language articles that proposed a detailed dosing regimen for continuous infusion of vancomycin in neonates that could be reproduced in our population.



Statistical Analysis

The association between vancomycin levels and variables (GA, birth weight, PNA, CGA, current weight, IUGR, sex, timing of assay, and SCR level) was analyzed by using R 3.3.2 (http://www.R-project.org). To facilitate results' interpretation for clinicians, continuous variables were separated into dichotomous variables with cut-offs set according to the literature and commonly used categories: GA < or ≥ 28 weeks (22), CGA < or ≥ 32 weeks (22), neonate weight ≤ or > 1,000 g (23), PNA ≤ or > 14 days (24, 25), timing of assay ≤ 24 h or > 24 h (20), and SCR level < or ≥ 70 μmol/L (20, 21). Descriptive data are described with median and interquartile range (IQR) or mean (SD). Chi-square or Fisher exact test was used to determine covariates with significantly different distribution among vancomycin level subgroups (low level, target level, and high level). P ≤ 0.05 was considered statistically significant. Covariates with p < 0.1 on univariate analysis were included in a multivariate analysis. We used multinomial logistic regression to determine covariates independently related to low and high levels as compared with the target level (p < 0.05), estimating adjusted odds ratios (aOR) and 95% confidence intervals (CIs).

To compare doses proposed by each dosing regimen reported in the literature with actual doses given to our patients, we used Student t-test and report mean differences and 95% CIs.




RESULTS


Population

From January 2013 to December 2014, 75 neonates received 99 vancomycin courses by continuous infusion. Eight treatments were excluded because the neonates did not receive the dosing regimen evaluated. Patient characteristics are summarized in Table 1. Median gestational age and birth weight were 27 weeks (IQR 26–30.5) and 815 g (IQR 685–1,240); 40/75 neonates (53.3%) were born before 28 weeks' GA. Overall, 184 serum vancomycin samples were assayed, with a median of 2 (IQR 1–2.5) determinations per patient. A first blood sample was taken 18.5 to 93.5 h after the loading dose. SCR level before treatment was available for 68 patients and ranged from 15 to 116 μmol/L; for 17/68 (25%) neonates, the SCR level was >70 μmol/L.



Table 1. Demographic and clinical characteristics of neonates (n = 75) under continuous infusion with vancomycin (n = 91 therapy episodes) for care-related infections caused by ß-lactam–resistant Gram-positive bacteria.
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Microbiological Data

For 24/91 (26.4%) courses, at least one blood culture was positive: 17/91 only one positive blood culture and 7/91 (7.7%) at least two positive blood cultures. Most (67/91; 73.6%) had negative blood cultures. Bacterial species found were CoNS (17/91; 18.7%), S. aureus (3/91; 3.3%) with one MRSA, Streptococcus sp. (2/91; 2.2%), Escherichia coli (1/91; 1%), and Streptococcus pneumoniae (1/91; 1.1%). The distribution of CoNS was S. epidermidis (n = 10), S. haemoliticus (n = 2), and S. capitis (n = 5).



Serum Vancomycin Levels

Vancomycin serum levels ranged from 6.9 to 60.3 mg/L. For 28/91 (30.8%) courses, a level of 20 to 30 mg/L was achieved in the first assay; 40/91 (43.9%) had low therapeutic levels, <20 mg/L, and 23/91 (25.3%) had levels >30 mg/L. For seven (7.7%), the level was >40 mg/L. Vancomycin levels on time are displayed in Figure 1. A total of 49 neonates had a second sample assayed and for 18/49 (36.7%), serum levels were at the chosen target; three retained a level >40 mg/L. At the first assay or after dose titration, for 56/91 (61.5%) courses, the therapeutic level between 20 and 30 mg/L was reached. For those neonates, the median time to achieving a therapeutic level was 34 h (IQR 24.5–74.5).
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FIGURE 1. Serum vancomycin level (mg/L) on time (h). Horizontal lines represent the target level of 20 to 30 mg/L.





Covariates Analysis

On univariate analysis, we identified five covariates significantly related to vancomycin serum levels: PNA (p = 0.001), sex (p = 0.05), CGA (p = 0.004), current weight (p = 0.04), and SCR level (p < 0.0001) (Table 2). On multivariate analysis, only three of these covariates remained significantly associated with serum vancomycin level: PNA > 14 days (aOR = 25.6, 95% CI [3.2–201.5], p = 0.002) and CGA ≥ 32 weeks were related to low level (aOR = 48.2, 95% CI [7.0–334.6], p < 0.001) and SCR level > 70 μmol/L was associated with high level (aOR = 33.0, 95% CI [4.0–272.6], p = 0.001). There was no association between timing of vancomycin assay and vancomycin serum levels (p = 0.4) (Table 2 and Figure 1).



Table 2. Distribution of covariates by vancomycin level.
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Literature Search

The search algorithm identified 146 studies in Pubmed (144 after removal of duplicates): 51 referred to discontinuous infusion of vancomycin; 29 did not propose a detailed dosing schedule of vancomycin; 40 did not address our subject; 10 were not in English; six proposed a dosing schedule for neonates on extracorporeal life support or intraventricular injection; and two presented a preventive dosing regimen. Finally, six studies detailed different dosing regimens of continuous-infusion vancomycin for neonates (Table 3). Five studies agreed on a loading dose of 7 to 20 mg/kg to quickly reach target levels (15, 20, 21, 26, 28). Maintenance doses ranged from 10 to 60 mg/kg/d, with a unique dose of 30 mg/kg/d (21) or a dose adjusted to SCR level, CGA, birth weight, current body weight, and/or PNA (15, 20, 26–28). The proportion of patients achieving the chosen target level of 10 to 30 mg/L (21, 26), 10 to 25 mg/L (27) or 15 to 25 mg/L (15, 20) were 70.7% (20), 75% (27), 77% (15), 88% (26), 89.2% (21), respectively.



Table 3. Proposed dosing regimens from the literature.
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Dosing Regimen From the Literature Applied to Our Population

We compared mean doses and mean differences between our maintenance dose (30 mg/kg/d) and maintenance dose proposed by each dosing regimen from the literature (Table 4).



Table 4. Mean doses and mean differences (95% CIs) proposed by the six dosing regimens evaluated for each group of patients (low, target and high vancomycin levels).

[image: image]




Three dosing regimen from the literature would have proposed significantly higher vancomycin doses to neonates with a low vancomycin level, <20 mg/L: mean dose (SD) of 36.4 (8.1) mg/kg/d (27), 38.5 (9.5) mg/kg/d (15), and 48.5 (20) mg/kg/d (20). Two dosing regimens would have proposed the same dose: mean dose (SD) of 30 (0) mg/kg/d (21, 27). One dosing regimen would have proposed lower doses to neonates with low vancomycin level: mean dose (SD) of 20.6 (6.5) mg/kg/d (26) (Table 4).

For patients with a vancomycin level in the target range (20–30 mg/L), four dosing regimens would have proposed similar doses as the actual dose given to our patients: mean dose (SD) of 30 (0) (21, 27), 30.8 (8.1) (20), and 31.4 (8.3) (15) mg/kg/d. One would have proposed significantly lower doses: mean dose (SD) of 16.1 (4.6) mg/kg/d (26) and one significantly higher doses: mean dose (SD) of 32.2 (5.6) mg/kg/d (28) (Table 4).

For patients with a high vancomycin level, >30 mg/L, three dosing regimens would have proposed significantly lower doses: mean dose (SD) of 22.6 (7.3) (15), 15.7 (6.8) (26), and 24.4 (5.1) (27) mg/kg/d. Two would have proposed similar doses [25.4 (12.8) (20), and 30 (0) mg/kg/d (21)] and one significantly higher doses [33.8 (6.4) mg/kg/d (28)] (Table 4).

Finally, one dosing algorithm (15) would have proposed lower doses to patients with high levels, similar doses to those with levels in the target range and higher doses to those with low levels (Table 4).




DISCUSSION

This study presents a cohort of premature neonates receiving continuous infusion of vancomycin and is the first study comparing the six dosing regimens reported in the literature for neonates. We evaluated the proportion of patients reaching the therapeutic vancomycin range. With the dosing regimen used in our department (loading dose of 15 mg/kg and maintenance dose of 30 mg/kg/d), only 30.8% of neonates achieved target vancomycin levels of 20 to 30 mg/L, 43.9% had low therapeutic levels and 25.3% had levels >30 mg/L. These disappointing results confirm that a simplified regimen does not fit a population of neonates characterized by high inter-individual variability and the important pharmacokinetic changes in the first weeks of life (kidney maturation and changes in volume of distribution) (4).

After comparing dosing regimens proposed in the literature, the dosing regimen proposed by Patel et al. seemed the most adequate for our population. This model is easy to apply and includes cofactors of variability such as SCR level and CGA. Applied to our neonates with a target level of 20 to 30 mg/L, the model proposed significantly lower doses to neonates with high vancomycin levels and higher doses to those with low therapeutic levels. The individualized pharmacokinetic model proposed by Zhao et al. would also propose more appropriate doses to a large proportion of neonates. Indeed, it proposed significantly higher doses to neonates with low levels and lower doses to those with high levels (even if not significant, p = 0.13). This model can be adjusted to the chosen target level, which is an advantage when the clinician wants to adjust the target level to the MIC. In a previous study, a prospective validation of this model with 190 neonates showed that 72% reached the target level (15–25 mg/L) at the first therapeutic drug monitoring (29). The other evaluated dosing regimens proposed lower doses, even for patients with already low therapeutic levels (26), or higher doses, even for patients with already high levels (28). Those dosing regimen do not fit our population. An explanation could be the differences between vancomycin and serum creatinine measurement methods as demonstrated in some studies (30).

Concerns have been raised about the efficacy threshold of target concentrations because of increased vancomycin MICs with CoNS infection (4) and toxicity issues. According to the European Committee on Antimicrobial Susceptibility Testing (9), the modal MIC is 2 mg/L for CoNS and 1 mg/L for S. aureus infections. To reach the AUC0−24h/MIC ratio >400 mg.h/L as advised, a steady-state level >33 mg/L for CoNS infection and >17 mg/L for S. aureus infection would be needed to reach optimal efficiency and limit resistance (2, 18, 21). S. aureus infections are characterized by severe clinical presentation and metastatic risk (31). CoNS infections, with central line catheters, are rarely metastatic and have less severe clinical and biological presentations, but therapeutic failure can be attributed in part to biofilms produced (32). Moreover, the AUC0−24h/MIC target >400 mg.h/L was developed for MRSA infections, so a CoNS-specific pharmacodynamic target should be established, especially for neonates (33). Hence, for CoNS, an initial level < 30 mg/L could be sufficient despite a high MIC.

Concerning the upper threshold of the target concentration, a study of adults showed an AUC0−24h >1,300 mg.h/L, corresponding to a steady-state level >55 mg/L, associated with increased risk of nephrotoxicity (34). Adult and pediatric studies suggest that without reaching such high levels, an upper threshold might be about 30 mg/L (35) (AUC0−24h 700 mg.h/L), which might be increased to 37.5 mg/L (AUC0−24h 900 mg.h/L), an adequate threshold in terms of risk for bacteria with a MIC of 2 mg/L (36, 37). In our study, for two neonates, the SCR level was higher after than before treatment, but linking the accountability to vancomycin was difficult (one neonate in a context of perinatal asphyxia and the other with multiorgan failure in a context of extreme prematurity). Studies of vancomycin-associated nephrotoxicity in neonatology conclude that the condition is rare and reversible and proof of a dose–toxicity relationship is lacking, even with levels >30 mg/L or associated with an aminoglycoside (38). However, careful monitoring should be carried out especially in high-risk neonates with nephrotoxic comedication (non-steroidal anti-inflammatory drugs, diuretics), with low birth weight or with severe illness (sepsis, patent ductus arteriosus).

CGA and high SCR level have been linked to interindividual variability in vancomycin levels, along with other covariates such as weight, PNA, GA, ventilation type, and co-treatments (4). However, residual variability remains despite accounting for these factors. Thus, therapeutic drug monitoring still seems necessary. The usual timing for vancomycin drug monitoring is at least 18 to 24 h after the initation or modification of treatment (20). Dosing adjustment was not satisfactory in our study, with 63% of levels in secondary samples remaining outside of the target. A method based on a linear relationship between the maintenance dose and steady-state level has been proposed: adjusted dose = maintenance dose × target level/last vancomycin level (19, 20).

Our study has several limitations. First, it was a retrospective study that can imply imprecision in recorded data. Second, SCR level was available before treatment for only three-quarters of the neonates, which prevented us from applying published dosing regimens to all our patients. Following this study, creatinine measurement became mandatory to manage vancomycin treatment in our department. Another limitation is the lack of documentation of MICs of bacteria, with 74% of blood cultures remaining negative. Therefore, we could not evaluate the proportion of MICs >1 mg/L that would require higher vancomycin levels. Finally, even if other studies already described the use of continuous infusion vancomycin in neonates, our cohort mainly contained extremely premature neonates <28 weeks' GA, a very challenging population.



CONCLUSIONS

Continuous-infusion vancomycin for neonates offers a practical and pharmacokinetic interest. The use of a dosing regimen taking into account CGA and SCR level or an individualized pharmacokinetic model can help to anticipate the inter-individual variability in neonates and seems more adapted than a simplified dosing regimen. Validation of a dosing regimen in a controlled trial with a large number of patients would allow to evaluate performances in achieving target levels and for better assessment of short- and long-term toxicity. Despite a patient-tailored dosing regimen, therapeutic drug monitoring still seems necessary.
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Sickle cell disease (SCD) results in chronic hemolytic anemia, recurrent vascular occlusion, insidious vital organ deterioration, early mortality, and diminished quality of life. Life-threatening acute physiologic crises may occur on a background of progressive diminishing vital organ function. Sickle hemoglobin polymerizes in the deoxygenated state, resulting in erythrocyte membrane deformation, vascular occlusion, and hemolysis. Vascular occlusion and increased blood viscosity results in functional asplenia and immune deficiency in early childhood, resulting in life-long increased susceptibility to serious bacterial infections. Infection remains a main cause of overall mortality in patients with SCD in low- and middle-income countries due to increased exposure to pathogens, increased co-morbidities such as malnutrition, lower vaccination rates, and diminished access to definitive care, including antibiotics and blood. Thus, the greatest gains in preventing infection-associated mortality can be achieved by addressing these factors for SCD patients in austere environments. In contrast, in high-income countries, perinatal diagnosis of SCD, antimicrobial prophylaxis, vaccination, aggressive use of antibiotics for febrile episodes, and the availability of contemporary critical care resources have resulted in a significant reduction in deaths from infection; however, chronic organ injury is problematic. All clinicians, regardless of their discipline, who assume the care of SCD patients must understand the importance of infectious disease as a contributor to death and disability. In this concise narrative review, we summarize the data that describes the importance of infectious diseases as a contributor to death and disability in SCD and discuss pathophysiology, prevalent organisms, prevention, management of acute episodes of critical illness, and ongoing care.
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INTRODUCTION

Human hemoglobin is a tetramer comprising two alpha (α) and two non-α globin chains that envelop oxygen-carrying heme moieties. Normal hemoglobin is composed of hemoglobin A (95% of total hemoglobin), which contains two α-chains and two beta (β)-chains, hemoglobin A2, which is composed of two α-chains and two delta (δ)-chains (1–4%), and fetal hemoglobin, which consists of two α-chains and two gamma (γ)-chains (70–90% at birth, with a subsequent decline through the first 6 months of life).

The sickle cell disease (SCD) phenotype is the result of the substitution of valine for glutamine at the 6th amino acid position of the β-chain. Hemoglobin that incorporates this amino acid substitution is referred to as sickle hemoglobin (HbS). Patients who are heterozygous at this locus have sickle cell trait (HbAS) and are largely asymptomatic, whereas patients homozygous for the sickle β-chain mutation have sickle cell anemia (HbSS). Patients who inherit the sickle β-chain mutation along with other distinct β-chain mutations such as sickle β-thalassemia (HbSβ0 or HbSβ+ thalassemia) or hemoglobin C (HbSC disease) also exhibit the SCD phenotype. Patients with HbSS and HbSβ0 experience severe symptoms, whereas patients with HbSC and HbSβ+ are generally less affected.

SCD has a worldwide distribution. It is estimated that 300,000 infants are born annually with SCD, most in sub-Saharan Africa (1, 2). In the United States, 1 in 2,500 live births are afflicted with SCD (3), and it is estimated that 100,000 patients with SCD live in the United States (4). However, patients living in high-income countries (HICs) account for only 10% of the world's SCD population (5). The African continent, in particular, bears the burden of SCD, where the United Nations estimates that 12–15 million of the world's 25 million SCD patients live (6). Childhood mortality among SCD patients is highest between 6 months and 3 years of age (5–8), and it is estimated that 75% of all babies born with SCD are born in Africa where the mortality rate for children under 5 is estimated to exceed 50% (5, 9). The worldwide distribution of SCD is illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Number of newborns with Sickle Cell Anemia is Each Country in 2015. Data are based on estimates from Piel et al. Alaska is shown separately from the rest of the United States. Used with permission from Piel FB, Steinberg MH, Rees DC. Sickle cell disease. N Engl J Med (2017) 376:1561-1573.


Immune function in pediatric SCD patients is impaired for a variety of reasons, including deficient splenic clearance of opsonized encapsulated bacteria (10, 11). This results in a propensity to infection by encapsulated bacteria such as Streptococcus pneumoniae, Haemophilus influenzae, Salmonella typhi and non-typhi, and Meningococcal species. In sub-Saharan Africa, one-half of patients with SCD die from infection before the age of 5, and children with SCD are >50 times more likely to suffer from invasive pneumococcal disease (12–16).

Early childhood SCD mortality has been dramatically reduced in HICs due to neonatal SCD screening, the provision of vaccination and prophylactic antibiotics, the aggressive early use of intravenous antibiotic therapy for febrile episodes, and the availability of contemporary pediatric critical care services. SCD patients in HICs commonly live into the fourth decade and beyond (17–19), during which time they accumulate chronic injury to their cardiovascular, central nervous, renal, pulmonary, and musculoskeletal systems.

SCD is a multisystem disease characterized by disordered hemoglobin structure, aberrant endothelial interactions, systemic inflammation, oxidant stress, and activation of the coagulation system. These derangements result in a tenuous physiology susceptible to infection-mediated acute crises, including splenic sequestration, acute chest syndrome, stroke, aplastic and vaso-occlusive crises, long-term disability, and death.

Herein, we discuss aspects of severe infections in children with SCD, including burden pathophysiology, prevention, therapy, and outcomes.



MATERIALS AND METHODS

The PubMed and Google Scholar databases were queried for English-language original research, literature reviews, systematic reviews, case reports, and meta-analyses relevant to the epidemiology, outcomes, prevention, treatment, and pathophysiology of infectious complications in SCD patients. Search terms included combinations of the following terms; sickle cell disease, sickle, chronic, organ dysfunction, hemoglobinopathy, pathophysiology, bacteria, bacterial, virus, viral, parasitic, malaria, sepsis, pneumococcal, invasive, Haemophilus, Streptococcus, Salmonella, HIV, tuberculosis, infection, complications, pneumonia, osteomyelitis, meningitis, bacteremia, vaccination, spleen, splenic, opsonization, prophylaxis, prevention, guidelines, recommendations, and immunization. Publications identified by the primary search were reviewed, and additional references were retrieved from the bibliographies of the articles identified by the primary search. The publications most appropriate to the pre-selected topics to be covered in this concise review were selected for inclusion.



PREDISPOSITION TO INFECTION

Patients with SCD are prone to infection for a variety of reasons that include splenic dysfunction, defects in opsonization of encapsulated organisms, impaired adaptive immunity, and immune deficiencies associated with malnutrition. The factors that contribute to immune deficiency in patients with SCD are summarized in Table 1. Indeed, malnutrition and the onset of splenic dysfunction early in life results in life-long deficiencies in innate, humoral, and cellular immune function.


Table 1. Summary of immune system dysfunction and mechanisms leading to increased susceptibility to infections in patients with sickle cell disease.
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Splenic Dysfunction

The spleen is primarily responsible for filtering circulating pathogens and promoting innate and adaptive immune functions. Bacterial killing by macrophages is hampered because microbial opsonization with antibodies and/or complement, a prerequisite for the destruction of encapsulated bacteria, is impaired (21, 22, 30). Macrophages also present microbial antigens to T-lymphocytes, which in turn stimulate B-lymphocytes to produce high-affinity antibodies required for opsonization of encapsulated bacteria (31, 32).

Splenic dysfunction, including impaired filtration, deformation, and stagnation of red blood cells, and shunting, begins in infancy and is reflected by the presence of Howell-Jolly bodies in the peripheral blood (33). Chronic vaso-occlusion and ischemia damage the structure and function of the spleen, resulting in auto-splenectomy by 3–5 years of age, but functional asplenia and the resultant susceptibility to serious bacterial infection is present even earlier in childhood (34).



Opsonization

Splenic opsonization is impaired due to deficient immunoglobulins and impaired production of the opsonins required for bacterial destruction. Efficient opsonization relies on the complement cascade, which is activated by classical and alternative pathways and kills invading microbes by inserting pores into their cell membranes (35, 36). In SCD, the insufficient availability of splenic immunoglobulin (Ig) M results in impaired opsonization and diminished classical pathway activation. Other opsonins, including tuftsin, which are produced in the spleen and needed for the activation of granulocytes, macrophages, and monocytes, are decreased in patients with SCD, suggesting a role for the spleen in their production (23, 24). Similarly, deficient levels of complement factor B, a protease that binds to C3b and amplifies the alternative complement pathway, is deficient, likely due to consumption from clearing sickled erythrocytes (37–39).



Lymphocytes

Children with SCD are also vulnerable to atypical bacteria and viruses, suggesting other defects in immunity. B- and T-cell lymphocyte function are impaired in SCD, resulting in inadequate memory B-cell function and T-cell–independent production of natural anti-polysaccharide antibodies (25, 40, 41). The IgM antibody response to the influenza vaccine is also diminished in SCD patients (41). Circulating CD4+ and CD8+ T-lymphocytes are reduced in patients with SCD, and their differentiation into mature lymphocytes is adversely affected (26). This results in a diminished humoral immune response (referred to as Th2) or a cell-mediated immune response (referred to as a Th1 response) by CD4+ T-lymphocytes. Polarization of naive CD4+ cells away from an effective cell-mediated immunity effector stance may explain the development of severe influenza virus infections in children with SCD (42).



Other Factors

Sluggish blood flow through the bone and bone marrow promotes bone ischemia, necrosis, and increased susceptibility to Salmonella osteomyelitis (27). Nutritional deficiencies impair the immune system in children with SCD. Deficiencies of macro- and micronutrients are present in children with SCD due to mechanisms that may include diminished caloric intake, elevated resting metabolic rate, increased red cell synthesis, elevated protein turnover, dysregulated inflammation, and increased myocardial energy demands (43). Micronutrient deficiencies have been implicated in increased susceptibility to infections and increased frequency of SCD-specific complications.

Low serum immunoglobulin levels are a commonly reported immune abnormality in malnourished children. Zinc deficiency develops as a result of poor dietary intake, high protein turnover, and increased losses from the kidneys due to inadequate reabsorption (44). Zinc deficiency has been linked to lymphopenia, reduced IL-2 production (required for adequate development of cell-mediated immunity), and is associated with deficient coordination of the innate and adaptive immune systems (28, 29). Zinc supplementation in SCD children has been demonstrated to improve somatic growth (45, 46), and supplementation of vitamins A, B, and magnesium has been demonstrated to decrease the frequency of infection, painful crisis, and emergency department visits (47, 48).




INFECTIOUS COMPLICATIONS

Infectious pathogens of relevance to patients with SCD include bacteria, viruses, parasites, and mycobacteria. Table 2 presents a summary of the features of common infections seen in SCD patients. Empiric antibiotic treatment for bacterial infections are summarized in Table 3 and should be tempered by the local epidemiology and resistance patterns of bacterial pathogens.


Table 2. Most common pathogens in patients with sickle cell disease, including those living in austere environments.
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Table 3. Prophylaxis for the most common pathogens in patients with sickle cell disease, including those living in austere environments.

[image: Table 3]


Bacterial Pathogens in SCD and Associated Anatomical Sites

Bacteremia and sepsis are commonly detected in SCD patients. In some series, bacteremia accounted for 10–32% of febrile illnesses (49, 52, 69, 70). In Africa, bacteremia was found in 14–32% of children with SCD, a greater incidence than is observed in HICs (49, 69, 70). In contrast, in 165 Jamaican patients, only 6% of the episodes was caused by bacteremia, but 10% of the bacteremic patients died from their infections (71). Mortality from septicemia reaches 35–50% in infants and young children (50).

Prior to the use of augmented vaccination schedules and routine penicillin prophylaxis, S. pneumoniae caused the majority of cases of severe sepsis, followed by Neisseria meningitidis, H. influenzae, and Escherichia coli (11, 50, 72, 73). The epidemiology of bacterial infections and sepsis varies with geographic and socioeconomic circumstances, and includes consideration of Staphylococcus aureus, Salmonella species, and Bacteroides species, and other Gram-negative enteric bacilli (49, 51). Short- and long-term intravascular catheters are a common risk factor for bacteremia (74, 75).

Studies in several African countries showed Gram-negative bacteria can cause >50% of bacteremic episodes in children with SCD, with Klebsiella pneumoniae (25%), Salmonella species (12.5%), and other Gram negatives (25%) were detected more often than Gram-positive bacteria such as S. aureus (25%) and S. pneumoniae (6.3%) in one such study (49, 76, 77). The reasons for differing epidemiologic results in these studies are unclear but may be due to (a) higher carriage of other microorganisms, (b) liberal use of antibiotics before hospital admission, which influences culture results (mainly penicillin derivatives, often available without prescriptions), (c) difficulties of identifying the cause of infection by routine cultures or polymerase chain reaction in resource-limited settings and, (d) early extra-hospital deaths of children with fulminant infections with encapsulated bacteria (49, 76–80).

Taken together, these data suggest that bacteremia is common in SCD patients in all socioeconomic envirnonments. Bacteremia is associated with significant morbidity and mortality. It is essential to treat it with antibiotics that cover Streptococcal, Haemophilus, and Salmonella species, but it is also necessary to consider coverage for Staphylococcal species and Gram-negative enteric bacteria, depending on local data.

Meningitis is caused by S. pneumoniae (70–75% of cases), H. influenzae, and N. meningitidis. Salmonella species, E. coli, and other Gram-negative enteric bacteria also cause meningitis in children with SCD and must be considered in the differential diagnosis. Mortality has been reported as 10–20% for meningitis (11, 52). Meningitis in SCD generally presents and progresses similarly to meningitis in children <5 years of age without SCD (52). However, meningitis in children with SCD may predispose to stroke, a common complication of SCD (52–54).

Pneumonia is commonly due to S. pneumoniae in younger children, and Chlamydia pneumoniae, Mycoplasma pneumoniae, Mycoplasma hominis, and S. aureus (and to a lesser extent Legionella species) in older children and adults (11, 57–59). Pulmonary infection is one of the principal triggers for acute chest syndrome, and it is often difficult to distinguish patients with acute chest syndrome from those with pneumonia or those who have both. Of 670 acute chest syndrome episodes analyzed during a 4-year period, 45.7% had an unknown cause, 29.4% were attributed to infection, 16.1% to infarction, and 8.8% to fat embolism (57). In an analysis of 292 acute chest syndrome episodes in which a cause could be determined, infection was responsible for one-half of the cases, and of these, 25% were caused by a Chlamydia species, 22% were caused by Mycoplasma species, and 22% were caused by viruses (57).

Osteomyelitis occurs in between 0.5 and 16% in children and adults with SCD (60, 61, 63, 81). Salmonella species and S. aureus are the most common infectious etiologies of acute osteomyelitis (42–57%) in North America (52, 60). Salmonella species are the most common pathogen in West Africa and Saudi Arabia (52, 62). Salmonella typhi (the only encapsulated Salmonella species), Salmonella non-typhi species, Gram-negative enteric bacteria, and S. aureus can all cause osteomyelitis (64). It is often challenging to differentiate vaso-occlusive crisis with bone involvement from osteomyelitis on the basis of imaging or laboratory studies. Osteomyelitis commonly affects the diaphysis of the femur, tibia, or humerus. However, any bone can be affected, and it may be multifocal after hematogenous spread (60, 67, 81). The etiologic organism can be identified by blood culture, aspiration of bone lesion, or bone biopsy (67, 72). Septic arthritis may complicate osteomyelitis and osteonecrosis in children with SCD, and the causative bacteria are similar to those of osteomyelitis (65, 67). Mycobacterial infection and fastidious pathogens such as Kingella kingae (which can be pursued with molecular testing) may be the reason for sterile cultures.

Urinary tract infection (UTI) prevalence in SCD patients ranges from 6 to 26% and is more common in children with SCD than healthy children (82). Vaso-occlusion within the vasa rectae of the inner medulla causes ischemia, renal infarction, papillary necrosis, and scarring of the renal medulla, which promotes UTI (83). Many episodes of Gram-negative septicemia in SCD are secondary to UTI (82–84). In a recent U.S.-based study, UTI was a common reason for fever in SCD children (70). Thus, screening with urinalysis and urine culture during febrile illnesses is important in SCD children, particularly young children ≤2 years of age (70, 84, 85).

Abdominal pain with fever is common among patients with SCD and its prevalence increases with age and severity of hemolysis (83). Abdominal pain, nausea, vomiting, fever, and jaundice are common presenting symptoms of cholecystitis. In a recent cross-sectional, hospital-based study of SCD patients, 92.3% of patients with cholecystitis were older than 5 years (86). The pathogens of concern in cholecystitis include enteric Gram-negative pathogens, Enterococci, and anaerobic bacteria. Piperacillin-tazobactam and carbapenem antibiotics are considered first-line therapies. Surgical consultation is needed for decompression (surgical-, percutaneous-, or endoscopic retrograde cholangiopancreatography-placed stent/drains) or open or laparoscopic cholecystectomy. Abdominal pain with fever is also characteristic of infection with S. typhi (Typhoid fever), Dengue viruses (Dengue fever), and Yersinia enterocolitica (thought to be related to the unusual use of iron by this microorganism). Y. enterocolitica has been associated with intussusception in a patient with sickle cell anemia (66).

The oral cavity is a source of infectious and non-infectious complications. Orofacial pain in SCD patients may be due to vaso-occlusion in the facial bones and dental pulp, or osteomyelitis of the facial bones. Osteomyelitis is more likely to occur in the mandible due to the relatively poor blood supply in this area. Pathogens responsible for facial osteomyelitis come from the gastrointestinal tract (cholecystitis or gastroenteritis) by hematogenous spread (87). Salmonella is a common etiology for facial osteomyelitis, but mixed flora and S. aureus also account for a substantial percentage of cases (87, 88). It is often difficult to differentiate early bone infarction from osteomyelitis. Blood culture, magnetic resonance imaging, and bone aspiration/biopsy may be diagnostic. Colonization of the oropharynx with non-albicans Candida species and unusual fungi has been observed in patients with SCD, suggesting that penicillin may affect the balance of oral flora (89).



Viral Pathogens in SCD

Respiratory viruses (e.g., respiratory syncytial virus, influenza viruses, rhinovirus, human metapneumovirus, parainfluenza viruses) can trigger significant complications in patients with SCD, including acute chest syndrome, bacterial superinfection, aplastic crisis, splenic sequestration, and painful vaso-occlusive crisis (55, 57, 90). Viral respiratory pathogens promote the development of acute chest syndrome by inducing lung inflammation, injury to the microvasculature of the lung, airway hyper-reactivity, mismatch of ventilation and perfusion, and in some instances, secondary bacterial infection (commonly with S. aureus or S. pneumoniae) (91–93).

Other viruses such as Parvovirus B19, hepatitis B, hepatitis C, Epstein-Barr Virus, influenza, dengue, and human immunodeficiency virus (HIV) cause significant morbidity for SCD patients worldwide (11, 50, 56). Parvovirus B19 causes transient aplastic crisis in 65–80% of infections in SCD patients. It specifically infects erythroid progenitor cells, resulting in a temporary cessation of erythropoiesis and leading to severe anemia (94). Parvovirus B19 has also been associated with the development of acute chest syndrome, splenic and hepatic sequestration, bone marrow necrosis, pain crisis, and stroke (94). Epstein-Barr Virus infection can cause splenic rupture, thrombocytopenia, agranulocytosis, hemolytic anemia, and hemophagocytic lymphohistiocytosis in SCD. SCD individuals are at high risk for complications from influenza infections; they are hospitalized for influenza at a rate 56 times that of children without SCD (56). The liver may be adversely affected by hepatitis B and C, and HIV infections (72). In resource-challenged areas of the world, the blood supply is a major source of these infections, but unsafe injections given by untrained/informal providers and surgical practices such as circumcision and female genital mutilation are additional sources of hepatitis C transmission (95). The worldwide prevalence of hepatitis C and B infections among SCD patients ranges from 2 to 30% (96) and 1.5–18.9%, respectively (96, 97).

The prevalence of HIV seropositivity in SCD patients varies between 0 and 11.5% (98). Few data are available regarding the impact of coexistent HIV infection and SCD but both diseases increase the risk for stroke, splenic dysfunction, avascular necrosis, and pulmonary arterial hypertension (98). SCD patients with HIV may be more susceptible to infection with encapsulated bacteria as well as opportunistic pathogens. In a U.S. hospital-based study, SCD with HIV infection conferred a greater risk for hospitalization for bacterial infection and sepsis but less risk for vaso-occlusive crisis. Inpatient case fatality data for children with SCD and HIV were not different from that of children with SCD alone but fatalities were lower than those of children with HIV infection only (99). SCD may confer protection against HIV infection because of upregulation of inflammation, iron metabolism, and auto-splenectomy, which are not favorable for HIV replication (98).

A final concern emerging among viral pathogens is the significant overlap of the mosquito-borne dengue viruses (DENV 1–4) in geographic areas of the world where SCD is endemic. These include the Caribbean, Central and South America, areas of Africa and the Middle East, Asia, and Oceania (100, 101). Dengue hemorrhagic fever is a viral infection that is characterized by headache, fever, abdominal pain, bleeding, myalgias, and loss of capillary integrity with extensive third-space fluid losses, resulting in hypovolemia and death. Sickle cell patients, because of their intolerance of hypovolemia and proclivity to endothelial cell activation, are at increased risk to die from this viral infection (101, 102).



Parasites

Malaria is caused by a protozoan parasite from the Plasmodium family that is transmitted by the bite of the Anopheles mosquito, a contaminated needle, or a blood transfusion. The sickle cell trait is believed to confer a protective effect against severe, life-threatening malaria because sickled erythrocytes are readily cleared by splenic macrophages (11, 72, 103). The effect of malaria on morbidity and mortality in homozygous SCD patients however is severe, with mortality in the SCD population significantly increased when compared to malaria in persons without SCD (104, 105). Studies in two African nations demonstrated that the incidence of malaria was not increased among patients with SCD, but that the risk of death was much higher in malaria patients with SCD when compared to those without SCD (106–108).

Parasitic infections are a common problem in developing countries, and can increase morbidity in patients with SCD. In a Nigerian study of 100 SCD patients, 27% were found to be infected with intestinal parasites that included four helminths (Ascaris lumbricoides, Ancylostoma duodenale, Trichuris trichiura, and Strongyloides stercoralis) and three protozoa (Entamoeba histolytica, Entamoeba coli, and Giardia lamblia) (109). Intestinal parasites increase the severity of anemia and the need for transfusion (109). Finally, urinary schistosomiasis is an endemic disease in rural and urban communities in Africa. Schistosomiasis infection in patients with SCD is associated with increased reticulocyte count and lower hematocrit due to urinary blood loss. In addition, urinary schistosomiasis can promote secondary bacterial UTI (110).



Mycobacteria

M. tuberculosis and SCD are prevalent co-morbidities in austere environments, and features of tuberculosis in children with SCD are comparable to those in the general population with favorable outcomes with standard treatment (111).




INFECTION PROPHYLAXIS

Perhaps the greatest reductions in infectious morbidity and mortality have occurred as a result of advances related to the administration of antibiotic prophylaxis, vaccination, and the prompt administration of parenteral antibiotics during febrile illness. Indeed, the rationale for the perinatal screening of infants for SCD is to facilitate participation in these preventive measures. Table 3 summarizes the recommended antibiotic prophylaxis and vaccination schedules for the prevention of infections in SCD patients.

Before the advent of penicillin prophylaxis, the incidence of invasive pneumococcal disease was 6 episodes/100 patient years, with a peak in the first 3 years of life. Pneumococcal polysaccharide vaccine markedly reduces the risk of invasive pneumococcal disease in children receiving daily prophylactic penicillin (112). However, whether prophylaxis should be continued throughout adulthood is uncertain. Most pediatric hematologists recommend stopping prophylaxis at 5 years of age (112–114). Similarly, the role of penicillin prophylaxis in patients with HbSC, HbS-β+ thalassemia, and other compound heterozygotes is controversial. Current evidence-based guidelines from the National Heart, Lung, and Blood Institute (115) recommend oral penicillin prophylaxis [(125 mg for age <3 years and 250 mg for age 3 years and older) twice daily until 5 years of age in all children with homozygous SCD (Hb SS)]. These guidelines endorse the discontinuation of penicillin at 5 years of age if there is no history of invasive pneumococcal disease or surgical splenectomy and pneumococcal vaccination is adequate (115).

The heptavalent pneumococcal conjugate vaccine (PCV7) introduced in 2000 led to a further 70% decrease in the incidence of invasive pneumococcal disease (116), with more recent studies suggesting that the PCV13 vaccine introduced in 2010 has further reduced the incidence of serious pneumococcal disease (117, 118). Current standard practice should include the initiation of daily prophylactic penicillin by 2 months of age and the completion of the pneumococcal vaccine series (both PCV13 and pneumococcal 23-valent vaccine) by 5 years of age before the discontinuation of prophylactic penicillin. Some centers recommend pneumococcal polysaccharide vaccine boosters every 5 years, although this practice has not been endorsed by any set of evidence-based guidelines (68). In addition to standard immunizations recommended by the Advisory Committee on Immunization Practices, children with SCD should also be immunized against meningococcal disease and receive the annual influenza vaccine.

Because of the risk of invasive pneumococcal disease, any fever (typically defined as 38.5°C or higher) is treated as a medical emergency in children with SCD. National Heart, Lung, and Blood Institute Guidelines (115) recommend the urgent evaluation of all febrile episodes, including physical examination, complete blood count, and blood culture. Hospitalization for observation is sometimes necessary but most patients with SCD evaluated for fever without a source who lack certain high-risk features (white blood cell count >30,000/mm3 or <5,000/mm3, fever >40°C, “ill-appearing”) can be managed safely as an outpatient after intravenous administration of an empiric, anti-pneumococcal antibiotic that also provides Gram-negative enteric coverage (e.g., ceftriaxone) as long as other SCD-related complications (such as acute chest syndrome) have been excluded. The average time to positive blood cultures for children with SCD and bacteremia is <24 h (119), thus a single dose of ceftriaxone is probably sufficient in most cases of outpatient management.

In low- to middle-income countries, provision of prophylaxis for endemic infections, including malaria and dengue, should be considered. SCD patients traveling to or living within areas endemic for malaria and dengue fever would benefit from meticulous use of maximal mosquito protection techniques and malaria chemoprophylaxis (101, 105). Additionally, malaria prophylaxis should be considered for patients with SCD visiting endemic regions (105, 120). Long-term malaria chemoprophylaxis has been shown to lower the incidence of crisis and to reduce mortality, but few studies have evaluated its benefit, particularly in SCD (106). A recent Cochrane review reported that malaria prophylaxis reduces the frequency of sickle cell crisis, hospital admission, blood transfusion, and anemia severity but suggested further studies to compare antimalarial prophylaxis medications and to better characterize potential adverse outcomes of long-term prophylaxis (120). It is not known how antimalarial drug resistance affects its efficacy (121). New consensus guidelines for chemoprophylaxis of SCD remains a priority.

Two Salmonella typhi vaccines (oral live-attenuated Ty21a and inactivated Vi capsid polysaccharide for persons >6 and >2 years of age, respectively) are available in the United States typically for travelers to endemic typhoid fever areas. Their efficacy in persons with SCD is unknown (122, 123). Both vaccines are allowed for indication, since for vaccine purposes, persons with SCD are considered to have a medical condition with limited immune deficit (asplenia) (Centers for Disease Control and Prevention: https://wwwnc.cdc.gov/travel/yellowbook/2020/travelers-with-additional-considerations/immunocompromised-travelers). However, if age appropriate, the oral vaccine is recommended over the injectable vaccine, which has more known side effects. A recent phase 3 trial of a typhoid conjugate vaccine in Nepal demonstrated excellent immunogenicity, significantly reduced Salmonella typhi bacteremia, and had a similar frequency of adverse events as the group A capsular antigen Meningococcal vaccine that was used as a control vaccine (124).

A summary of considerations for persons with SCD traveling to or living in austere environments is also provided in Tables 3, 4. The United States Centers for Disease Control (https://wwwnc.cdc.gov/travel/yellowbook/2020/travelers-with-additional-considerations/immunocompromised-travelers) provides a website and book for travel medicine specialists that offers guidance for vaccination and medical prophylaxis for prevalent and endemic infections based on the location of rural or urban destination, recent outbreaks, length of stay, age and immune competency of the traveler, and other variables.


Table 4. Recommendation for patients with sickle cell disease traveling to austere countries*.
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Vaccination and penicillin prophylaxis are effective. In developed nations where children with SCD are identified by newborn screening programs and receive recommended prophylactic treatment with penicillin and an augmented immunization schedule, rates of bacteremia have been shown to be <1% (127). In resource-challenged socioeconomic environments, the priorities remain: (a) clarification of the spectrum of bacterial pathogens relevant to SCD patients in specific geographic regions, (b) implementation of comprehensive perinatal SCD screening, and (c) implementation of vaccination and antibiotic prophylaxis programs appropriate for the bacterial epidemiology of the region.



TREATMENT OF LIFE-THREATENING INFECTIONS

Bacteremia presents on a continuum of severity that ranges from indolent to fulminant. The incidence of bacteremia varies from 6 to 25% and progresses to life-threatening disease in 10–25% of children in reports from both HICs and low- to middle-income countries.

These data suggest that bacteremia is not the most common cause of fever in persons with SCD and remains life threatening in a significant percentage of patients despite aggressive treatment. It is reasonable to assume that deficiencies in vaccination, antibiotic prophylaxis, rapid hospital transport, intravenous antibiotics, blood supply, microbiologic diagnostic techniques, and critical care capacity in austere environments serve to increase morbidity and mortality from bacteremia. Indeed, mortality rates of 35–50% from septicemia have been described (50).


Infection and the Pathophysiology of SCD

Deoxygenation of HbS alters the structure of the β-chain of hemoglobin, resulting in reduced solubility, hemoglobin polymerization, and diminished membrane flexibility (128–130). Distortion of globin chains and exposure of intracellular heme iron intensifies intracellular oxidant stress, cell membrane damage, and erythrocyte dehydration (129, 130). Vascular occlusion, tissue ischemia, and a cascade of systemic inflammation activate endothelial cells to interact with erythrocytes, activated leukocytes, the coagulation cascade, and activated platelets (131–143). Potent vasoconstrictors are liberated from the endothelium in response to injury (131–145). These events result in endothelial dysfunction, inflammation, and tissue ischemia, which correlates with SCD symptom severity (146, 147). The clinical presentations of SCD-specific complications and serious infections can overlap. Care of the critically ill SCD patient must address infection while supporting the underlying pathophysiology of the disease to prevent or mitigate SCD-related complications. These interactions are summarized in Figure 2.


[image: Figure 2]
FIGURE 2. Hemolysis-associated hemostatic activation. Intravascular hemolysis releases hemoglobin into plasma which quenches nitric oxide (NO) and generates reactive oxygen species (directly via fenton chemistry or via induction of xanthine oxidase and NADP oxidase). In addition, arginase I is released from the red blood cell during hemolysis and metabolizes arginine, the substrate for NO synthesis, further impairing NO homeostasis. The depletion of NO is associated with pathological platelet activation and tissue factor expression. Hemolysis and splenectomy are also associated with phosphatidylserine exposure on red cells which can activate tissue factor and form a platform for coagulation. Used with permission from Gladwin MT, Kato GJ. Hemolysis-associated hypercoagulability in sickle cell disease: the plot (and blood) thickens! Haematologica (2008) 93:1-3.


Chronic endothelial inflammation and dysfunction cause progressive vital organ system deterioration over time. Relevant organ system considerations for critical care management are summarized in Figure 3.
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FIGURE 3. Common clinical complications of sickle cell disease. Data are from Rees et al. and Serjeant. Acute complications are shown in boldface type. Used with permission from Piel FB, Steinberg MH, Rees DC. Sickle cell disease. N Engl J Med (2017) 376:1561-1573.


SCD produces changes in the cardiovascular system of children, including diastolic dysfunction and left and right ventricular dilation, usually with preserved systolic function (148–150). Left ventricular systolic function may be impaired in adulthood in patients with renal disease and longstanding hypertension (151). Pulmonary artery hypertension develops for reasons that are multi-factorial and may reflect the intrinsic elevation of pulmonary vascular resistance or left ventricular dysfunction with normal pulmonary vascular resistance. The development of chronic pulmonary hypertension is an ominous finding associated with the increased occurrence of multi-organ system failure and premature mortality (152–155).

The pulmonary system is adversely affected by SCD. Younger patients may have mild restrictive lung disease, whereas adults with SCD can develop a severe form of restrictive lung disease referred to as sickle cell chronic lung disease. Asthma carries great clinical significance in SCD as its presence is associated with more frequent episodes of acute chest syndrome early in life and increased mortality and reduced lifespan in adulthood (156, 157).

The renal system suffers repeated ischemic insults in the hypertonic medulla that result in impaired urinary-concentrating ability (158). Dialysis and renal transplantation are sometimes necessary in adulthood. The intensivist managing critically ill SCD patients must be mindful to maintain hydration, intake and output, acid-base balance, and the renal elimination of medications. Continuous renal replacement therapy is often helpful in this regard.

The central nervous system is the vital organ system most impaired in childhood. The risk of stroke in SCD is highest in the first decade of life, with an incidence of 1% per year between the ages of 2 and 5 (159). Most strokes in children are ischemic, and hemorrhagic stroke accounts for up to one-third of strokes in adults (160). Increased transcranial Doppler flow velocities in the middle cerebral arteries are predictive of future strokes, and patients with increased transcranial Doppler, prior overt stroke, or silent cerebral infarcts are treated with chronic transfusion therapy to prevent future strokes. Risk factors for the recurrence of stroke include the presence of silent cerebral infarction, non-compliance with chronic transfusion therapy after a first stroke, presence of Moyamoya vasculopathy, acute decrease in hemoglobin concentration, history of transient ischemic attack, recent or recurrent episodes of acute chest syndrome, severity of anemia, and systolic hypertension (159, 161).



Differential Diagnosis of Fever and Infectious Syndromes in SCD

Fever without a source is a common problem in SCD patients and should be regarded as a medical emergency requiring rapid evaluation and initiation of intravenous antibiotics. The presentation of sepsis is similar to children without SCD. The presentation of bacteremia may be subtle, however, and can include sudden fever, few prodromal features with a relatively well appearance, and then rapid deterioration sometimes associated with adrenal hemorrhage, progressive shock, and death (52).

Leukocytes and platelet counts may mimic findings in infections and are similar to children without SCD. An increased hematocrit can signify dehydration due to poor fluid intake or increased fluid losses, whereas decreased hematocrit may result from infection-induced hemolysis, acute chest syndrome, splenic sequestration crisis, malaria, or viral suppression of the bone marrow. Splenomegaly or hepatomegaly may indicate splenic or hepatic sequestration, malaria, or a variety of viral infections.

Diagnostic testing should be guided by the clinical history and physical examination. In the absence of localizing signs or symptoms of infection, blood cultures, urinalysis, and urine culture should be considered (especially in infants and sexually active females). Viral pathogens (i.e., enterovirus, influenza, and others) may also cause severe systemic disease, and molecular diagnostic panels for viral pathogens may also be appropriate. Further infectious testing should be guided by signs and symptoms. Blood cultures, as well as all other clinically indicated culture materials, should be obtained quickly and antibiotic administration should be expedited. Thorough physical examination should seek a focus of infection (indwelling intravascular catheter tunnel sites, facial and long bones, dental sources, and skin/soft tissue infections) that may require source control.

All febrile children should be evaluated for evidence of early focal infection of the respiratory system, central nervous system, abdomen, and musculoskeletal systems as well as SCD-specific complications, including acute chest syndrome, stroke, vaso-occlusive crisis, aplastic crisis, splenic sequestration, and hepatic sequestration.

Fever with respiratory symptoms such as cough, tachypnea, hypoxemia, fever, and chest pain may be due to pneumonia, acute chest syndrome, or both. If intrathoracic infection is suspected, sputum should be sent for bacterial culture, and polymerase chain reaction should be performed for viral detection. Adequate sputum specimens are difficult to obtain from young children who are not intubated but they can be induced from older children or may be obtained by bronchoscopy. Isolation of a predominant bacterial pathogen in the presence of a granulocytic response on Gram stain suggests the bacterial etiology, and the absence of such findings may suggest a mycobacterial infection or non-bacterial cause such as acute chest syndrome. Pleural fluid, if significant, should be sent for cell count, chemistries, pH measurement, bacterial Gram stain, and culture. In the setting of acute chest syndrome and/or pulmonary infection, Staphylococci, Streptococci, atypical bacteria, and respiratory viruses (respiratory syncytial virus, human metapneumovirus, rhinovirus, parvovirus, parainfluenza viruses, influenza viruses, cytomegalovirus, Epstein-Barr Virus, and Herpes simplex viruses) comprise a major source of infectious etiologies. Sputum acid-fast staining and Mycobacterial cultures should be considered in the appropriate clinical settings.

Fever with central nervous system symptoms occurs less commonly in SCD and is a medical emergency. Children with a central nervous system infection (meningitis or meningoencephalitis) may present with nuchal rigidity, photophobia, fever, and/or signs of elevated intracranial pressure. Alternatively, they may present with less definitive findings such as seizure, altered sensorium, or headache. Central nervous system differential diagnoses include ischemic or hemorrhagic stroke, seizure, and central nervous system infection. If central nervous system disease is suspected, lumbar puncture should be performed after neuroimaging has excluded the presence of markedly increased intracranial pressure, an alternate diagnosis (hemorrhagic or ischemic stroke), and coagulation status has been confirmed as normal. Administration of antimicrobial therapy should not be delayed for neuroimaging or if lumbar puncture has to be delayed.

Cerebrospinal fluid should be analyzed for cell count, differential, chemistries, and Gram stain, and bacterial culture and molecular diagnostic testing should be performed for bacterial and viral pathogens. Bacterial pathogens likely to be present include S. pneumoniae, H. influenzae, or N. meningitidis. Gram-negative pathogens occur occasionally and especially in neonates. In the presence of a dog bite, Capnocytophaga and Pasteurella multocida species should be considered. Bacterial pathogens and viral pathogens may be tested by polymerase chain reaction on cerebrospinal fluid. In the presence of appropriate risk factors, geographic location, and travel history, further testing for tuberculous meningitis, cerebral malaria, HIV and HIV-associated central nervous system infections (HIV, Cryptococcus neoformans, Toxoplasma gondii), fungal pathogens, roundworm infections, and amoeba should be considered. Empiric treatment with vancomycin, ceftriaxone, and acyclovir, if clinically indicated, are recommended. Empiric initial antibiotic therapy with vancomycin is recommended when Staphylococci or resistant Streptococci are in the differential diagnosis. Anti-pseudomonal antibiotics can be considered if nosocomial or neurosurgical infection is considered. Antiviral, antimalarial, and other therapies may be added based on risk factors, lab testing, and infectious disease consultant recommendations.

Regardless of the site of infection, if appropriate risk factors are present (recent hospitalization, inpatient status in a chronic care facility, prolonged broad-spectrum antibiotic or steroid use, or other causes of immune suppression), it may be prudent to consider empiric fungal coverage. Finally, in endemic areas, testing, and treatment for dengue viruses, malaria, tuberculosis, and HIV may be considered. Input from infectious disease and hematology specialists is essential.



Approach to Antimicrobial Coverage

Appropriate initial empiric antibiotic therapy for the most likely pathogens is presented in Table 2. Initial antibiotic selection for patients presumed to be bacteremic should be broad and active against encapsulated organisms as well as other common pathogens. Antibiotic selection is further influenced by local epidemiology and antibiotic resistance patterns (162, 163). The empiric use of vancomycin and a third-generation cephalosporin provides coverage against: resistant pneumococci, meningeal penetration, and Staphylococci and enteric Gram-negative pathogens. Antibiotic coverage should be tapered based on culture results to minimize development of bacterial resistance and opportunistic fungal infection. The addition of anti-pseudomonal antibiotics should be considered if hospital-acquired pneumonia is present, and oseltamivir should be administered if influenza is considered likely.



Critical Care Considerations in SCD

An exhaustive discussion of critical care support of sepsis with organ dysfunction is beyond the scope of this review. Critical care support of patients with severe sepsis and organ dysfunction is similar to that provided to patients without SCD with additional considerations specific to persons with SCD.

In this section, we will review the considerations relevant specifically to the management of SCD patients with severe sepsis. We present issues related to (a) hemodynamic assessment and support, (b) respiratory considerations, (c) the role of transfusion therapy in critically ill persons with SCD, and (d) precautions related to granulocyte colony-stimulating factor and coagulation factor replacement.

Initial hemodynamic evaluation and management should consider the patient's pre-morbid SCD-related circulatory system changes. The hemodynamic profile of the SCD patient with infection and shock may vary with respect to contractility and atrial filling pressures. Systemic resistance may be high, low, or normal, and pulmonary vascular resistance may be elevated. Shock states may be caused by systolic and/or diastolic dysfunction of either or both ventricles. The hemodynamic profile can change as infection progresses, necessitating re-evaluation and a willingness to modify treatment. Critically ill SCD patients presenting with presumed infection should undergo thorough echocardiographic examination to determine systolic and diastolic function of both ventricles, the function of cardiac valves, and estimated pulmonary artery pressure.

Circulatory support must be individualized and frequently reassessed. No single inotrope or vasopressor can be recommended, as therapy must be determined on the basis of serial hemodynamic evaluations. Vasoconstrictor medications, though often necessary to maintain vital organ perfusion pressure, should be minimized and weaned whenever possible as they promote sickle hemoglobin polymerization by prolonging transit through the vasculature. Individuals with SCD typically have lower blood pressure than matched African American controls (164), therefore, blood pressure should be viewed in the context of direct and indirect measures of adequate oxygen delivery.

Before permissive hypercapnia and its attendant decrease in pH is adopted, the right ventricle and pulmonary resistance needs to be evaluated, as right heart failure can be precipitated in critically ill patients with SCD. Frequent or continuous assessment of cardiac output, atrial filling pressures, pulmonary artery pressures, and systemic resistance may allow the least harmful ventilatory support to be applied while monitoring for ongoing surveillance of cardiac filling pressures, pulmonary vascular resistance, systemic resistance, and cardiac output. The addition of inhaled nitric oxide may be helpful in supporting right heart function in the face of elevated pulmonary vascular resistance.

Patients with pulmonary artery hypertension are treated with hydroxyurea and chronic transfusion therapy to control the underlying hemolytic state, and oxygen is administered to correct hypoxemia. SCD patients may also be treated with endothelin-1 receptor antagonists (bosentan, ambrisentan) or prostanoids. The use of PDE-5 inhibitors (sildenafil, tadalafil) is not recommended in SCD patients due to frequent hospitalizations for serious adverse events (165).

Respiratory disease in the context of fever can be serious and progress rapidly when associated with pneumonia and/or acute chest syndrome. SCD-specific concerns in the setting of pulmonary infection involve the appreciation for the relationship between severe lung disease, elevated pulmonary vascular resistance, and right ventricular dysfunction or failure, as well as the importance of superimposed reactive airway disease as a contributor to deterioration. Analgesia should be provided to allow the patient to cough and breathe deeply if pleuritic chest pain or vaso-occlusive crisis pain is significant. Inhaled nitric oxide, high-frequency oscillatory ventilation, dexamethasone, and extracorporeal membrane oxygenation support have been used to support SCD patients with severe lung disease (166–169). Reactive airway disease should be sought and treated, as this source of ventilation/perfusion mismatch may promote acute chest syndrome. Finally, pulmonary infection can incite acute chest syndrome with increased hospital morbidity and mortality.

Central nervous system disease in SCD patients with fever has many serious etiologies. Support of patients with a central nervous system infection is similar to other patients with the added concern for proclivity to stroke. Markedly elevated intracranial pressure is treated with sedation, head of the bed elevation, osmolar therapy with hypertonic saline and mannitol, temperature control, normoglycemia, seizure suppression, and appropriate broad-spectrum antibiotics. Neurosurgical consultation for intracranial pressure monitoring, cerebrospinal fluid drainage, and/or surgical evacuation of blood or purulent material should be considered.

Aggressive transfusion therapy can prevent or reverse neurologic injury in patients with SCD (see below). Immediate exchange transfusion to reduce HbS% <30% is protective against stroke, which can be provoked by meningitis, acute chest syndrome, vaso-occlusive crisis, and sepsis. The addition of corticosteroids, which have efficacy in minimizing hearing loss in H. influenzae meningitis, but not proven in other forms of meningitis, can be considered as they also have utility in the treatment of acute chest syndrome and reactive airway disease. However, caution is advised, as the use of systemic corticosteroids in SCD is associated with the risk of rebound vaso-occlusive crisis (170).

Aggressive transfusion therapy may be necessary during infection to prevent or treat serious SCD complications, including acute chest syndrome, stroke, acute splenic sequestration, and vaso-occlusive crisis that may occur during or concomitantly with infection and can be life threatening. Simple transfusion (in 10- to 15-mL/kg aliquots) can be administered to optimize oxygen-carrying capacity and minimally changes HbS percentage. Hematocrit should not be increased beyond 30% to avoid an abrupt increase in viscosity that predisposes to stroke. In contrast, exchange transfusion using standard calculations can be performed by automated erythrocytapheresis or manual exchange to quickly decrease the HbS percentage to <30% and increase the hematocrit to approximately 30%. Exchange transfusion can be considered during overwhelming infections to ameliorate and prevent vaso-occlusive crisis, acute chest syndrome, and stroke, and may ameliorate diffuse microvascular occlusion by sickled erythrocytes in patients with multi-organ system failure. Plasma exchange, in addition to red cell exchange, may be helpful for patients with a thrombotic thrombocytopenic purpura-like clinical picture (171).

Although transfusion is regarded as an important therapy to avert serious SCD complications, it is not benign, and repeated transfusions can result in complications such as transfusion-related iron overload, alloimmunization, and delayed hemolytic transfusion reactions, which can result in hyperhemolysis syndrome and death. In many austere environments, the risk of transmission of blood-borne pathogens is prohibitive and precludes transfusion except for the most life-threatening levels of anemia.

The topic of transfusion thresholds frequently arises during the management of persons with SCD who are critically ill. We do not believe that specific thresholds are as helpful as an ongoing evaluation of the risks and benefits of transfusion therapy in the context of the severity of a patient's anemia, adequacy of systemic oxygen delivery, and abundance and safety of the regional blood supply. Simple transfusion of red blood cells should be considered to maintain oxygen-carrying capacity and systemic oxygen delivery and to treat moderate acute chest syndrome. Exchange transfusion should be performed for stroke and severe acute chest syndrome.

Other hematologic considerations relate to the support of coagulation abnormalities in severe infection. Coagulopathy is a common finding in serious infections. Clinical judgment is required to determine how aggressively to replete coagulation factors in a disease that is marked by a propensity to both ischemic and hemorrhagic stroke and diffuse vital organ vascular occlusion. In general, they are used sparingly unless coagulation is severely altered or bleeding is present. It is prudent to correct the platelet count, fibrinogen concentration, and coagulation times sufficiently to stop ongoing bleeding, facilitate invasive procedures, and maintain levels above which spontaneous intracranial hemorrhage is likely to occur.

Finally, granulocyte colony-stimulating factor has been used to treat neutropenia and to increase circulating stem cells in other patient populations with few adverse effects. The use of granulocyte colony-stimulating factor in SCD patients is associated with stimulation of severe vaso-occlusive crisis symptoms, acute chest syndrome, multi-organ system failure, and death (172). Further, symptoms have occurred in the SCD population in previously undiagnosed patients and in SCD patients without an elevated neutrophil count. Granulocyte colony-stimulating factor cannot be recommended for use in SCD with sepsis, as catastrophic illness may result. If it is considered for use in a SCD patient, it should only be done when all other therapies have failed and after a complete disclosure of the risk to the patient and family.




ROADMAP FOR RESEARCH AND IMPLEMENTATION

Therapies designed to interfere with the sickle cascade at many levels of the pathway are ongoing. Such efforts include strategies to reduce hemoglobin polymerization through the stabilization of HbS with medications such as voxelotor and l-glutamine (173, 174), as well as interference with interactions between the cellular elements of the blood and the endothelium with the monoclonal antibody crizanlizumab (158, 175, 176). Molecular strategies designed to nullify the cellular interactions that characterize the pathophysiology of SCD may someday delay or prevent acquired spleen dysfunction, thus allowing the infant's maturing immune system to develop.

In resource-rich environments, morbidity and mortality related to infectious sequelae have been greatly reduced. In such environments, research should include more effective vaccines to more completely immunize SCD children against bacterial and viral pathogens. Likewise, investigation into barriers that prevent 100% compliance with vaccination and antibiotic prophylaxis is necessary to ensure that children capitalize on the availability of optimal nutrition, disease-modifying medications (hydroxyurea), antibiotic prophylaxis, and vaccination participation. Ongoing surveillance into the development of microbial resistance to antibiotics and immunization strains is needed to stay current with effective prophylaxis and immunization.

In austere environments, policy efforts should continue to emphasize the cost-effective therapies already proven effective elsewhere. These include provision of universal neonatal screening for sickle cell disease, enhanced vaccination, and antibiotic prophylaxis. Delineation of pathogens responsible for viral and bacterial disease in SCD patients in austere environments is necessary, as other pathogens may need to be considered for inclusion for vaccination and antibiotic prophylaxis. Hydroxyurea, an oral disease-modifying medication that is generally effective and well-tolerated, should be made available to as many children with SCD as possible. Finally, efforts in the areas of nutrition, safe blood-banking practices, sanitation, and disease control programs for malaria, tuberculosis, and HIV are essential.



STRENGTHS AND LIMITATIONS

The strength of our review is its multidisciplinary approach to the issue of infectious complications that includes the broad perspectives of physicians who specialize in critical care medicine, hematology, and infectious disease.

There are limitations in our review, which include the methodology and the scope of the literature included. This concise review was intended to review pre-determined topics relevant to infectious complications of sickle cell disease. We chose to search the medical literature for case reports, systematic reviews, original research, meta-analyses, narrative reviews, and position/policy statements relevant to SCD and infection. Although we used an extensive combination of terms in our literature search, it is possible that some important references were overlooked. Additionally, we sought only English-language publications, thus limiting our search results.



CONCLUSIONS

SCD confers a high burden and results in morbidity and mortality worldwide. The priorities for the future management of infectious complications in SCD differs by geographic and socioeconomic circumstances. In the resource-rich nations where perinatal screening, antibiotic prophylaxis, and robust vaccination programs exist, mortality from infection is greatly reduced. In these areas of the world, prevention of chronic organ injury and improvement of quality and duration of life have become the principal goals of therapy. Conversely, in resource-poor environments where SCD is more prevalent and lethal, the priorities are more basic. In the face of a serious infection, the basics of excellent critical care, antibiotic therapy, and transfusion therapy still remain the cornerstones for effective treatment.
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Infection/system

Bacteremia/sepsis

Meningitis/central nervous
system infection

Upper and lower respiratory
tract infection (sinusitis,
epiglotits, tracheitis,
bronctitis, pneumonia)

Musculoskeletal (skin and
soft tissue infection, septic
arthiits, fascitis, myositis,
osteomyelits)

Gastrointestinal
(choleiithiasis/
choledocholithiasis,
cholecystitis, cholangts,
intussusception),
gastroenteritis.

Urogenital (urinary tract
infection, pyelonephritis,
renal abscess, urosepsis)

Malaria

Tuberculosis
(Mycobacterium
tuberculosis)

Human immunodeficiency
infection

Dengue fever, dengue
hemorthagic fever/dengue
shock syndrome

Parasitic infections

Micro-organism (s)

S. pneumoniae, S. aureus, GNR (Typhi
and non-typhi Saimonella, E. cof;
Klebsiella sp., H. influenzae type B),
Bacteroides sp. (49-51)

S. pneumoniae, H, influenzae, and N.
meningtides (11, 52); Pasteurella
multocida and Capnocytophaga sp. (in the
presence of dog bite), viruses
(Enteroviruses, herpes simplex viruses,
mosaquito-borne viruses); Cryptococcus
neoformans and cerebral Toxoplasma
gondi (especially in the presence of HIV)

Viruses (influenza viruses, respiratory
syncytial virus, adenovirus,
metapneumovirus, rhino-enterovirus,
parvovirus B-19, parainfluenza viruses,
cytomegalovirus, Epstein-Barr virus, and
herpes simplex viruses, etc.) (55, 56);
bacteria (S. pneumoniae, H. influenzae,
Chlamydophila peumoniae, Mycoplasma
pneumoniae, Legionelia sp., S. aureus
(methicilin susceptible and resistant)

(11, 57-59)

Typhi and non-typhi Salmonella,
Gram-negative enteric bacteria, other
Gram-negative (Kingella kingae, especially
in the presence of negative cultures); S.
aureus (methicilln susceptible and
resistant), S. pneumona (51, 52, 60-62)

Enteric Gram-negative pathogens
including Typhi and non-typhi Salmonela,
Enterococci, anaerobic bacteria (65) and
Yersinia enterocolitca infections (66)

Gram-negative pathogens

Plasmodium felciparum, Plasmodium
vivax, Plasmodium ovale, Plasmodium
malariae, and P. knowlesi

Mycobacterium tuberculosis

Human Immunodeficiency Virus (HIV-1
and HIV-2); HIV-2 is mainly prevalent in
Western Africa

Arbovirus (Flaviviridae family; genus
Flavivirus)

Helminths: Ascaris lumbricoides,
Ancylostoma duodenale, Trichuris
trichiura, Strongyloides stercoralis,
Schistosomiasis (S. mansoni, S.
‘haematobium, S. japonicum), Toxocara
canis, filariasis (Onchocerca volvulus)

Protozoa (other than malaria): Entamoeba
histolytica, Entamocba coli and Giardia
lamblia

Complications/chronic organ
dysfunction

Septic shock with mult-organ failure
(60,52)

Seizures, hemorrhagic stroke, acute
ischemic stroke, venous sinus
thrombosis, silent cerebral infarction,
intra-cranial abscess, cognitive
impairment (52-54)

Acute chest syndrome, chronic lung
disease/chronic restrictive lung
disease, pulmonary hypertension

Avascular necrosis, leg ulceration
(skin), osteonecrosis (63, 64)

Cholangiopathy (e.g., common biliary
duct obstruction, cholestasis),
hepatopathy (e.g., hepatic
vaso-occlusive crisis, sequestration;
hepatic fibrosis secondary to iron
overload), mesenteric vaso-ocolusion,
and bowel infarcts

Papillary necrosis, hematuria, renal
failure, priapism (67)

Vaso-occlusive crisis and secondary
pain crisis, splenic sequestration;
‘acute and chronic severe anemia
requiring blood transfusion and
causing folate-deficiency anernia;
nephrotic syndrome, shock,
hypoglycernia, acidosis,
thrombocytopenia, and multi-organ
failure

Vaso-occlusive crisis, acute chest
syndrome; chronic pulmonary
dysfunction, increased hemolysis,
sub-optimal reficulocytosis, and
‘anemia; extra-pulmonary tuberculosis
(meningeal, lymph nodes, bones,
joints, skin, midde ear, mastoid,
gastrointestinal, renal)

Increased risk for stroke, splenic
dysfunction, avascular necrosis, and
pulmonary arterial hypertension;
increased risk of sepsis and bacterial
infection, mainly pneumococcal
infection

Vaso-occlusive crisis, splenic
sequestration, leg ulcers requiring
amputation, myocaritis, heart block,
shock, plasma leakage and
secondary pulmonary and brain
edema, ascites, anasarca,
hemorthage, multiorgan failure

- Vaso-occlusive crisis, chronic iron
deficiency, chronic eosinophilia

- Malnutition, growth delay, cognitive
deficit

- Acute intestinal obstruction with
intestinal perforation and peritonitis;
appendicitis, common bile duct
obstruction with secondary biliary
colic, cholangitis, or pancreatitis
(ascariasis)

- Infirative eosinophilic pneumonitis
syndrome (Ascariasis,
Ancylostomiass, schistosomiasis,
filariasis, toxocariasis) with
secondary hypoxia and acute chest
syndrome

- Urinary schistosomiasis (S.
haematobium) causing hematuria
and predisposition to bacterial
infection

- Hepatosplenomegaly, bloody

diarrhea, portal hypertension,

ascites, esophageal varices, and
hematemesis (chronic S. mansoni
and S. japonicum infections)

Visual loss/blindness (flariasis, T:

canis)

- Strongyloides hyperinfection
syndrome (in immunocompromised
patients); larvae migration to distant
organs causing fever, abdorminal
pain, diffuse pulmonary inftrates,
septicemia, and meningitis caused
by enteric Gram-negative bacill
Chronic Giardia infection with
‘secondary chronic intestinal
malabsorption and failure to thrive

- Toxic megacolon, fulminant colis,
ulcerations on colonic mucosa and
secondary perforation; hepatic,
pleural, lungs, and pericardium
abscesses (E. histolytica)

Treatment

- pneumoniae,  Gram-negative
fods, some  Bacteroides: third-
generation cephalosporins (Ceftriaxone,
Cefotaxime)*

- S. aureus: oxacilin, nafcillin, or cefazolin
(MSSA)'; Vancomycin,
clindamycin (MRSA)*

- Third-generation cephalosporins
(Ceftriaxone, Cefotaxime)*

- Capnocyphaga sp.: beta-lactam/beta-
lactamase inhibitors and carbapenems
(imipener, meropenerm)

- Pasteurella multocida: penicilln (drug of
choice)

- Cryptococeus  neoformans:  a.
Amphotericin - B deoxycholate  or
liposomal amphotericin B + fluocytosine
(induction  phase), followed by
fluconazole (consolidation therapy).

- Toxoplasma  gondi: pyrimethamine +
sulfadiazine + folic acid. Allergy to sulfa:
pyrimethamine + folic acid + clindamycin
OR atovaquone

- Herpes viruses: intravenous acyclovir

- Influenza: oseltamivir, inhaled zanamivir,
baxtamivir

-'S. pneumoniae, H. influenza type
B: third-generation  cephalosporins
(Ceftriaxone, Cefotaxime)’; S. aureus:
oxacilin, nafcilin, or cefazolin (MSSAY'
Vancomeyin, clindamycin (MRSA)*

- Cytomegalovirus: intravenous
gancyclovir/oral valganciclovir; Epstein-
Barr virus: intravenous  ganciclovir
Herpes viruses: intravenous or oral
acyclovir, valacyclovir, or famciclovir

- Chiamydophila pneumoniae,
Mycoplasma pneumoniae, Legionella
sp.: macrolides, quinolones

- Third-generation cephalosporins
(Ceftriaxone, Cefotaxime)*

- 8. aureus: oxacilln, nafcilin, or cefazolin
(MSSA);  vancomycin,  clindamycin
(MRSA)"

- Kingella kingae: ampicilln-sulbactam or
afirst, second-, or
third-generation cephalosporin

- Piperacilin-tazobactam or a carbapenem
(imipenem, meropenerm)

- Surgical consult for  decompression
(stent/drains placement) or
open/laparoscopic cholecystectomy

- For Yersinia, a third-generation
cephalosporin, piperacilln,
or trimethoprim-sulfamethoxazole

- Third-generation cephalosporin
(Ceftriaxone, Cefotaxime)*

- Severe malaria requiring intensive care
unit admission: intravenous ~quinidine
until the parasite density <1% and able
to tolerate oral therapy; alternative =
intravenous artesunate*?

- Oral therapy: based on the infecting
species, possible drug resistance, and
severity of disease = Avoid exposure to
mosquitoes and avoid areas with
outbreaks of mosito-borne infections.

- Presumed or known drug-susceptible
pulmonary  tuberculosis  (except
meningeal disease): a 6-month, 4-drug
regimen consisting initially of rifampin,
isoniazid, pyrazinamide, and ethambutol
for the first 2 months and isoniazid and
tifampin for the remaining 4 months

- Drug-resistant tuberculosis: an expert in
drug-resistant tuberculosis should be
consulted for all drug-resistant cases

Because HIV treatment options and
recommendations change with time and
vary with occurrence of antiretroviral drug
resistance and adverse event profile,
consultation with a HIV expert is
recommended .

- Supportive care: high intake of fluids,
soft dlet, acetaminophen [avoid
salicylate-containing (aspirin) and
non-steroidal anti-inflammatory products
(ibuprofen)] and tepid sponging for relief
of fever, adequate oxygenation,
vasopressors, intravenous isotonic
crystalloid (0.45% sodium chloride if <6
months of age) and colloids solution
(avoid overload), blood products
transfusion, diuretics for fluid overload;
empirical therapy for bacterial infection
pending cultures results. Steroids,
anti-viral therapy (chloroquine,
balapiravir, celgosivi).

- lumbricoides, A, duodenale:
albendazole, mebendazole, and pyrantel
pamoate

- T. trichiura: albendazole, mebendazole,
and ivermectin

- S. stercoralis: ivermectin (drug of choice),
mebendazole

- Schistosomiasis: praziquantel (drug of
choice)

- T. canis: albendazole, mebendazole

- Filariasis: ivermectin; alternative =
doxycycline (not recommended for
chidren younger than 8 years)

- Hand hygiene after defecation, before
preparing or eating food, after changing
a diaper or caring for someone with
diarrhea and after handiing an animal or
its waste

- Sanitary disposal of fecal material

- Treatment of drinking water (boiling,
chemical disinfection with iodine or
chlorine, use of fiters)

- Sexual transmission: use of condoms
and avoidance of sexual practices that
may permit fecal-oral transmission (£
histolytica).

- Refrain from using recreational water
venues (e.g., swimming pools, water
parks) until asymptomatic and
completed treatment

*Antibiotic selection should take into consideration local epidemiology and antibiotic-resistant pattemns. For developing countries, also refer to World Health Organization
recommendations: https://apps.who.int/medicinedocs/en/d/Js5406e/.

*2Availeble through the CDC malaria hotline investigational new drug (IND) protocol.

¥ http://aidsinfo.nih.gov.
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System

Mechanism

INNATE IMMUNE DYSFUNCTION

Neutrophil dysfunction
(20)

Splenic dysfunction
@1,22)

Reduced opsonization
(23, 24)

Impaired neutrophil chemotaxis, migration, and
Killing ability

Repeated sickiing within the spleen leads to
compromised splenic fitration of microorganisms.
Redluced opsonin production, leading to decreased
ability to destroy encapsulated organisms.

ADAPTIVE IMMUNE DYSFUNCTION

Decreased humoral
immunity (25)

Impaired virus-directed
immunity (26)

MECHANICAL FACTORS

Increased susceptibility
to osteomyelitis (27)

NUTRITIONAL

Impaired virus-directed
immunity (28, 29)

Loss of splenic marginal zone leads to reduced
number of Memory B cels and reduced
antigen-specific immunoglobulin M secretion
Decreased Thi response with reduced CD4-+:CD8
suppressor T Cells

Bony infarction secondary to sluggish circulation
leading to infarots, which then act a nidus for
bacterial prolferation

Zine deficiency leads to lymphoperia and
decreased Th1 response





OPS/images/fped-08-00038/fped-08-00038-g003.gif





OPS/images/fped-08-00038/fped-08-00038-g002.gif





OPS/images/fped-08-00038/fped-08-00038-g001.gif





OPS/images/fped-08-00038/crossmark.jpg
©

2

i

|





OPS/images/fped-07-00188/fped-07-00188-t004.jpg
Dosing regimen Low level Target level High level

(<20 mg/L) (20-30 mg/L) (>30 mg/L)
(n=40) (h=28) h=23)

Our dosing regimen Mean dose (SD) 30(0) 30(0) 30(0)
Mean difference (95% Cl) - B =
P-value® - - -

Pawlotsky et al.(26) Mean dose (SD) 20.6(6.5) 16.1(4.6) 15.7 6.8)
Mean difference (95% Cl) —9.4(-115t0 -7.4) —139(~15.6to —12.1) —14.3(-11.410 -17.2)
P-value® <0001 <0001 <0001

Plan et al. (27) Mean dose (SD) 30(0) 30(0) 24.4(5.1)
Mean difference (95% CI) 0 0 -56(-8310-29)
P-valug® - - <0001

Oudin et al. (21) Mean dose (SD) 30(0) 30(0) 30(0)
Mean diference (95% Ci) 0 0 0
P-value® - - -

Zhao et al. (20) Mean dose (SD) 485 (20) 30.8(8.1) 25.4(12.8)
Mean difference (95% CI) 185 (10.7 t0 26.4) 08(-2.8t04.4) —46(~10.7t01.5)
P-value® <0001 063 0.13

Patel etal. (15) Mean dose (SD) 385(0.5) 31.48.3) 226(7.3)
Mean diference (95% Ci) 85 (4.81012.9) 1.4(-23105.1) ~7.4(~10.9t0 ~3.8)
P-value® <0001 0.45 <0001

Janssen et al. (28) Mean dose (SD) 36.4 (8.1) 32.2(5.6) 33.8(6.4)
Mean difference (95% CI) 6.4(38109.0) 22(0.1t04.4) 38(1.0106.6)
P-value® <0001 004 0.009

aStudent t-test comparing mean dose of our dosing algorithm with mean dose of each dosing regimen.
95% Cl, 95% confidence interval.
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References

Pawlotsky et al. (26)

Plan et al. (27)

Oudin et al. (21)

Zhao et al. (20)

Patel et al. (15)

Janssen et al. (28)

Population

Patients, 20
GA: 30.5 (3.7) weeks®
CGA: 33.9 (4.8) weeks @

Patients, 72 GA <34 weeks

Patients, 47

GA 29 (23-41) weeks®
CGA 32.7 (27-47) weeks P
Patients, 116 CGA33.8
(5.3) weeks?

Patients, 60
GA 29 (24-41) weeks®
CGA 36 (26-62) weeks P

Patients, 464
GA 32 (24-41) weeks®
CGA 34 (25-44) weeks ®

Loading dose (mg/kg)

[

20

= Target concentration x
Vd in mg)

10.5t0 13

Maintenance dose
(mg/kg/d)

12
15

20
23
26

31
34
40
30
20
30

= Target concentration x

CL

50

40

30
20
25

27
30

32

36

2

a2

48
52

x 24h (in mg/24h)

Covariates

CGA (wks)

2526

27-28

29-30

31-32

33-34

35-36

37-38

39-40

41-42

43-44

>45

SCRlevel < 90 pmol/L.
SCR level > 90 pmol/L.

.791 x (EW/1,416)0.898
CL=0.0571 x (cW/1,416)%518 x
(6W/1,0101059 x (1+0.282 x (PNA/17)
x (1/(SCR/42)0-525)

SCRlevel < 40 pmol/L and CGA > 40
‘weeks

SCR level < 40 pmol/L and CGA < 40
weeks

SCR level 40-60 umol/L
SCRlevel > 60 pmol/L.
PNA < 7 days + bW < 1,000g

PNA8-14 days + bW < 700 g

PNA < 7 days + bW 1,000-1,500 g
PNA < 7 days + bW 1,500-2,500 g
PNA 14-28 days + bW < 700 g
PNA 8-14 days + bW 700-1,000 g
PNA >28 days + cW < 2.5 kg

PNA <7 days + bW > 2500 g

PNA 8-14 days + bW 1,000-1,500 g
PNA 8-14 days + bW 1,500-2,500 g
PNA > 28 days + cW 2.5-5 kg

PNA 14-28 days + bW 700-1,000 g
PNA 14-28 days + bW 1,000-1,500 g
PNA8-14 days + bW > 2,500 g
PNA 14-28 d + bW 1,500-2,500 g
PNA >28 days + cW 5-10 kg

PNA 14-28 days + bW > 2,500 g
PNA > 28 days + cW > 10kg

GA, gestational age; CGA, corrected gestational age; SCR, serum creatinine; Vd, volume of distribution; CL, clearance; cW, current weight; bW, birth weight; PNA, post natal age.

“Mean (SD).
bMedian (range).
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Covariates Vancomycin level (mg/L)

<20 20-30 >30 p-value

Gestational age (wks)

<28 19 17 16 0.16
228 21 12

Birth weight (g)
<1,000 24 17 12 09
>1,000 16 12 10

Intra-uterine growth restriction
Absence 18 16 13 05
Presence 22 13

Sex
Male 18 16 17 0.05
Female 22 13 5

Postnatal age (d)
<14 10 17 15 0.001
>14 30 12

Corrected gestational age (wks)
<32 21 21 15 0.004
>32 8 8 25

Current weight (g)
<1,000 8 11 1" 0.04
>1,000 32 18 11

Serum creatinine level (umol/L)
<70 25 20 6 <0.0001
>70 2 3 12

Time of first sampiing (h) 04
<24 1 12

>24 29 16 15
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Gestational age (weeks)
<28
=28
Birth weight (q)
=<1,000
>1,000
Intrauterine growth restriction
Sex
Male
Female
Postnatal age (d)
<14
>14
Cortected gestational age
(weeks)
<32
=82
Current weight (g)
<1,000
>1,000

Serum creatinine level before
treatment (umol/L) (n = 68)

>70
<70
First vancomycin level (mg/L)

Number of samples per
treatment

Time of first sampling (n)
Treatment duration (d)

N (%)

40(533)
35 (46.7)

41(54.7)
34 (45.3)
33 (44)

43(67.3)
32 (42.7)

42 (46.2)
49(53.8)

52(57.2)
39 (42.8)

30(33)

61(67)

17 (25)
51(75)

Median [IQR]

27 [26-30.5)

815 [685-1,240]

15(9-33)

30(28-34.5]

1,230 [940-1,790]

52 [26.6-70]

21.1[16.3-29.7)
2[1-25)

25.5(23.9-33.3)
4137
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Microbiota at 28 days Microbiota at 4 months

Median relative abundance Median relative abundance
Antibiotic regimen Broad* Narrow P Broad* Narrow P FDRQ
(=5 (n=12") =7 (=11

BACTERIAL GENERA

Bifidobacterium 14.39 3250 0.574 14.31 45.96 0.035 0.187
Escherichia 4454 069 0.160 33.06 988 0.179 0477
Kiebsiella 0.00 000 0721 0.26 057 1.000 1.00
Enterobacter 0.00 052 0.195 0,00 000 0.143 0572
Staphylococcus 042 036 0879 0.00 000 1.000 1.000
Veionella 000 000 0506 096 601 0.004 0.064
Enterococcus 273 0.15 0506 033 040 0536 0858
Streptococcus 054 000 0.442 007 0.14 0285 0651
Lactobacillus 0.00 0.00 0.959 0.00 1.21 0.004 0.032

PER probiotic extremely preterm. *“We defined regimens including third-generation cephalosporins or carbapenems as a broad-spectrum regimen.

““Number of fecal samples included in these analyses.

Median relative abundance of Bacteroides, Morganella, Akkermansia, Prevotella, Acinetobacter, Heemophilus, and Serratia were <0.001 at 28 days and 4 months of age and there
were o statistical difference between groups.

Bold indicate significant difference between broad- and narrow-spectrum antibiotic exposure.

FDR, false discovery rate; only calculated for comparisons with P < 0.05.
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Antibiotic group or resistance 7 days 28 days 4months
mechanism**

PEP NPVP FTC PEP NPVP PEP NPVP FTc

n=20* n =30 n=10* n=24 n=31* n=24* n=29* n=T

Beta lactamases 10/20 24130 3/10 19/24 22/31 6/9 18/24 25/29 an
MecA gene 9/20 11/30 - 5/24 5/31 - - - -
Aminoglycoside 8/20 14/30 3/10 11/24 16/31 2/9 12/24 16/20 27
Tetracycline 9720 22/30 /10 17/24 30731 99 23/24 20729 "
Fluoroguinolones - 1/30 - 1/24 - - 3/24 4/29 -
Macrolides 7120 5/30 210 6/24 2131 - 224 - -
MLS 3/20 9/30 3/10 4124 11731 3/9 824 15/29 an
ABC efflux pumps 6/20 7130 - 16/24 24/31 419 17/24 28/20 4
RND efflux pumps 7120 12/30 2/10 12/24 18/24 419 12/24 19/24 57
Efflux pumps 3/20 3/30 8/10 2/24 431 2/9 6/24 824 a7
Multidrug Efflux pump 9/20 14/30 110 11/24 731 1/9 = - =
Chioramphenicol 3/30 9/30 - 6/24 731 - 924 3/29 -
Fosfomycine 18/20 21/30 3/10 22/24 25/31 5/9 20724 27/29 47
Sulfonamides 2/20 3/30 - 6/24 731 - 10/24 9/29 217
Antibiotic target 1120 1/30 - a4 431 - 6/24 3/29 37
Antibiotic inactivation - 2/30 110 1/24 1731 - 6/24 729 27
Vancomycin - . - = . - 5/24 829 37
Metronidazole - - - - - - - 1129 -

PER, probiotic extremely preterm; NPVP, non-probiotic very preterm; FTC, full term control.
*Number of fecal samples included in these analyses.
‘See Methods for further explanation of which antibiotic resistance genes that are included in these groups.
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Antibiotic resistance
genes (ARG)
encoding

Classes of ARG

Class A Beta lactamase
Class G Beta lactamase
Aminoglycoside acetylransferase
Aminoglycoside phosphotransferase
Aminoglycoside nucleotidyltransferase
Tetracycine efflux

Tetracycline ribosomal protection
Quinolone resistance
Macrolide/MLS resistance

ABC efflux pump’

RND antibiotic efflux

MFS antibiotic efflux

Mulidrug effiux pump activity
Multidrug resistance effiux pump.
Gene modulating antibiotic efflux
SMR antibiotic efflux
Chioramphenicol acetyltransferase
Antibiotic target”

Gene modulating resistance

ANA methyltransferase’

Other ARG"

Numbers are presented as median total reads normalized by the total number of reads in each fecal sample.
Antibiotic resistance genes analyzed using ShortBRED.

PEP

(n=20)

0.61
0.00
0.00
0.00
0.00
0.00
0.00
9.0
0.00
0.13
52
1.16
0.00
0.00
5.6
0.00
0.48
535
0.00
53

7 days (n = 60 fecal samples)

NPVP

(n=30)

42"
0.00
0.00
0.00
0.00
0.00"
0.26
216
0.00
1.15
419"
1133
246
0.00
41.0"
12
0.00
0.00
81"
106
167

FTC

(n=10)

0.00"
0.20
0.00
0.00
0.00
0.00
4.4
53
0.00
0256
38.4
29.0
1.92
0.00
0.76
0.00
0.00"*
39.2
106
2.02

P

0.001
0.126
0.202
0.690
0.765
0.015
0.047
0.062
0.757
0.206
0.034
0.339
0.337
0.668
0.012
0.071
0.013
0.003
0.128
0.011

FDRQ

0.020
0.229
0311
0.653
0.765
0.050
0.118
0.138
0.797
0.294
0.097
0.342
0.449
0.742
0.060
0.142
0.052
0.030
0213
0.073

PEP

(n=24)

0.00
0.98
0.00
0.00
0.00
0.52
9.81
1.06
37.7
85.8
209
0.00
14.7
0.00
0.00
376
6.0
73

28 days (n = 64 fecal samples)

NPVP FTC P
=31 (n=9)

0.00 0.00 0.080
0.22 0.00 0.492
0.16 0.00 0.114
0.00 0.00 0.296
0.00 0.00 0.173
37 1.77 0.397
76 0.77 0.133
135 0.06" 0.013
53.7 41 0170
1191 16.0 0.056
217 4.9 0.346
0.00 0.00 0.603
201 0.34 0.163
0.00 0.00 0914
0.00 0.00 0.266
278 44.6 0419
838 1.72 0.008
8.4 0.26 0.132

PER probiotic extremely preterm infants; NPVR, non-probiotic very preterm infants; FTC, full-term control; FDR, false discovery rate.

Comparisons between all three treatment groups by nonparametric Kruskal-Wells test.
Post-hoc comparisons by non-parametric Mann-Whitney U-test (vs. PEF) (P < 0.01, *P < 0.05).

Comparison between dilferent time points by generalized linear model with a Poisson femily (*P < 0.05).
Genes modulating antibiotic effux: norA, baeR, marA, phoQ, ramA, soxR. Genes moduating resistance: WHIE, WhiB. Other ARG: bacA
Bold indicates significant differences in median abundance of antibiotic resistance genes between the three groups (P- and Q-value).

FDRQ

0.586
0.812

0.497
0.426
0.423
0615
0.470
0.414
0.683
0.489
0.478
0678
0.376
0.932
0.396
0.419
0.464
0.413

PEP
(n=24)

1.43
9.1

0.00
0.00
6.4
9.2
0.70
94.0
1062
10.0
0.18
19.7

0.00
375

4.1

7.2

4 months (n = 60 fecal samples)

NPVP
(n=29)

1.0
127

0.00

0.00
234

9.4

0.96
1167
1196

14.0

0.00

27.7

0.00
458

5.4
105

FTC

=7

0.00
95

0.00
0.00
234
4el
0.83
90.3
84.7
8.1
0.60
275

0.00

462
44
63

P

0.443
0.605

0.584
0.174
0.407
0.501

0.766
0.674
0.614
0.616
0.496
0.645

0.720
0.678
0.665
0613

FDRQ

1.327
1.134

0814
1.949
1.041
1.186

0.887
0.936

1.652
0.819
0.871

0.768
1.286
0.887
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Antibiotic resistance
gene (ARG)
classes***

Class A Beta lactamase
Class C Beta lactamase
Aminoglycoside phosphotransferase

Aminoglycoside nucleotidyltransferase

Tetracyciine efflux
Tetracycline ribosomal protection
Quinolone resistance

ABC efflux pump

RND antibiotic efflux

MFS antibiotic efflux

Multidrug efflux pump activity
Multidrug resistance efflux pump
Gene modulating antibiotic efflux
‘SMR antibiotic efflux

Antibiotic target

Gene modulating resistance
fRNA methyltransferase

Other ARG

Broad*

=77

0.00
44.96
6.14
0.93
52.29
5.97
29.75
323
312.10
272.36
22.08
0.00
75.30
0.00
1.70
16.25
8.59
24.40

ARG at 28 days
Absolute counts/total abundance
Narrow P
(n=15")

0.00 0.447
0.00 0.021
0.00 0,078
0.00 0.008
0.00 0014
0.00 0210
9.43 0.208
1.07 0.392
37.73 0875
117.02 0.490
2653 0581
0.00 0.162
15.53 0.490
0.00 0.447
0.00 0.002
22,83 0535
9.07 0581
12.15 0.680

FDRQ

0.731
0.095
0.281
0.072
0.084
0.540
0.671
0.784
0.876
0.68
0.70
0.486
0.73
0.805
0.030
0.69
0.65
0.72

*We defined regimens including third-generation cephalosporins or carbapenems as a broad-spectrum regimen.

FDR, faise discovery rate.

‘Number of fecal samples included in these analyses.
*See Meaterials and Methods section for further explanation of which antibiotic resistance genes that are included in these groups.

Broad*

(=97

5.00
911
0.00
7.92
11.68
9.40
0.70
94.00
119.50
19.08
3.02
19.65

236
9.68
8.41
7.21

ARGs at 4 months

Absolute counts/total abundance

Narrow
(n=13")

3.01
8.16
0.00
0.00
217
8.34
0.64
84.96
107.51
13.63
0.00
20.86
0.00
39.10
5.56
7.36

Bold indicates significant differences in abundance of antibiotic resistance genes between broad- and namow-spectrum regimens (P- and Q-value)

P

0.324
0.235

0.794
0.235
0.393
0.367
0471
0.393
0.404
0.647
0017
0.393

0.096
0.043
0.601
0.601

FDRQ

0.864
0.752

0.851
0.94
0.886
0816
0814
0.63
0.59
0.69
0272
0.63

0.512
0.344
0.67
0.74
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Probiotic extremely Non-probiotic very Full term control (FTC)
preterm (PEP) infants preterm (NPVP) infants infants
(n=31) (n=235) (n=10)
Birth weight [grams), median (IQR) 835 (680-945) 1,200 (1,150-1,445) 3,613 (3,394-3,733)
Gestational age [weeks), median (IQR) 26 (26-27) 30 (29-80) 40 (40-41)
Gender
Male, 1 (%) 13 (42%) 20 (57%) 3(30)
Female, n (%) 18 (58%) 165 (43%) 7(70)
Route of delivery
Cesarean, n (%) 21 (68%) 20 (57%) 00
Vaginal, n (%) 10 (32%) 15 (43%) 10 (100)
CRIB score, mean (SD) 11(2) 5@ -
Any antenatal antibiotic exposure, n (%) 8(26%) 12 (34%) 0O
Any antibiotic exposure first week of lfe*, 1 (%) 30 (97%) 27 (77%) -
Median (IQR) days—antibiotics exposed infants 6 (4-7) 4(3-5) =
Any antibiotic exposure after first week of life, n (%) 22 (71%) 5 (14%) -
Narrow spectrum regimen after first week of e, n (%) 14 (45%) 3(9%) -
Broad-spectrum* regimen after first week of lfe, n (%) 8(26%) 2(5%) -
Median (IQR) days antibiotics in exposed infants 6.5(3-19) 10(55-14)
Total days antibiotics, median (IQR); antibiotics exposed infants, n 9.5 (6-18)n =30 4(3-6)n=27 =
Total days of probiotic supplementation, median (IGR) 46 (40-57) - -
Parenteral nutrition, n (%) 31 (100%) 16 (46%) =
Median (IQR) days parenteral nutriion 9(6-13) 5(3-8) -
Exclusive human milk nutrtion until discharge 17 (55%) 16 (46%) 10 (100)

CRIB, Clinical Risk Index for Babies; IQR, interquartile range.

*Only ampicilin or penicillin + gentamicin were used in all preterm infants i first week of lfe.

We defined regimens including third-generation cephalosporins or carbapenems as a broad-spectrum regimen.
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Genus

Bifidobacterium
Escherichia
Kiebsiella
Enterobacter
Staphylococcus’
Veilonella®
Enterococcus’
Bacteroides’
Morganella
Streptococcus
Akkermansia
Lactobacilus
Prevotella’
Acinetobacter
Haemophilus
Seratia

PEP
(n=20)

4.7
0.00
0.00
0.00
1.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

7 days (n = 60 fecal samples)

NPVP
(n=30)

0,00
0.27
0.00
0.00
0.54
0.00"
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

FTc
(n=10)

439
0.02
0.00
0.00
0.05
0.76"*
0.00
0.00
0.00
1.45
0.00
0.23
0.00
0.00
0.14*
0.00

P-value

<0.001
0.107
0.787
0.126
0.230
<0.001
0.118
0.005
0.368
<0.001
10
0.004
0.716
0.525
<0.001
0.607

FDRQ

<0.001
0.245
0.786
0.222
0.368
<0.001
0.238
0.013
0.535
<0.001
1.0
0.013
0818
0.70
<0.001
0.747

PEP
(=24

36.7
176
0.00
0.00
0.51
0.00
0.90
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

28 days (n = 64 fecal samples)

NPVP
(n=31)

335
2.10
0.00
0.00
0.23
1.09"
235
0.00
0.00"
0.06*
0.00
0.00
0.00
0.00
0.00
0.00

PER, probiotic extremely preterm; NPV, non-probiotic very preterm; FTC, full term control; FDR, false discovery rate.

Dominant genera have an overall median relative abundence > 0.5% at 7 deys, 28 days, and 4 months of age.

FTc
(=9

744

0.00
0.00
0.00
0.01*
1.38"
0.00
0.00
0.00
0.26"
0.00
0.23
0.00
0.00
0.07*
0.00

P-value

0.088
0.351
0.663
0.225
0.038
0.018
0.003
0.001
0.030
0.018
1.00
0.019
0.435
0.834
<0.001
0.834

FDR
Q

0.156
0.511
0.816
0.360
0.076
0.072
0.016
0.008
0.069
0.058
1.0
0.051
0.580
0.953
<0.001
0.890

PEP

(n=24

383

12.1
025
0.00
0.00
475
0.39
0.00
0.00
0.156
0.00
0.26
0.00
0.00
0.00
0.00

4months (n = 60 fecal samples)

NPVP
(=29

496

15.2
0.67
0.00
0.00
4.44
153"
0.00
0.00
0.14
0.00
0.18
0.00"
0.00
0.00
0.00

FTC

=7

712

10.10
o1
0.00
0.00
8.69
058
0.00
0.00
0.06
0.00
0.42
0.00
0.00
0.00
0.00

P-value

0243
0377
0.738
0.110
0.472
0.812
0.019
0.996
0.008
0.149
0171
0.682
0.001
1.000
0.996
1.000

FDRQ

0.555
0.754
1.0
0.440
0.839
1.0
0.152
10
0523
0.477
0.456
1.0
0.016
1.0
10
1.0

Overall comparison of all three treatment groups at each time point by non-parametric Kruskal-Walls test. Post-hoc comparisons by non-parametric Menn-Whitney U-test (NPVP or FTC vs. PEP) (P < 0.001, *'P < 0,01, *P < 0.05).
tComparison between the three different time points was by a generalized linear model with a Poisson family (P < 0.05).
Bold indicates significant differences in median relative abundance of bacterial genera between the three groups (P- and Q-value).





OPS/images/fped-06-00347/fped-06-00347-t003.jpg
Antibiotic regimen

BACTERIAL GENERA
Bifidobacterium
Escherichia

Klebsiella

Enterobacter
Staphylococcus
Veionela

Enterococcus
Streptococcus
Lactobacilus

Broad*
(=7

14.4

445
0.00
0.00
0.42
0.00
273
0.00
0.00

Microbiota at 28 days
Median relative abundance

Narrow
(n=15%)

289
1.40
0.00
0.45
0.08
0.00
0.68
0.00
0.00

0.783
0.368
0.680
0.123
0.783
0.945
0.783
0.630
0.891

Broad*

=9

143

17.4
0.25
0.00
0.00
1.25
0.64
0.07
0.00

Microbiota at 4 months
Median relative abundance

Narrow
(n=13%)

415

99

0.57
0.00
0.00
6.01
0.39
0.18
0.87

0.096
0.209
0.845
0.235
1.00

0.001
0.647
0.126
0.071

FDRQ

0512
0.669
0.623
0.627
1.00
0.016
1.00
0.504
0.568

PER probiotic extremely preterm; NPV, non-probiotic very preterm. *We defined regimens including thirc-generation cephalosporins or carbapenems as a broad-spectrum regimen.
““Number of fecal samples included in these analyses.
Median relative abundance of Bacteroides, Morganella, Akkermansia, Prevotella, Acinetobacter, Heemophilus, and Serratia were <0.001 at 28 days and 4 months of age and there
were o statistical difference between groups.

Bold indicate significant difference between broad- and narrow-spectrum antibiotic exposure.

FDR, false discovery rate; only calculated for comparisons with P < 0.05.
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Ownerfinstitution/  Website Type Targetgroup  Location Mention of parental  Role/utilization of

publication date concern parental concern
American College of  hitps//www.ncbinim.  Guideline Neonatal and Endorsed by multiple  Not mentioned N/A
Citical Care nih.gov/pubmed/ pediatric national and
Medicine, 2017 28509730 international societies
Surviving Sepsis http://www.ncbi.nim. Guideline Adult and pediatric ED, PICU, and inpatient Not mentioned NA
Campaign, 2013 nih.gov/pubmed/ unit; Endorsed by
23361625 multiple national and
international societies

National Institute for ~ https/wwwinice.org. ~ Guidelineand ~ Adult, pediatric,  ED, PICU, and inpatient Yes. Used as screening “Could
Healthand Care  uk/guidance/ng51/  insitutional and neonate unit; United Kingdom ~ —* Pay particular this be sepsis?” and as.
Excellence (NICE),  resources pathway attention to concerns  moderate-to-high risk
2017 expressed by the criterium

person and their family

or carer”

~*Parental or carer
concern is important
and should

be acknowledged”
~*Parent or carer
concern that child is
behaving differently

from usual”
United Kingdom httpsv/sepsistrustorg/  Pathway Pediatric ED, United Kingdom ~~ Yes. Used as Amber Flag
Sepsis Trust, 2018 professional-resources/ -In<SyearandSto  criterium
clinical/ 12 year age groups:
“Parents very worried”
Department of hitp//pediatrics. Pathway Pediatric Inpatient Unit, New ~ Not mentioned NA
Pediatrics, New York ~ aappublications.org/ York, United States
University, 2016 content/pedatrics/ 137/
3/620144082.full pdf
Sepsis Kills, Clinical ~ httpy//www.cec.health.  Pathway Adult and Pediatric ED, and inpatient unit,  Yes Used as screening “Are you
Excellence nsw.gov.au/_data/ New South Wales,  -*High level parental  concerned your patient
Commission, 2016 assets/pdf_file/0008/ Australia concern “ could have sepsis?”
343475/Pediatric-

Sepsis-Pathway-Sept-
2016-with-watermark.
pdf

Current pediatric sepsis guidelines and selected examples of pathways from the United Kingdom, United States, and Australia are shown in reference to whether parental concern in
sepsis recognition is mentioned.
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References

Van den Bruel et
al. (41)

Niehues (42)

Thompson et al.
43)

Long (44)

Printz (45)

Yung (46)

Scope of review

Until June 2009

2009-29 Aug
2018

Oct 2008. Update
June 2009

N/A

N/A

N/A

Study design

Meta
analysis/review

Narrative review

Systematic review
and validation of
prediction rules

Narrative review

Narrative review

Narrative review

N studies

30 studies
included

N/A

36 studies
included in review

N/A

N/A

N/A

Inclusion criteria

Diagnostic
accuracy studies
on children to
predict serious
infection

Pediatric fever
management

Prediiction rules to
identify children
with serious
infections in
Emergency
settings

NA

NA

NA

Outcomes

Serious infection

N/A

Serious infection

N/A

N/A

N/A

Comments:

1 study commenting on parental
concern (37):

High odds ratio for serious bacterial
infection in presence of parental
concem, and in presence of clinician
instinct that something different
Review on febrie infections in
children.

“Degres of parental concem” listed as
astrong red flag

1 study commenting on parental
concern (37):

Parental concern that the ilness is
different from previous ilnesses
(Likelihood ratio + 14) and the
clinician's gut feeling that something
is wrong (Likelihood ratio + 23)
Review on family stressors and
perception during sepsis.

Role of parents in recognizing altered
behavior mentioned.

Review on management of febrile
ilness.

States that clinicians should listen to
parental concerns as indicators of
serious ilness. Parents as experts of
their child.

Review on recogrition of
menincoccemia.

Concerns of parents, relatives or
friends are listed as clues for early
recognition. Parents as best judges of
the health of their children. Note of
worry of relatives/friends which seems
more extreme than presenting signs.





OPS/images/fped-07-00161/fped-07-00161-t002.jpg
References and
country of enrolment

Van den Bruel et al.
(38), Belgium

Van den Bruel et al.
(39), Belgium

Brennan et . (40),
United Kingdom

Kai et al. (41),
United Kingdom

Study design

Prospective
observational
multicentre study (121
physicians)

Single-site qualitative
study. Interviews with
parents and clinicians

Qualitative prospective
mult centre study.
Semi-structured
interviews.

Qualtative prospective
study. Focus groups
and interviews

N patients

3980, of which 21
(0.53%) had a serious
infection; of which
1/3980 had sepsis
(0.02%)

No patients;

Parents of 18 cases
and 9 of the respective
general practitioners
interviewed

26 General
Practitioners

95 parents

Inclusion criteria

Children presenting to
General Practitioner,
pediatician or the
emergency department
with acute ilness <5
day

Families of chidren
diagnosed with severe
bacterial infection

General practitioners of
the area

Parents registered at a
General practiioner
practice, at regional
care facilties, and from
parent groups

Outcomes in relation
to parental concern

Serious bacterial
infection requiring
hospital admission for
>24 h: Pneumonia,
meningitis, sepsis,
pyelonephtis,
osteomyelitis, bacterial
gastroenteritis

N/A

N/A

N/A

Comments

Secondary analysis of the same
dataset as published in Van den Bruel
etal. (37) (Table 1).

Parental concer was the strongest
factor associated with a clinician’s gut
feeling that something was wrong OR
26.9,9.0t0 80.4).

Parental assessment that the disease
is different from other diseases is
highiighted.

General practitioners were
interviewed to identify diagnostic
approach in children with meningts.
Maternal intuition that “the chid isn't
quite right” and parental concern
were stated as factors influencing
medical decision making about the
seriousness of infection.

The concers of parents related to
lack of personal control and
perceived threat by a serious iliness
(which may result in meningitis,
disabity, or death). Cough and fever
were key concerns, and did not
necessarlly relate to severity.

Parents were worried about failng to
recognize a serious problem, and
may struggle to define the severity
of lness.
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References and
country of enrolment

Van den Bruel et al.
(87), Belgium

Study design

Prospective
observational
multicentre study

Patients

3981, of which 31
(0.78%) had a serious
infection; of which
9/3981 had sepsis
(0:22%)

Inclusion criteria

Children presenting to
General practitioner,
pediatrician or the
emergency department
with acute ilness.

Outcomes in relation
to parental concern

Serious bacterial
infection: Peunonia,
meningitis, sepsis,
pyelonephits,
osteomyelits, bacteral
gastroenteritis

Comments

Parental concer was described as
“different ilness” with the definition of
a statement by the parents that this
ilness was different from previous
ilnesses.”

Presence of parental concern was
associated with odds ratio for
sepsis/meningits of 70.5
(14.5-341.4); Sensitiity 77.8%,
specificity 95.3%.
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Variables Univariate analysis Multivariate analysis

OR (95% Cl) P OR (95% Cl) P
Men vs. women 1.1(08-17) 055 12(08-18) 043
Birth weight <2,5009 vs. 22,5009 0.7 (02-26) 0.60 07 (0.2-27) 061
Early-onset vs. Late-onset 1.1(0.7-1.7) 0.62 1.40.7-1.7) 075
Ciiically diagnosed cases Reference Reference

E. coli cases 2.0(1.1-8.6) 0.03 20(1.1-3.6) 008
GBS cases 23(1.3-4.1) 0,006 23(1.3-4.9) 0005
Cases of other pathogens 09(0.5-1.6) 0.64 09(05-1.6) 074

GBS, Group B Streptococcus; E. coli, Escherichia coli; OR, odds ratio; Cl, confidence interval.
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Characteristics Clinically diagnosed cases (n = 329) GBS cases E. coli cases

(n =55) (n=55)
Men, n (%) 203 (61.7) 28(50.9) 27 (49.1)
Gestational age (weeks), median (IQR) 39.1(38.2-40.0) 39.0 390
(38.0-40.0) (38.0-40.1)
Birth weight (kg), median (IQR) 3.4(3.1-36) 33(3.1-35) 32(30-3.6)
Early-onset, n (%) 108 (32.8) 21(38.2) 10(182)
Cesarean delivery, n (%) 213 (64.7) 42 (76.4) 35 (63.6)
Course of treatment (days), median (QR) 25 (19-39) 36 (20-51)1* 28 (22-40)
Nonspecific symptoms, n (%)2 294 (89.4) 54(98.2) 52(94.5)
Fever 253 (76.9) 50 (20.9) 49(89.1)
Lethargy 95 (28.9) 24(43.6) 22(40.0)
Poor feeding 82(24.9) 24 (43.6)1 20(36.4)
Vormit 23(7.0) 4739 2(36)
Cyanosis 19(5.8) 236 2(36)
Apnea 7@2.1) 2(3.6) 1(1.8)
Neurological symptoms, n (%)° 122(37.1) 27 (49.1) 23(41.8)
Seizures 47 (14.3) 15 (27.3) 9(16.4)
Dystonia 36 (10.9) 12(21.8) 9(16.4)
Iritabiity 18(5.5) 10 (182)F 6(109)
Abnormal primitive reflexes. 56 (17.0) 4(7.3 9(16.4)
Bulging fontanelle 144.3) 3(55) 473
Screaming 103 1018 2(36)
CSF findings, median (IQR)
WBC count (x 109/L) 102 (87-420) 111 491
(114-3.920) (79-3,248)"
Protein, g/L. 13(09-2.0) 2.9 (1.6-4.7)t 20
(1.5-83)
Glucose, mmol/L 2.0 (1.1-2.4) 1.0 08201 1.6(0.1-2.0"
Non-neurological complications, n (%)° 176 (53.5) 27 (49.1) 21(38.2)
Omphalitis 20(6.1) 2(36) 5(9.1)
Pneumonia 131 (39.8) 21(38.2) 14(25.5)
Skin infection 5(15) 0(0.0) 2(36)
Diarrhea 49(14.9) 7(12.7) 3(55)
Utinary infection 6(1.9 0(0.0) 0(0.0)
Neurological complications, (%) 82(25.9) 24 (44.4)1 22(40.7)"
Ventriculitis 13 (4.1) 2@7) 3(56)
Intracranial hemorthage 59 (18.7) 12 (22.2) 7(18.0)
Subdural effusion 17 (6.4) 12 @22 9(16.7)"
Hydrocephalus 17 (5.4) 2@ 10 (185)"
Brain abscess 5(1.6) 509" 593
Poor prognosis, 1 (%)° 88(26.7) 10(18.2) 21(38.2)
Death, n (%) 2(0.6) 0(0.0) 0(0.0)
Withdrew treatment, n (%)" 47 (14.3) 50.1) 12 (218

2Any one or more of the symptoms including fever, lethargy, poor feeding, vomit, cyanosis, and apnea were defined s the presence of nonspecific symptoms.
©Any one or more of the symptoms including seizure, dystonia, imitabilty, abnormal primitive reflexes, bulging fontanelle, and screaming were defined as the presence of neurological
symptoms.
<Any one or more of the complications including omphalis, pneumonia, skin infection, dlerthea, and urinary infection were defined as the presence of non-neurological complications.
Any one or more of the neurological complications incluciing ventriculits, intrecranial hemorrhage, subdural effusion, hydrocephalus and brain abscess confirmed by cranial magnetic
resonance imaging were defined s the presence of neurological complications.
°Glasgow Outcome Scale score of <4 is defined as poor prognosis.
!Families withdrew treatment due to economic difficulties and/or poor prognosis.
“Comprison between clinically diagnosed cases and E. coli cases (adjusted P < 0.05 by the Bonferroni method).
‘Comparison between clinically diagnosed cases and GBS cases (adjusted P < 0.05 by the Bonferroni method).
#Comparison between E. coli cases and GBS cases (adjusted P < 0.05 by the Bonferroni method).
IQR, interquartile range; CSF, cerebrospinal fluid: WBC, white blood cell: GBS, Group B Streptococcus; E. coli, Escherichia coli.
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A B c D E F Toial'
n%) n(%) n%) n%) n%) n% n%)

Escherichiacoli  21(20) 6(11) 18(13) 21(24) 23(24) 8(22) 97(19)
Coagulase- 7@ 1508 40@9 6() 13(19 2(5) 83(16)
negaive-

staphylococc

Staphylococcus  13(12) 9(17) 18(1) 11(12) 13(13) 8(2) 77(14)
aureus

Group B 1(10) 1222 4@) 4@ 10(10) 3@ 479
stieptococeus

Streptococous 183(12) 12 96 8(©9) 8(8) 8(2) 47(9)
peumoniae

Group A 5() 00 4@) 8@ 56 26 246
streptococcus

Enterococcus spp. 8(8) 12 4@ 2@ 2@ 26) 19@)
Klebsiella spp. THoot@ e 1 4@ 1@ 2509
Neisseria 2@ 00 4@ 3@ 4@ 26 13@
meningiticis

Pseudomonas. 4@ 00 3@ 1M 20 00 1@
aeruginosa

Haemophilus 1) 00 2() 1() 3@ 00 6(1)
influenzae

Other 11(10) 2@ 10() 22 4@4) 0() 29(6)
Gram-negative

pathogens®

Other 2@Q) 71y 15(11) 6(M 66) 10 38(7)
Gram-positive

pathogens®

Total 105 54 139 89 97 a7 521

# Stenotrophomonas maltophila, Seratia marcescens, Seratia liquefaciens, Citrobacter
Sedlaki, Citrobacter freundii, Elizabethkingia meningoseptica, Saimonella group B,
Salmonela group C., Acinetobacter wof, Enterobacter cloacae, Capnocytophaga sp.,
Proteus mirabils, Cardiobacterium hominis

“Bifdobacterium  spp.,,  Fusobacterium  nucleatum,  Fusobacterium
necrophorum,  Streptococcus bovis, - Lactobacilus  spp.,  Streptococcus  mits,
Streptococcus equi, Streptococcus, salivarius, Streptococcus anginosus, Streptococcus
sanguinis, Streptococeus viidans, Listeria monocytogenes, Micrococcus luteus, Bacillus
cereus, Bacillus pumilus, Rothia mucilaginosa,
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Age groups
<28 days.
28-365 days
1-4 years.
5-9 years
10-16 years
Sex
Meale sex
Female sex
Comorbidity
No comorbicity
Comorbidty present
Severity of sepsis
Sepsis
Severe sepsis
Septic shock
Site or type of infection

Central-line associated
bloostream

Primary bloodstream
Urinary tract
Pneumonia
Central nervous system
Gastrointestinal system
Bones and joints
Skin and soft issue
Other specifi infection
type®

Pathogens
Coagulase-negative
staphylococci
Staphylococcus aureus
Group B streptococei
Streptococcus
preumoniac

Other Gram-positive
bacteria®

Escherichia coli

Other Gram-negative
bacteriad

n (%)

196 (38%)
126 (24%)
93 (18%)
53 (10%)
54 (10%)

311(60%)
210 (40%)

230 (44%)
201 (56%)

324 (62%)
100 (19%)
97 (19%)

151 (29%)

104 (20%)
56(11%)
45 (9%)
40 8%)
32 (6%)
30 (6%)
30 (6%)
33 (6%)

84(16%)
77 (15%)
47 %)
46/9%)
82 (16%)

97 (19%)
88 (17%)

*The adjusted model was adjusted for al variabes listed

2Values and 95% Cl are relative to the defined reference group

TTP, Median (IGR), h

1.3 (7.57-187)
11.0(8.40-15.6)
12,0 0.12-16.2)
11.9(2.00-162)
12.0 (8.62-16.5)

11.3(8.12-17.2)
12.0(8.50-16.8)

12.0(8.93-16.9)
11.0(7.50-17.1)

1.7 (867-16.6)
12.4(7.56-19.6)
11.3(7.50-15.1)

11.9(7.65-18.1)

10.1(7.47-14.4)
11.0(8.12-15.4)
18.2(10.3-16.2)
10.0(833-14.7)
11.8(7.88-18.2)
14.1(11.3-20.1)
12.5(2.35-16.7)
12.0(9.00-19.5)

162 (10.4-23.1)
14.09.12-17.1)
870(5.95-102)
11.4(0.05-13.9)

182 (10.0-19.6)

920 (6.68-12.0)
11.9(8.54-187)

Multivariable model

Estimated TTP (95% CI)?

Reference
0.95(0.79-1.13)
1.01(0.82-1.25)
0.97 (0.75-1.25)
0.94(0.73-1.20)

Reference
1.07 (0.94-1.22)

Reference
0.85(0.72-1.01)

Reference
096 (0.80-1.15)
1.00 0.84-1.19)

Reference

0.94(0.76-1.17)
1.27 (0.97-1.65)
1.28(0.95-1.74)
0.94(0.69-1.28)
1.32(0.99-1.76)
1.04(0.72-1.49)
1.06(0.79-1.42)
1.20(0.88-1.62)

Reference
0.74(0.57-0.95)
0.44(0.33-0.59)
0.53(0.37-0.74)

081(0.63-1.09)

0.56 (0.43-0.71)
0.80 (0.62-1.04)

©P-yalue from likelihood ratio test. Endocaraliis, toxic shock syndrome, ear, nose, and throat infection, and other non-specified focal infections.

CEnterococcus spp., group A streplococcus, vinidans group sireptococai, other Gram positive bacteria.

9IHaemophilus influenzae, Klebsiella spp., Neisseria meningitidls, Pseudomonas aeruginosa, other Gram negative bacteria.

Adjusted p-value®

p=10

p <0001
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Intervention Population Outcome RR(95%Cl)  RCTs/infants References

Pentoxifyline Allinfants with confirned or suspected All-cause mortality to discharge 0,57 (0.35-0.93) 6/416 7
sepsis
Allnfants with confirmed sepsis All-cause mortalty to discharge 0,37 (0.19-0.73) 41235 (@]
Preterm infants with confimed or Allcause mortality to discharge 0,38 (0.20-0.74) 17 7
suspected sepsis

IVIG (polyvalent or Alinfants with suspected infection Allcause mortality to discharge 0.9 (0.80-1.13) o627 79

IgM-enriched)

IVIG (igM-enriched) Alinfants with suspected infection All-cause mortality to discharge  0.68 (0.39-1.20) 41267 79)

GM-CSF or G-CSF Allinfants with confirned or suspected All-cause mortality to 14 days 071 (0.38-1.33) 71257 79
sepsis
Alinfants with confimmed or suspected Allcause mortality to discharge 053 (0.25-1.16) 5/178 79
sepsis
Neutropenic infants with confirned or All-cause mortality to discharge 038 (0.16-0.95) 397 79
suspected sepsis

Granulocyte transfusion  Neutropenic infants with confirmed o Allcause mortalty to discharge 089 (0.43-1.86) 3/44 (©0)
suspected sepsis
Neutropenic preterm infants with Allcause mortality to discharge 094 (0.39-2.24) 2/33 ©0)
‘confirmed or suspected sepsis

Cochrane reviews o the most updated meta-analysis on the topic were selected for inclusion in the table. Outcomes were selected based on relevance. Statisticall significant results are
marked in bold. Cl, confidence interval; GM-CSF, granuiocyte-macrophage colony stimulating factor; G-CSF, granulocyte colony stimulating factor; IVIG, intravenous immunogiobuln;
RCT. randomized controlled trial: RR, risk ratio.
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Intervention Outcome RR (95% CI) RCTs/infants. References

MG Al-cause mortality 0.89(0.75-1.05) 15/4125 ©1)
Mortality (nfectious) 0.83(0.56-1.22) 10/1690 ©1)
Late-onset sepsis 0.85 (0.74-0.98) 1073795 ©1)
INH-A21 Al-cause mortality 080 (0.59-1.08) 2/2488 ©2)
Staphylococcal infection 1,07 0.94-1.22) 2/2488 ©2)
Altastaph Al-cause mortality 1.31(0.30-5.70) 1/206 ©2)
Staphylococcal infection 086 (0.32-2.28) 17206 ©2)
Pagibaimab Al-cause mortality 1.16 (0.82-1.647 2/1669 (83,84)
Staphylococcal infection 1.17 0.90-1.50f 2/1669 (83,84
GM-CSF All-cause mortality 1.05(0.64-1.72) 47639 (79, 85)
Late-onset sepsis 1.05(0.84-1.30) 3/564 (79,85
Donor human milk vs. formula Al-cause mortality 075 (0.44-1.27) a2t (©6)
Invasive infection 089 (0.67-1.19) 2/219 (©6)
Necrotizing enterocoliis 0.36 (0.18-0.71) 6/431 (©6)
Probiotics (single or multiple strains) Al-cause mortality 0.7 (0.65-0.92) 27/8056 ©7
Late-onset sepsis 0.86 (0.78-0.94) 37/9416 ©9)
Invasive fungal infection 0.48 (0.33-0.71) 6916 ©9)
Probiotics (single strains) Al-cause mortality 095 (0.72-1.26) 1173424 (©0)
Late-onset sepsis 0.86 (0.76-0.97) 1473455 ©9)
Probiotics (multiple strains) Al-cause mortality 0.67 (0.50-0.89) 1072867 (©0)
Late-onset sepsis 085 (0.74-097) 23/5601 ©9)
Oral lactoferrin All-cause mortality 0.65(0.37-1.11) 6/1041 (75)
Late-onset sepsis 059 (0.40-0.87) 6/886 75)
Oral lactoferrin + probiotics All-cause mortality 054 (0.25-1.18) 17496 (75)
Late-onset sepsis 0.27 (0.12-0.60) 11319 75)
Glutamine Al-cause mortality 097 (0.80-1.17) 12/2877 ©1)
Late-onset sepsis 094 (0.86-1.04) 1172815 ©1)
Selenium supplementation Al-cause mortality 092 (0.48-1.75) 2/549 ©2)
Late-onset sepsis 073 (0.57-0.99) 3/583 ©2)

Cochrane reviews or the most updated meta-analysis on the topic were selected for inclusion in the table. Outcomes were selected based on relevance. Statistically significant results
are marked in bold. Altastaph, antibody against capsular polysaccharide antigen type 5 and ; Cl, confidence interval: GM-CSF; granulocyte-macrophage colony stimulating factor;
INH-A21, pooled generic antistaphylococcal immunoglobuli; IVIG, intravenous immunoglobuiin; Pagibaximab, anti-ipoteichoic acid monocional antibody; RCT, randomized controlled
trial: RR, risk ratio. *No complete meta-analysis has been conducted. RR, calculated from preliminary results.
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Treatments Immunological data Microbiological data

Gender  Antitoxin wi? VP alterations of CD3* T cells (%)° VP alterations of CD3* T cells (%) Toxin suspected  Site(s) of emm-types  Toxin gene profile
antibiotic (Dose) accordingto VB isolation
(Clindamyin)

Measurement 1 [day post shock onset] Measurement 2 [day post shock onset]

e Yes Yes(2g/kg)  VB1 <> (4.6%); VB2 <> (5.8%); VS.1 > VB1 2 (5.6%); VB2 <> (9.22%); VB5.1 <> SPEA® or SPEC!  Throat 89 speBd, spech
(65.6%); VB12 <> (1.5%); VB14 2 (5.6%) (D3] (4.24%); VB12 © (1.32%); VB14 A (5.1%)

0%+8)

M Yes No VBt < (2.2%); VB2 <> (10.6%); V5.1 ND SPEA Pleural effusion 1 SpeAk speB
(4.7%); VB12 2 (5.8%); VB14 2 (22.1%) [D+4]

F Yes Yes 2 g/kg) VBT 7 (8.2%); Vp2 A (1.8%); VBS.1 <> ND SPEC Blood 87 speB, speC
(3.4%); VB12 > (1.9%); VP14 < (4.4%) [D+3]

M Yes Yes2g/kg) VBT < (2.3%) VB2 7 (19.1%); VBS.1 8 ND SPEA Pleural effusion, 1 Spe, speB
(3:3%); VP12 7 (2.3%); VB14 A (15.8%) [D+3] blood

M Yes Yes (1 ghkg) VBT < (2.9%) VB2 A (27.6%); VPS.1 8 ND SPEA or SPEC) Pleural effusion, 12 speB, speC
(2.5%); VB12 <> (1.4%); VB14 2 (6.8%) [D+1] blood

F Yes Yes (NA) VB1 < (2.5%); VB2 A (15.4%); VB5.1 N ND SPEA Pleural effusion 1 SpeA, speB
(B.4%); VB12 A (3.6%); VB14 A (17.7%) [D+4]

F Yes Yes(1gkg)  ND ND ND Wound 28 SpeB, speC

M Yes Yes2gkg)  ND ND ND Throat ND ND

F No No ND ND ND Blood ND ND

F No No ND ND ND Pleural effusion 1 speA, speB, speC

M Yes No ND ND ND Blood 12 speB.

F Yes No ND ND ND Pleural effusion, 1 speh, speB

blood
M Yes No ND ND ND Tracheal secretions ND ND
F Yes No ND ND ND Pleural effusion, 6 SpeB, speC
tracheal secretions
M Yes Yes@gkg)  ND ND! ND Pleural effusion 1 Speh, speB, speC

4IVIG, Intravenous Immunoglobuiin.

2V, alterations of CD3* T cells (%): The expression of 24 main V CD3+ T celis was determined by flow cytometry. Only the altered expression of Vp CD3* T cels is showed according the following normal adult ranges provided by
the kit manufacturer: VB1: 2.18 to 4.88%Vp2: 5.84 to 10.76%; Vp5.1: 3.85 to 7.05%; V12: 1.12 t0 2.2% Vp14: 2.13 t0 4.85%.
°F, Female.

9D, day.

°SPEA, streptococcal pyrogenic exotoxin A

1SPEC, streptococcal pyrogenic exotoxin C.

9speB, gene encoding streptococcal pyrogenic exotoxin B.

hspeC, gene encoding streptococcal pyrogenic exotoxin C.

i, male.

JND, ot determined

speA, gene encoding streptococcal pyrogenic exotoxin A.

INA, not available.

No specific other fundings for this study.





OPS/images/fped-06-00066/logo.jpg
Ghesk for

i@





OPS/images/fped-06-00357/crossmark.jpg
©

2

i

|





OPS/images/fped-06-00199/crossmark.jpg
©

2

i

|





OPS/images/fped-06-00357/fped-06-00357-t001.jpg
Adult or neonatal GA
TNFo

Adult

Adult

Term
(GArange 3742 weeks)

Mix of preterm and
Term
(mean GA not described)

Mix of preterm and
Term
(mean GA 35.8 = 4.1)

IL-6
Adult

Adult

Term
(GA range 37-42 weeks)

Mix of preterm and
Term
(mean GA 35.8 = 4.1)

Mix of preterm and
Term
(mean GA not described)

Adult

Term
(GA range 3742 weeks)

Mix of preterm and
Term
(mean GA35.8 + 4.1)

Mix of preterm and
Term
(mean GA not described)

IL-10
Adult

Adult

Adutt

Adult

Adult

Adult

Term
(GA range 8742 weeks)

IL-10/TNFa RATIO

Adult

Adult

Neonate of any GA

Cohort sepsis characteristics ()
and mortality (if applicable)

Organ dysfunction during sepsis: 24
- Organ failure recovery by day 4: 11
- Organ failure ongoing: 13

Septic shock: 38
- Survivors: 22

- Non-survivors: 16

Mortality within 28 days after
diagnosis. Time from sepsis onset not
described

Clinical (n = 10) and confirmed
(h="9)L0s: 13

- Sepsis: 4

- Severe sepsis: 6

- Septic shock: 3

Sepsis: 50

(EOS: 41 and LOS: 9)

- Suvivors: 33

- Non-survivors:17

Non-sepsis inflammation: 50
Controls: 50

Time from sepsis onset to death not
described

Confirmed sepsis: 26
(EOSn=8and LOS n = 13)

- Sunvivors: 17

- Non-survivors: 9

Controls: 29

Mortality:

EOS deaths <2 days: 5 LOS deaths
>7 days: 4

Time from sepsis onset to death not
described

Septic shock: 20
SIRs: 11
Healthy controls: 10

Sepsis:32
- Sepsis: 19

- Septic shock: 13
Healthy controls: 15

Cinical (1 = 10) and confirmed
(h="3)L0S: 13

- Sepsis: 4

- Severe sepsis: 6

- Septic shock: 3

Confirmed sepsis: 26
(EOSn=13and LOS n = 13)

- Survivors: 17

- Non-survivors: 9

Controls: 29

Mortality:

EOS deaths <2 days: 5

LOS deaths >7 days: 4 Time from
sepsis onset to death not descrived
Confimed sepsis: 50
(EOSn=41andLOSn =9)

- Sunvivors: 33

- Non-survivors: 17

Non-sepsis inflammation: 50
Controls: 50

Time from sepsis onset to death not
described

Septic shock: 20
SIRS: 11
Healthy controls: 10

Clinical (n = 10) and confirmed
(=3)LOs: 13

- Sepsis: 4

- Severe sepsis: 6

- Septic shock: 3

Confimed sepsis: 26
(EOSn=13and LOS n = 1)

- Sunvivors: 17

- Non-survivors: 9

Controls: 29

- Mortality:

EOS deaths <2 days: 5 LOS deaths
>7 days: 4 Time from sepsis onset to
death not described

Sepsis: 50
(EOSn=41andLOSn=9)

- Sunvivors: 33

- Non-survivors:17

Non-sepsis inflammation: 50
Controls: 50

Time from sepsis onset to death not
described

Septic shock: 38
- Sunivors: 22

- Non-survivors: 16

Mortality within 28 days after
diagnosis. Time from sepsis onset to
death not described

Infection (includes more than only
sepsis): 399

- Sunvivors: 366

- Non-survivors: 33

Time from sepsis onset to death
unclear

Septic shock: 20

SIRS: 11

Healthy controls: 10

Sepsis:32
- Sepsis: 19
- Septic shock: 13
Healthy controls:

5

Sepsis: 61
- Survivors: 41

- Non-survivors: 20

Time from sepsis onset to death not
described

Post-operative sepsis: 35

- Sunvivors: 24

- Non-survivors: 11

Post-operative non-sepsis controls:
85

Mean time to mortality 22.3 (6.6)
days. Time from sepsis onset to
death not described

Cinical (1 = 10) and confirmed
(=9)L0s: 13

- Sepsis: 4

- Severe sepsis: 6

- Septic shock: 3

Septic shock: 38
- Sunvivors: 22

- Non-sunvivors: 16

Mortality within 28 days after
diagnosis. Time from sepsis onset to
death not described

Infection (includes more than only
sepsis): 399

- Sunvivors: 366

- Non-sunvivors: 33

Time from sepsis onset to death
unclear

Not assessed

Time of blood sampling and age at
sepsis

Blood samples were taken within 24 of
initial suspicion of sepsis and on hospital
days 4and 6

Mean (median) age at sepsis 55 (55) years
Blood samples were taken on days 1-2,
3-4,5-7, and 8-15 days following

initial suspicion of sepsis

Mean age at sepsis 64 years (95% CI
59-60)

Blood sample was taken at initial
suspicion of sepsis

Median age at sepsis: 10 days (IQR 7-22
days)

Blood samples were taken at sepsis
evaluation (time O) and on days 1 and 2

Age at sepsis not described

Blood samples were taken at sepsis
evaluation before antimicrobial therapy
(time 0) and on days 3 and 7

Mean (D) age at sepsis:
EOS 19 (1.1) days
LOS 20.6 (:8.4) days

Blood sample was taken within 24 h initial
suspicion of sepsis
Age at septic shock: 68 years.

Blood sample was taken at initial
suspicion of sepsis

Mean age (+SD) at sepsis:

70.8 (+12.7) years

Blood sample was taken within 24 h initial
suspicion of sepsis

Median (IGR) age at sepsis:

10 (7-22) days

Blood samples were taken at sepsis
evaluation before antimicrobial therapy
(time 0) and on days 3 and 7 following
Mean (:SD) age at sepsis:

EOS 1.9 (+1.1) days

L0S 20,6 (:8.4) days

Blood samples were taken at sepsis
evaluation (time 0) and on days 1 and 2
following

Age at sepsis not described

Blood sample was taken within 24 h initial
suspicion of sepsis
Age at septic shock: 68 years.

Blood sample was taken at initial
suspicion of sepsis

Median age at sepsis:

10 (QR 7-22) days

Blood samples were taken at sepsis
evaluation before antimicrobial therapy
(time 0) and on days 3 and 7

Mean (D) age at:

EOS 1.9 (+1.1) days

LOS 20.6 (&8.4) days

Blood samples were taken at sepsis
evaluation (time 0) and on days 1 and 2
Age at sepsis not described

Blood samples were taken on days 1-2,
3-4,5-7, and 8-15 days following initial
suspicion of sepsis

Mean age at sepsis:

64 years (95% CI 59-69)

Blood sample was taken when empirical
antibiotics commenced

Median (IQR) age at sepsis: 61 (45-77)
years

Blood sample was taken within 24 h nitial
suspicion of sepsis
Age at septic shock: 68 years

Blood sample was taken at time of initial
suspicion of sepsis

Mean (:SD) age at sepsis:

70.8 (+£12.7) years

Blood sample was taken on day of
admission and the next day

Median (IQR) age at sepsis in years:
Survivors 52.5 (36-61.5)

Non-survivors 54.5 (42.5-62.5)

Blood sample was taken at time of initial
suspicion of sepsis

Mean (+SEM) age at sepsis:

61 (£2) years

Blood sample was taken at time of initial
suspicion of sepsis
Median (IQR) age at sepsis: 10 (7-22) days

Blood samples were taken on days 1-2,
3-4,5-7, and 8-15 days following inital
suspicion of sepsis

Mean age at sepsis:

64 years (95% CI 59-69)

Blood sample was taken when empirical
antibiotics commenced

Median (IQR) age at sepsis: 61 (45-77)
years

Observation in septic cohort

Increased TNFa production
capacity is associated with organ
failure recovery

TNFa levels were increased in
non-survivors compared to
survivors, but not significantly

TNFa levels were not associated
with sepsis severity

TNFe was significantly elevated
in non-survivors, compared to
sunvivors, at time 0, but not on
days10r2

TNFa significantly increased
progressively during sepsis in the
non-survivors

TNFa significantly decreased
progressively during sepsis in the
survivors

IL-6 levels higher i septic shock
than controls. Increased levels of
IL-6 were positively associated
with IL-10 levels in septic shock,
indicating correlation with sepsis
severity

Significantly elevated IL-6 levels
in septic patients compared to
controls Significantly

elevated levels in septic shock
compared to sepsis without
shock

Increased IL-6 levels are
associated with septic shock

IL-6 significantly increased
progressively during sepsis
episode in the non-survivors
IL-6 significantly decreased
progressively during sepsis
episode in the survivors

IL-6 was significantly elevated in
non-survivors compared to
sunvivors, at time all three
timepoints

IL-8 levels elevated compared to
SIRS and control. Increased
levels of IL-8 are positively
associated with IL-10 levels in
septic shock, indicating
correlation with sepsis severity
Increased IL-8 levels gradually
increased with sepsis severity,
but not significantly

IL-8 increased progressively
during sepsis episode in the
non-survivors (only significantly
between time 0 and day 3)
IL-8 significantly decreased
progressively during sepsis
episode in the survivors

IL-8 was significantly elevated in
non-survivors compared to
survivors, at time all three
timepoints

IL-10 levels were significantly
elevated throughout the septic
episode in non-survivors
compared to survivors

IL-10 levels were significantly
higher in the non-survivors.
Increased IL-10 levels were
associated with increased risk of
mortality

IL-10 levels more elevated than
controls. Increased levels of IL-6
and IL-8 are positively
associated with IL-10 levels in
septic shock, indicating
correlation with sepsis severity
Significantly elevated IL-10 levels
in septic patients compared to
controls. Significantly elevated
levels in septic shock compared
to sepsis without shock
Significantly elevated IL-10 levels
in non-survivors compared to
survivors,

Sepsis is associated with
deficient IL-10 production.
Sepsis sunvival correlated with
recovery of pro-inflammatory
secretion, but not IL-10

Increased IL-10 levels gradiually
increased are with sepsis
severty, but not significantly

IL-10/TNFa ratio was significantly
increased during the first days of
sepsis in non-survivors
compared to survivors

IL-10/TNFa ratio was significantly
higher in non-survivors
compared to survivors

References

1

(62)

(83)

64

©6)

(]

(83)

64

(653)

(654)

62)
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(59)

(60)

652

(58)

GA, gestational age; LOS, late-onset sepsis; EOS, early-onset sepsis; VLBW, very low birth weight; SIRS, systemic inflammatory response syndrome; IL, interfeukin; TNF, tumour
necrosis factor alpha; IFNy, type Il interferon; IQR, interquartile range; SD, standard deviation; Cl, confidence interval.
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Missing data Sta-TSS? Str-TssP P

(n=15) (n=15)
Demographical characteristios  Male (%°) 0 4.27%) 7(47%) 0.459
Age (years) median (Q1-Q39) 0 12.8(5-15.7) 1707-54)  0.001%*
Hemodynamic characteristics  Hypotension (%) 0 15 (100%) 15 (100%) 19
Need of amine support (%) 0 10 (67%) 12 (80%) 0.689
Duration of treatment with amines (days) median (Q1-Q3) 0 10-18) 2(08-9 017!
Pulmonary signs FOf} > 50% (%) 1 5/14 (36%) 13/15@7%) 0019+
Requirement of mechanical ventikation (%) 0 5(33%) 12 (80%) 0,029+
Duration of intubation median (days) (Q1-Q3) 0 10-15) 3(0.75-5) 0.006%*
ARDS' (%) 2 1714 (7%) 5/14 (36%) o.16¢
Organ dysfunctions Creatinine, maximum value (mol/L) mean (SD)) 0 122.1 (116.8) 68.3 (49.6) 0.1k
Liver alterations' (%) 2 10/14 (71%) 8/14 (57%) 0.699
Number of organ dysfunction! median (Q1-Q3) o 3(2-4) 4(3-5) 0.13
Cutaneous signs Rash (%) 0 15 (100%) 11 (73%) 0.109
Desquamation (%) 6 5/13 (39%) 3/11(27%) 0.689
Digestive signs (%) 0 11(73%) 747%) 0.269
Inflammatory parameters Fever = 38.9°C (%) 0 15 (100%) 15 (100%) 19
Leukocytes, minimum value (G/Ljmean (SD) 0 86(3.7) 85(6.9) 098¢
Leukocytes, maximum value (G/L) mean (SD) 0 14.6(6.2) 223(13) 0.049%*
Lymphocytes, minimum value (G/L) median (Q1-Q3) 2 02(0.1-12) 0.6(0.5-0.9) 0.086"
C-Reactive Protein (mg/L) mean (SD) 2 164 (82.8) 2388(108.8)  0.044%*
Hemostasis parameters Platelets, minimum value (G/L) mean (SD) o 124.8 (52.5) 1402 (100.6) 061k
Disseminated Intravascular Coagulation 1 8/15 (53%) 8/14 (67%) 19
Severity scores and outcome  PIM2™ score median (Q1-Q3) 3 17(1323  209(4.1-100) 0001t
PELOD" J1 score median (Q1-Q3) 1 11 (11-21) 165(118-25)  0.15'
Length of stay in ICU” (days) median (Q1-Q3) 0 3(2-4) 6(3-9) 0,020+
30 day death 0 1(7%) 3(20%) 0609

45ta-TSS, Staphylococcal Toxic Shock Syndrome.

b81rTSS, Streptococcal Toxic Shock Syndrome.

29 percent of total population.

IStatistical analysis performed with Fisher exact test.

°Q1-Q3, Interquartie range.

! Statistical analysis performed with Wicoxon test.

9Statistical analysis performed with Chi-square test.

PFiO, Fraction of inspired Oxygen.

IARDS, Acute Respiratory Distress Syndrome.

ISD, standérd deviation.

KStatistical analysis performed with Student t-test.

ILiver alterations and organ dysfunctions were defined in CDC criteria for case defiition of toxic shock syndrome (13, 14).
MPIM2 Pediatric Index of Mortality 2 score.

"PELOD Pediatric Logistic Organs Dystunctions score.

°ICU, Intensive Care Unit.

“Statistically significant data with the corresponding statistical test.
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Etiological infectious sites

Bacteremia

Pleura or lung
Postoperative TSS
Skin and soft tissues
Upper respiratory tract
Vagina

Varicella superinfection
Indefinite:

Staphylococeal

Tss?

(n=15)

10%)
1(7%)
0(0%)
4@7%)
3(20%)
7(47%)
2(13%)
0(0%)

Streptococcal

Tss
(=15

6(40%)
8(53%)
2(13%)
3(20%)
3(20%)
0(0%)

3(20%)
1(7%)

0.08
0.01*
0.48
1
1
0.006*
1
1

aTSS, Toxic Shock Syndrome; PStatistical analysis performed with Chi-square test.
“Statistically significant data (p<0.05) with the corresponding statistical test.
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Etiology of toxic shock syndrome
- Sta-TSS? (%)P
- Sr-TSSC (%)
Number of organ dysfunctions (SD9%)
ARDS® (%)
PELOD' score at D+1 (SD)
Antitoxin therapies (overall)
- No treatment (%)
- At least one antitoxin therapies (clindamycin; clindamycin + IVIG9) (%)
Antitoxin therapy: clindamycin only
- No treatment (%)
- Clindamycin only (%)
Antitoxin therapy: clindamycin + MG
- No treatment (%)
- Clindamycin + IVIG (%)
Antitoxin therapy: clindamycin + MG
- Clindamyin only (%)
- Clindamycin + IVIG (%)

Dead (n = 4)

10%)
3(20%)
5(0,8)

4/4 (100%)

28(13,7)

2(67%)
2%

2(67%)
18%)

3(20%)
1@7%)

18%)
17%)

Survivor (n = 26)

14.(93%)
12 (80%)
4(1,3)
4/26 (15%)
12(7,1)

1(33%)
25 (93%)

1(33%)
11(92%)

12 (80%)
14(93%)

11(92%)
14(93%)

P
p=05077
p=004"
p=004"
p=004'
p=00813
p=05077
p =1.0000

2Sta-TSS, Staphylococcal Toxic Shock Syndrome.

9%, percent of total population.

©Str-TSS, Streptococcal Toxic Shock Syndrome.

9SD, standard deviation.

°ARDS, Acute Respiratory Distress Syndrome.

PELOD, Pediatric Logistic Organs Dysfunctions score.

9VIG, Intravenous Immunoglobulin.

*Statistically significant data with the corresponding statistical test.
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Treatments

Gender  Antitoxin
antibiotic

Menstrual staphylococcal F© Yes
toxic shocks F Yes

Yes
Yes
Yes.

ammm

Yes
ccF Yes
Non menstrual v Yes

staphylococeal toxic

shooks bt

Yes
Yes
Yes

mnmzmz

Yes

No

4IVIG, Intravenous immunoglobulins;

IVIG? (Dose)

Yes (NAY)
No
No
No
Yes (1g/kg)
No
Yes (0.59/kg)
Yes (2g/kg)
Yes (2g/kg)
Yes (1g/kg)
No
Yes (1g/kg)
No

No
No

Immunological data

VB alterations of CD3* Vp alterations of CD3*

T cells (%)°

Measurement 1 [day ~Measurement 2 [day

post shock onset]

VB2 A (44.4%) [D°+4]
VB2 3 (1.1%) [D+1]
VB2 A (19%) [D+1]
VB2 2(22%) [D+2)
VB2 (6.7%) [D+1)
VB2 7 (12%) [D+3]

VB2 A(29.3%) [D+2)
VB2 3 (0.9%) [D+1)

VB2 A(27.3%) [D+1]
V2 7 (46.5%) [D+4)
VB2 8 (0.6%) [D+2]

VB2 A (47.6%) [D+4]

ND

ND
ND

T cells (%)°

post shock onset]

ND'
VB2 o (10.2%) D+5]
ND
ND
VB2 2 (14.1%) [D+3]
VB2 A (27.2%) [D+5)
ND
VB2 A(52.4%) [D+3)
ND
ND
VB2 <> 0.9%) [D+4]
ND
ND

ND
ND

Toxin suspected
according to VB
modification profile

TSST-19
TSST1
TSST1
TSST1
TSSTA
TSST1
TSST1
TSSTA
TSST1
TSSTA
TSST1
TSST-1

ND

ND
ND

Site of isolation —

Infection or carriage suscepti-bility

strain

Vagina (o)
Vagina (c)
Vagina (c)
Vagina (c)
Vagina (¢)
Vagina (¢)
Vagina (¢)
Throat (o)
Furundle (1°
Blood ()
Nose (c)
Superficial wound (i)
Skin ()

Skin ()
Lung ()

Microbiological data

Methicillin ~Allele of AgrToxin gene
system  profile

MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA
MSSA

MRSAP

MSSA
MSSA

AR R S R R N IR AR )

tsth; sea®; ege!

tst; ege

tst

tst; sea; egc; selu™
tst; sea; egc; selu
tst

tst; sea; egc; el
tst; sea; ege

tst; ege; selu

tst; sea; egc; selu
tst; sea; ege; selu
tst; sea; ege: selu
tst; secd; sed";
sef?; sell'; egc;
selu; ser"

sec; sell; egc; selu
seb; selp”

Clonal
complexe

cc30
cc22
ccso
cc30
cc30
cc30
cc30
cc30
cc30
cc30
©ca0
cc30
ccs

cc4s
ND

bV atterations of CD3* T cells (%), The expression of 24 main VB CD3+ T cells was determined by flow cytometry. Since all our staphylococcal toxic shock syndromes were due to toxic shock syndrome toxin-1 (TSST-1), only Vg2
repertoire was reported according to it's the only VB repertoire targeted by TSST-1. Normal adult range for VB2 repertoire according to kit manufacturer, 5.84 to 10.76%.

°F, fomale.
9INA, ot available.

°D, day.

'ND, not determined

9TSST-1, toxic shock syndrome toxin—1
P(c): carriage strain.

'MSSA, Methicillin Susceptible Staphylococcus aureus; /tst: gene encoding staphylococcal toxic shock toxin 1.

¥sea, gene encoding staphylococcal enterotoxin A.

lage, enterotoxin gene cluster encoding staphylococcal enterotoxin G, |, M, N, and O.
™selu, gene encoding staphylococcal enterotoxin like U.

M, male; * (): infection strain.

PMRSA, Methicilln Resistant Staphylococcus aureus.
9sec, gene encoding stephylococcal enterotoxin C.

sed, gene encodiing staphylococcal enterotoxin D.

#selj, gene encoding staphylococcal enterotoxin lie J.
'sel, gene encoding staphylococcal enterotoxin like L.

User, gene encoding staphylococcal enterotoxin R.

¥selp, gene encoding staphylococcal enterotoxin like P
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Antibiotic resistance
genes (ARGs)
classes™**

Class A Beta lactamase
Class C Beta lactamase
Aminoglycoside phosphotransferase

Aminoglycoside nucleotidyltransferase

Tetracyciine efflux
Tetracycline ribosomal protection
Quinolone resistance

ABC efflux pump

RND antibiotic efflux

MFS antibiotic efflux

Multidrug effiux pump activity
Multidrug resistance efflux pump
Gene modulating antibiotic efflux
‘SMR antibiotic efflux

Antibiotic target

Gene modulating resistance
rRNA methyltransferase

Other ARG

ARG at 28 days
Absolute counts/total abundance
Broad* Narrow P
(=5 (n=12)

0.00 0.00 0799
45.96 0.00 0.009
614 0.00 0082
093 0.00 0.104
2955 0.00 0019
6.49 0.00 0082
29.75 7.08 0506
323 043 0279
312,10 19.81 0799
272.36 79.67 0.506
22,08 24.71 0879
0.00 0.00 0234
75.30 13.81 0328
0.00 0.00 0.506
1.70 0.00 0064
16.25 33.15 0.442
5.15 623 0799
24.40 7.31 0506

FDRQ

0.846
0.162
0.369
0312
0171
0.369
0.828
0.628
0.900
0.759
0.879
0.602
0.656
0.759
0.030
0.766
0.846
0.700

*We defined regimens incluciing third-generation cephalosporins or carbapenems as a broad-spectrum regimen.

‘Number of fecal samples included in these analyses.
*See Materials and Methods section for further explanation of which antibiotic resistance genes that are included in these groups.

ARGs at 4 months

Absolute counts/total abundance

Broad* Narrow
(=77 (=11

1.43 3.01
.11 952
0.00 0.00
792 7.92
11.68 28.48
9.40 9.40
0.70 1.10
94.00 93.09
70.92 111.28
19.08 6.56
3.02 3.02
19.65 24.88
236 0.00
9.68 60.81
8.41 2.85
721 721

P

0.596
0328

0.860
0.375
0.246
0.425
0479
0.536
0.860
0.647
0.069
0.008

0.151
0.043
0.930
0.724

FDR, false discovery rate. Aminoglycoside acetyltransferase, Macrolide resistance genes, Chioramphenicol acetyltransferase were only present at 7 days of age.

FDRQ

0.867
0.875

0.857
0.787
0.85
0.852
0.858
0917
0.863
0.368
0.128

0.604
0.344
0.930
0.891
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Age description

HR, RR?, Age HR, RR?,
N (% of total) description N (% of total)
<1 month 12860(11%)  2to<3years 93,406 (7.8)
110 <2 months 18016(1.1%)  3to<dyears 82,813 (69)
2t <3 months 13204(11%)  4to<Syears 74,328 6.2)
3o <4 months 11,25509%)  Sto<Gyears 68517 (5.7)
4 to <5 months 11,846 (1.0%) 6to <7 years 59,316 (4.9)
5 to <6 months 12,317 (1.0%) 7to <8 years 50,664 (4.2)
6 to <7 months 12,895(1.1%)  8to<Oyears 46,448 (39)
7 to <8 months 13354(11%)  Oto<iOyears  44818(37)
80 <9 months 13580(1.1%)  10to<iiyears  44,093(3.7)
9to <10 months 13,349 (1.1%) 1110 <12 years 43,225 (3.6)
10to <11 months 13,234 (1.1%) 121to <13 years 42,813 (3.6)
11to <12 months 18002(1.1%)  13to<idyears  45766(3.8)
12 to <13 months 18016(1.1%)  14to<iSyears 50,007 (4.2)
1310 <14 months 12078(1.0%)  15to<16years 53,940 (4.5)
1410 <15 months 11548(1.0%)  16to<i7years 59,621 (50)
16 to <16 months 11,115(0.9%)  17to<18years 65264 (5.4)

16 t0 <17 months
17 to <18 months
1810 <19 months
1910 <20 months
20 to <21 months
21 to <22 months
22 to <23 months
2310 <2 years

10,805 (0.9%)
10,351 (0.9%)
10,012 (0.8%)
9,476 (0.8%)
9,085 (0.8%)
9,011 (0.7%)
8,878 (0.7%)
8716 (0.7%)

“Overall numbers for respiratory rate (RF) are sightly less than for heart rate (HF)
(1,202,984 versus 1,203,042), but percentages of total for each age group as rounded

are identical for HR and RR.
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Age (years) midpoint

0.042
0.125
0.208
0.292
0375
0.458
0542
0.625
0.708
0.792
0.875
0.958
1.042
1.125
1.208
1.292
1375
1.458
1542
1,625
1.708
1.792
1.875
1.958

Age/units midpoint

05 months
1.5 months
25 months
3.5 months
45 months
5.5 months
65 months
7.5 months
85months
9.5 months
10.5 months
11.5 months
12.5 months.
13.6 months
14.5 months.
15.5 months
16.5 months.
17.5 months
185 months
19.6 months

205 months

21.5 months

225 months

23,5 months

2.5 years
35 years
45 years
5.5 years
65 years
7.5 years
85 years
95 years
105 years
115 years
12,5 years
135 years
14.5 years
155 years
165 years
17.5 years

Age description

<1 month
110 <2 months
210 <3months
310 <4 months.
410 <5 months.
510 <6 months.
610 <7 months.
710 <8 months
810 <9 months.
910 <10 months
10t0 <11 months
1110 <12 months
1210 <13 months
1310 <14 months
1410 <15 months
1510 <16 months
1610 <17 months
1710 <18 months
1810 <19 months
1910 <20 months
2010 <21 months
2110 <22 months
2210 <23 months

23 months to <2 years

210 <3 years
3to <4 years
410 <5 years
510 <6 years
610 <7 years
710 <8 years
810 <9 years
910 <10 years
1010 <11 years
1110 <12 years
1210 <13 years
1310 <14 years
1410 <15 years
1510 <16 years
1610 <17 years
1710 <18 years

“Centiles abbreviated as C1 (first centile) to C99 (99th centile).

c1

106
12
108
105
102
101
100
98
o7
9%
95

9%
9%
92
92
91

89
89

87

82
77
73
70
67
65

62
57
56
54

53

c25

114
119
115
11
109
107
106
104
103
102
101

cs5

121
126
121
17
115
13
11
110
109
107
106
106
105
105
104
103
103
102
101
100

98
98
o7

33838

73
7

67

238228

c1o

128
133
128
124
121

120
118
17
115
114
13
112
112
12
1

110
110
109
108
107
106
105

22832BIFRS

140
144
139
135
133
131
130
128
127
126
125
125
124
124
124
123
123
122
121
120
119
118
17
116
m

153
156
151
147
145
144
143
142
141
141
140
140
140
140
140
140
139
138
137
136
135
134
133
132
126
118
12
107
103

2BRLFB88RLY

c75

165
168
163
160
159
158
158
157
157
157
157
157
158
158
158
158
157
157
156
154
153
152
151
150
143
133
127
122
18
13
110
107
105
103
100

98

%

%

9%

9%

©90

177
180
176
173
172
173
173
172
172
172
172
173
174
174
174
174
174
173
172
171

170
169
167
166
159
149
142
187
132
128
124
121

118
116
113
1

109
108
108
109

c95

184
187
184
182
181
182
182
182
182
182
182
183
183
184
184
184
184
183
182
181
180
179
178
176
169
158
152
146
141
137
133
130
127
125
122
19
17
116
116
17

co75.

191
194
192
190
190
190
191

190
190
190
191

191
192
193
193
193
193
192
191
190
189
188
187
185
178
167
160
154
149
145
141

138
136
133
130
127
125
124
124
124
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Age (years) midpoint  Age/units midpoint  Age description €1 €25 C5 C10 C25 C50 C75 C9 C95 C97.5 C99
0.042 0.5 month <1 month 19 22 24 27 3 3 47 54 59 64 69
0.125 1.5 months 110 <2 month 20 22 24 27 3@ 38 45 53 58 63 69
0.208 2.5 months 210 <3 month 19 21 28 2 30 37 4 5 58 63 70
0.292 3.5 months 310 <4 month 19 21 28 25 29 3% 4 51 &5 63 Il
0375 4.5 months 410 <5 month 18 20 2 24 28 34 41 49 56 62 7
0.458 5.5 months 510 <6 month 18 20 21 28 27 3 40 48 54 61 7
0542 6.5 months 610 <7 month 18 20 21 28 27 3 38 46 53 60 70
0.625 7.5 months 710 <8 month 1819 21 28 26 31 87 45 51 8 69
0.708 8.5 months 810 <9 month 18 19 20 22 26 30 3% 4 5 5 67
0.792 9.5 months 910 <10 month 17719 20 22 25 3 3 43 49 56 66
0.875 10.5 months 10t0 <11 month 1719 20 22 25 29 3 42 48 55 65
0.958 11.5 months 1110 <12 month 1719 20 21 24 20 34 41 47 54 64
1.042 12.5 months 1210 <13 month 177 18 20 21 24 28 3 40 46 53 64
1.125 13.5 months 1310 <14 month 1718 20 21 24 28 33 40 46 52 63
1.208 14.5 months 1410 <15 month 177 18 20 21 24 28 3 39 45 51 62
1.292 15.5 months 1510 <16 month 1718 19 20 24 27 32 39 44 51 62
1.875 16.5 months 1610 <17 month 1718 19 21 28 27 32 38 44 50 61
1.458 17.5 months 170 <18 month 17 18 19 20 28 27 32 38 43 50 61
1542 18.5 months 1810 <19 month 177 18 19 20 28 27 31 37 43 49 60
1,625 19.5 months 1910 <20 month 7 18 19 20 28 26 31 37 42 8 59
1.708 205 months 2010 <21 month 6 18 19 20 28 26 30 3 41 8 59
1.792 21.5 months 2110 <22 month 6 18 19 20 28 26 8 36 41 a7 58
1,875 225 months 22 10 <23 month 6 18 19 20 22 26 30 35 40 47 58
1.958 235 months 23monthto<2years 16 17 19 20 22 25 29 35 40 46 57
25 2.5 years. 2to <3 years 6 17 18 19 21 24 28 3B 7 4 53
35 35 years 310 <4 years 5 16 17 18 20 23 26 30 34 38 47
45 4.5 years 410 <5 years 15 16 17 18 20 2 25 28 31 % 43
55 5.5 years 510 <6 years 14 16 17 18 19 21 24 27 30 33 39
65 65 years 610 <7 years 1 15 16 17 19 21 23 26 28 31 a7
75 7.5 years 710 <8 years 14 15 16 17 18 2 22 25 27 30 35
85 85 years 810 <9 years 14 15 16 17 18 20 22 25 27 29 3B
95 9.5 years 910 <10 years 1315 15 16 18 20 22 24 26 28 3
105 10.5 years 1010 <11 years 13 14 15 16 18 19 21 28 25 28 31
15 11.5 years 1110 <12 years 13 14 15 16 17 19 21 23 25 27 30
125 12.5 years 1210 <13 years 138 14 15 16 17 19 20 22 24 26 29
135 13.5 years 1310 <14 years 13 14 15 15 17 18 20 22 24 25 28
145 14.5 years 1410 <15 years 1314 14 15 17 18 20 2 28 25 28
155 15.5 years 1510 <16 years 1B 14 14 15 17 18 20 2 28 2% 27
165 16.5 years 1610 <17 years 12 14 14 15 17 18 20 21 2B 24 27
175 17.5 years 1710 <18 years 12 14 14 15 16 18 19 21 28 24 27

“Centiles abbreviated as C1 (first centile) to C99 (99th centile).
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Encounter characteristics HR, RR*

Mean/Median

Length of Stay (hours) 5.7/26
Gender N (% of total)

Male 627,096 (62.1%)

Female 575,834 (47.9%)

Missing/Unknown/Other 113 (0.0%)
Race/ethnicity
Caucasian 508,180 (42.2%)
African American 423,607 (35.2%)
Missing/Unknown/Other 140,270 (11.7%)
Hispanic 100,929 (8.4%)
Asian 17,524 (1.5%)
Native American 12,532 (1.0%)
Total 1,203,042°

“Overall numbers for respiratory rate (R are sightly less than for heart rate (HF)
(1,202,984 versus 1,203,042), but mear/median length of stay and percentages of
total for each demographic characteristic as rounded are identical for HR and RR.
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Antimicrobial agents

Aminoglycosides
Gentamicin
Amikacin
Tobramycin

B-lactams
Penicillins
Carbapenems
Cephalosporins

Glycopeptides.
Vancomycin

Quinolones
Levofloxacin
Ciprofioxacin

Fluoroquinolones

PK/PD index

Cmax/MIC

fT>MIC

AUC24/MIC

AUC/MIC
AUC/MIC
AUC24/MIC

PK/PD indices and their target values

Target value for clinical
antibacterial efficacy

=8
810

812

T>MIC > 40%
T>MIC > 50-60%
T>MIC > 40-50%
T>MIC > 60-70%

400

100

125

100-125 (Gram-negatives)
25-35 (Gram-positives)

PK/PD properties References

Concentration dependent

killing (maximize drug @2
concentration) (30)
@1
Time dependent kiling (32)
(maximize exposure time) (39)
33)
39)

Time and concentration
dependent killing (maximize @4
daily amount of dose)
(39)
(36)
@7

Cmax: maximum antibacterial concentration, MIC: minimal inhibitory concentration, AUC: area under the concentration-time-curve, AUC24: area under the concentration time curve
over 24 hours, fT > MIC: percentage of time for which the free fraction of drug remains above MIC.
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Vital sign metric Modeled" centile group Training set, N* (%) Test set, N° (%) Raw P* Holm-adjusted P*

HR >99th 6,653 (0.83) 3,325 (0.89) 099 1.0
HR >05th 42,540 (5.30) 20,980 (5.23) 009 037
HR <5th 36,890 (4.60) 18,477 (4.61) 085 1.0

HR <Ist 7,771 (0.97) 3,776 (0.94) 015 044
RR >99th 7,862 (0.98) 3,961(0.99) 070 086
RR >95th 39,921 (4.98) 19,828 (4.94) 043 086
RR <5th 31,001 (3.88) 15,834 (3.95) 0.06 022
RR <tst 5,246 (0.65) 2,692 (0.67) 028 083

*Using cutoffs obtained by modeling déta in training set.
“Number of encounters with vital sign metric greater than (for 95th and 99th) or less than (for 5th and 1st) modeled cutoff

“Comparison of cases above or below cutoff between training and test sets using exact chi-square (df = 1).

“Holm (step-down Bonferroni) corrections, performed separately for heart rate (HR) and respiratory rate (RR) were employed o adjust for multiple testing (99th, 95th, 5th, and 1st
centiles) of each metric.
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Challenges; what is missing?

+ Uniform sepsis definitions for all age

groups across the pediatric age range

+ Diagnostic tools to identify pathogens

and infection

* Adequate descriptors of drug
concentration at target site

* Understanding PK/PD relationships and
parameters which can characterize the
dynamic process of antibacterial activity

* Reliable measurements for GFR in the
pediatric population (augmented renal

clearance)

* Straightforward applications of
model-based approaches

« Implementation of adjusted dosing
guidelines in ciinical practice

Opportunities

« Identify of biomarkers (e.g.,
presepsin or cystatin ) with
acourate thresholds

« Use microdialysis to measure drug
concentrations at target site

« Implement therapeutic antibiotic
monitoring, especially in patients
with life-threatening infections

« Apply kill-curves approach to
describe changing antibacterial
activity

 Muttidisciplinary collaboration and
communication between research
groups and physicians

« Implement modeling and simulation
strategies in clinical settings (e.g.,
for individual dose optimization)

« Develop understandable
time-saving software tools for
individualized dosing
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2015

2016

2017

P values

2729

2518
4089
309.4
265
33.1

NA

p <00012
p <00012
p <00012
p <0.0012

Patient days (1) 2628
Antibiotic days per 1000 patient days (n) 474.4
Antibiotic days for culture-negative situations per 1000 patient days (1) 418.2
Meropenem days per 1000 patient days (1) 582
Vancomycin days per 1000 patient days (n) 86.8
Ventilation days () 956

Percentage of ventiation days on patient days (%) 36.4
Suspected VAP per 1000 ventilation days (n) 262
Proven VAP per 1000 ventilation days (1) 34

Antibiotic days for suspected VAP per 1000 ventiation days (n) 214.4

Antibiotic days for proven VAP per 1000 ventiation days (1) 324

Catheter days (n) 1687

1618
59.3

87
0.6
63.7
43

21.6

p <00012

p=0027°
NA

p <00012

p <0.0012

p <00012

p=0261°
p=0.156°
p <00012
p <00012

94.5
75
23.0
23.4
1417
82.4
1217
706

p=0.129¢

p=0034°

NA
p < 00012
p <00012
p <0.0012

Percentage of catheter days on patient days (%) 642
Suspected CLABSI per 1000 catheter days (n) 10.7
Proven CLABSI per 1000 catheter days () 1.8
Antibiotic days for suspected CLABS per 1000 catheter days () 700
Antibiotic days for proven CLABSI per 1000 catheter days (n) 17.8
Positive blood cultures (1) 10
Positive blood cultures within 48 h of hospitalization (=community acquired infections) 4
Positive blood cultures after 48 of hospitalization (=hospital acquired infections) 6
Positive CSF cultures (n) 1
Antibiotic days for culture proven infections per 1000 patient days (1) 559
Antibiotic days for community acquired, culture proven infections per 1000 patient days (1) 148
Antibiotic days for hospital acquired, culture proven infections per 1000 patient days (1) 414
Percentage of antibiotic days for culture proven infections (%) 18
Cortect intial antibiotic use (1) 910
Percentage of correct intial antibiotic use (%) 9.0
Cortect streamlining (7) 7110
Cortect streamlining (%) 700
Mortaliy all patients (n) 11
Mortaity all patients (%) 2.1
Mortality newborns <44 weeks of gestational age (n) 10
Mortality newborns <44 weeks of gestational age (%) 33

p=0.760°

p=0467°

Cuzick’s nonparametric test for trend; Fisher's exact test; °Poisson regression (adjusted for number of ventilation or catheter days); YPoisson regression (adjusted for number of

patient days); NA, not applicable.
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Issue

Recommendations

Vaccination (see also  Ensure all age-appropriate vaccinations in Table 3:

Table 3)

Mosquito-bome
iinesses
(malaria/Dengue) (see
also Table 3)

Gastroenteritis/enteritis
(see also Table 3)

Invasive bacterial
infection
(see also Table 3)

"See Willen et al. (125).
Watson (126).

Streptococcus pneumoniae (within 5 years)
Neisseria meningtcis (within previous 3 years)
Haemophils influenzae B (once)

Influenza (annually)

Additional vaccinations:

Yellow fever (if traveling to endemic African/American
countries)

Salmonella typhi vaccination (f traveling to

endemic areas)

Ensure basic preventive methods (mosquito nets,
insect repellants, avoiding marshy/wet areas with
mosaiito habitats)

Chemoprophylaxis (all major prophylactic regimens
are acceptable)

Prompt diagnosis and treatment of

suspected malaria

Avoid contaminated food and water
Employing adequate hand washing prior to eating or
preparing food, after using bathroom

Carry oral electrolyte replacement solutions to
ensure proper hydration and to avoid
hypovolemiavaso-occlusive crisis in the setting

of gastroenteritis

Prophylaxis for duration of travel (amoxicilln 250
500mg PO BID)

Seek medical advice promptly for management of
febrile illness

Standby treatment of febrile ilness (amoxicilin 3g
PO vs. fluoroquinolone)

"The standard vaccine series of childhood according to the American Academy of
Pediatrics and the Advisory Committee on Immunization Practices should be provided

to all sickle cell patients.
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Infection/system

Bacteremia/sepsis

Meningitis/central nervous

system

Upper and lower respiratory
tract infection (sinusitis,
epiglottits, tracheitis,
bronchitis, pneumonia)

Musculoskeletal (skin and
soft tissue infection, septic
arthritis, fascitts, myositis,
osteomyelitis)

Gastrointestinal
(cholelithiasis/
choledocholithiasis,
cholecystitis, cholangitis,
intussusception),
gastroenteritis

Urogenital (urinary tract
infection, pyelonephritis,
renal abscess, urosepsis)
Malaria

Tuberculosis
(Mycobacterium
tuberculosis)

Human immunodeficiency
infection

Dengue fever, dengue
hemorrhagic fever/dengue
shock syndrome

Parasitic infections

Parasitic infections

Micro-organism(s)

S. pneumoniae, S. aureus, GNR (Typhi and
non-typhi Salmonella, E. coli, Klebsiella sp., H.
influenzae), Bacteroides sp. (49-51)

S. pneumoniae, H. influenzee, and N. meningiticis
(11, 52); Pasteurella multocida and
Capnocytophaga sp. (in the presence of dog bite),
viruses (Enteroviruses, herpes simplex viruses,
mosquito-borne viruses); Cryptococcus
neoformans and cerebral Toxoplasma gondii
(especially in the presence of HIV)

Viruses (influenza viruses, respiratory syncytia virus,
adenovirus, metapneumovirus, rhino-enterovirus,
parvovirus B-19, parainfiuenza viruses,
cytomegalovirus, Epstein-Barr virus, and herpes
simplex viruses, etc.) (55, 56); bacteria (S.
pneumoniae, H. influenzae, Chlamydophia
pneumoniae, Mycoplasma preumoniae, Legionella
$p., S. aureus (methicilln susceptible and resistant)
(11,57-59)

Typhi and non-typhi Salmonella, Gram-negative
enteric bacteria, other Gram-negative (Kingella
kingae, especially in the presence of negative
cultures), S. aureus (methicilin susceptible and
resistant), S. preuronae (51, 52, 60-62) H.
influenzae type B

Enteric Gram-negative pathogens, including Typhi
and non-typhi Salmonelia, Enterococei, and
anaerobic bacteria (65)

Gram-negative pathogens

Plasmodium faiciparum, Plasmodium vivax,
Plasmodium ovale, Plasmodium malariae, and P
knowlesi

Mycobacterium tuberculosis

Human Immunodeficiency Virus (HIV-1 and HIV-2);
HIV-2 is mainly prevalent in Western Affica

Arbovirus (Flaviviridae family; genus Flavivirus)

Helminths: Ascaris lumbricoides, Ancylostoma
duodenale, Trichuris trichiura, Strongyloides
stercoralis, Schistosomiasis (S. mansoni, S.
haematobium, S. japonicum), Toxocara canis, T
filariasis (Onchocerca volvulus)

Protozoa (other than malaria): Entamoeba
histolytica, Entamoeba coli, and Giardia lambli

Prophylaxis*+

- Diphtheria/tetanus/pertussis/H.  influenzae  type  B/polio/13-valent
pneumococcal vaccine at 2, 4, and 6 months (13-valent pneumococcal
and H. influenzae type B also at 12-15 months);

- . pneumoniae 23-valent vaccine (at 2 years of age and 5 years later) at least 2
months after the 13-valent vaccine (68)

- Penicilin V prophylaxis; erythromycin if penicilin allergy. Starting at age of
2 months until 5 years or for a history of pneumococcal sepsis or surgical
splenectomy and continued lifelong (68)

- Salmonelia typhi vaccine for travel to resource-poor areas

- Diphtheria/tetanus/pertussis/H.  influenzae  type  B/polio/13-valent
pneumococeal vaccine/meningococcal vaccine* at 2, 4, and 6 months
(13-valent pneumococcal/H. influenza type B also at 12-15 months and
meningococeal vaccine* at 12 months).

- . pneumoniae 23-valent vaccine (at 2 years of age and 5 years later) at least 2
months after the 13-valent vaccine (68)

- Meningococcal vaccine*?, including travel to resource-poor areas.

- Meningococcal B vaccination*?, can start at 10 years of age.

- Penicilln V prophylaxis; erythromycin if penicilin allergy. Starting at age of
2 months until 6 years or for a history of pneumococcal sepsis or surgical
splenectomy and continued lifelong (68)

- Avoid bites, scratches, and have mindful contact with dogs (Capnocytophaga
sp., Pasteurella multocida).

- Annual influenza vaccine from 6 months.

- Diphtheria/tetanus/pertussis/H.  influenzae  type  B/polio/13-valent
pneumococcal vaccine at 2, 4, and 6 months (13-valent pneumococcal
and H, influenzae type B also at 12-15 months).

- . pneumoniae 23- valent vaccine (at 2 years of age and 5 years later) at least
2 months after the 13-valent vaccine (68)

- Penicilln V prophylaxis; erythromyain if penicillin allergy. Starting at age of 2
months until 5 years or for a history of pneumococcal sepsis or surgical
splenectomy and continued lifelong (68)

- Diphtheria/tetanus/pertussis/H. influenza type B/polio/ 13-valent pneumococcal
vaccine at 2, 3, and 4 months (13-valent pneumococcal/H. influenza also at
12-15 months).

- . pneumoniae 23-valent vaccine (at 2 years of age and 5 years later) at least 2
months after the 13-valent vaccine (68)

- Penicilln V prophylaxis; erythromycin if penicilin allergy. Starting at age of
2 months until 5 years or for a history of pneumococcal sepsis or surgical
splenectomy and continued lifelong (68)

- Salmonella typhi vaccine for travel to resource-poor areas.

- Prevention of vaso-occlusive crisis: avoid hypoxia, acidosis, hypothermia,
infection, hypovolemia, etc.)

- Decreased hemolysis/galistone formation: hydroxyurea, ursodiol, low-fat diet

- Prophylactic cholecystectomy?

- Salmonella typhi vaccine for travel to endemic areas, known exposure to a
cartier or laboratorian who works with S. typhi.

Prevention of vaso-occlusive crisis: avoid hypoxia, acidosis, hypothermia,

infection, and hypovolemia.

- Lifelong antimalarial chemoprophylaxis in patients living in malaria-endemic
countries.

- Travel to malaria-endermic areas:

a. Avoid exposure to mosquitoes and avoid areas with outbreaks of mosquito-

borne infections.

b. Mosquito bariers:

b.1. Wear Permethrin clothing that fully covers arms and legs and closed shoes,

especially during early moming and late afternoon.

b.2. Bed nets, screens, and nets tucked around strollers and other confined

spaces where young children are placed. Insecticide-treated nets.

b.3. Use Environmental Protection Agency-registered mosaquito repellents.

c. Avoid outdoor activities at dawn and dusk in malaria-endemic areas).

d. Malaria chemoprophylaxis®

Annual tuberculin skin test or interferon-gamma release assay for HiV-infected

persons and incarcerated adolescents.

Bacille Calmette-Guerin (BCG) immunization for those liing in endermic areas,

in U.S.: when risk of exposure is unavoidable and failure or unfeasibilty of other

control methods.

- Latent tuberculosis infection identification and treatment.

- Safe sex practices.
- Pre-exposure prophylaxis for men who have sex with men, heterosexual
couples, and injection drug users€.

- Post-exposure  prophylaxis  (sexual,

occupational exposure)€ .

- Prevention of HIV transmission from infected pregnant mother-to-child®.

- Avoid exposure to mosquitoes and avoid areas with outbreaks of mosquito-
borne infections.

- Eliminate local mosquito breeding sites (elimination/drainage of receptacles for
standing water), keep swimming pools, children’s wading pools, and bird baths
clean; clearing clogged rain gutters.

- Mosauito barriers:

a. Wear Permethrin clothing that fully covers arms and legs and closed shoes,

especially during early morning and late afternoon.

b. Bed nets, screens, and nets tucked around strollers and other confined spaces

where young chidren are placed. Insecticide-treated nets.

. Use Environmental Protection Agency- registered mosaquito repellents.

Avoid outdoor activities during daylight hours in Dengue-endemic areas.

No chemoprophylaxis avalable.

In May 2019, Dengvaxia was FDA approved for 9-45 year olds with

laboratory-confirmed prior dengue virus infection. Other vaccine candidates

are under clinical trials.

other non-occupational  exposure,

- Sanitary disposal of human feces (all parasitic infections).
- Vegetables cultivated in areas where uncomposed human feces are used as
fertiizer must be washed thoroughly and cooked before eating (A. lumbricoides).

- Wear shoes to avoid contact with contaminated soil (4. duodenae).

- Chemotherapy prophylaxis: albendazole, mebendazole) to pre-school and
school-aged chidren in areas with >20% prevalence of infection (A.
lumbricoides, T. richiura).

- Screening and treatment of high-risk groups (e.g.. chidren, agricultural workers,
and immigrants from enderic areas (A. duodenale).

- 8. stercoralis serology in all people with unexplained eosinophili

- Elimination of the intermediate snail host in endemic areas; avoid contact with
fresh water streams, rivers, ponds, or lakes in endemic areas (schistosomiasis).

- Proper disposal of cats and dog feces, deworming of dogs and cats, covering
sandboxes when not in use (T canis).

- Repelients and protective clothing (long sleeves and pants) to decrease
exposure to black flies’ bites during the day; community-wide mass ivermectin
treatment: flariasis).

Protozoa (other than malaria): Entamoeba histolytica, Entamoeba col, and Giardia

lamblia

- Chronic Giardia infection with secondary chronic intestinal malabsorption and
failure to thrive.

- Toxic megacolon, fulminant  colitis, ulcerations on colonic mucosa and
secondary perforation; hepatic, pleural, lungs, and pericardium abscesses (E.
histolytica).

- E. histolytica:

a. Asymptomatic cyst excreters (ntraluminal infection): paromomycin or

dilodohydroxyquinoline/iodoquinol.

b. Invasive colitis or extraintestinal disease: metronidazole or tinidazole followed

by diiodohydroxyquinoline/iododuinol or paromomycin.

. Percutaneous or surgical aspiration of large liver abscesses.

d. Piperacilin-tazobactam or Meropenem if peritonitis.

- Giardiasis: metronidazole, nitazoxanide, or tinidazole.

Hand hygiene after defecation, before preparing or eating food, after changing

adiaper or caring someone with diarrhea, and after handiing an animal or its

waste.

Sanitary disposal of fecal material.
Treatment of drinking water (boiing, chemical disinfection with iodine or chiorine,
use of fiters).

Sexual transmission: use of condorns and avoidance of sexual practices that
may permit fecal-oral transmission (€. histolytica).

Refrain from using recreational water venues (e.g., swimming pools, water
parks) until asymptomatic and completed treatment.

*The standard vaccine series of childhood according to the American Academy of Pediatrics and the Advisory Committee on Immunization Practices should also be provided to all

patients with sickle cell disease.

+CDC-guided immunization schedule (for 2019) with notes for those with sickle cell disease: https://www.cde.gov/vaccines/schedules/hep/imz/child-adolescent. htmi.

+2Menveo (groups A, C, Y, W-135) or MenHibtix (groups C, Y, and Haemophils b Tetanus Toxoid conjugate). Menactra not given untilchid i 2 years old, with two doses given 8 weeks
apart unless travel to country with endemic disease—can start at 9-23 months and given 12 (preferred) or 8 weeks apart.

+3Can be given to adolescents 16-23 years of age at clnical discreion. Bexsero: two-dose series at least 1 month apart. Trumenbe: three-dose series at 0, 1-2, and 6 months. Bexsero
and Trumenba are not interchangeable, and the same product must be given for alldoses used in a series.

Owww.cde.gov/malaria/resources/pdf/treatmenttable.pdf.

€ vwww.cde.gow/hiv/risk/prep/index.html.

@ https://aidsinfo.nih.gov/quidelines/htmi/ 3/ perinatal/224/whats-new-in-the-guidelines.





OPS/images/fped-06-00347/crossmark.jpg
©

2

i

|





OPS/images/fped-06-00346/fped-06-00346-t003.jpg
Bacteria Methicillin-sensitive Methicillin-resistant Bacillus Pseudomonas Staphylococeus
Coagulase Negative Coagulase Negative cereus aeruginosa capitis
Staphylococci Staphylococci

Number of cases 3 9 1 1 g
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Test

CRP;
n=130

Quantitative IL-8
n=114

Semi-quantitative IL-8
n=91

PCT
n=106

IL-6/CRP;
n=126

Quantitative IL-8 /
CRP;
n=114

Semi-quantitative IL-8 /
CRP;
n=91

The values in brackets indicate the 95% confidence intervals.
Se, Sensitivity ; Sp, Specificity; PPV, Positive predictive values; NPV, Negative predictive values; L R+, Positive likelihood ratios;

Threshold values

4.05 mg/l

107 ng/l

7750/

0,69 pg/l

21.7 ng/—4.05 mg/|

107 ng/l-4.05 mg/

77.5 ng/1-4.05 mg/l

Se (%)

7059
(52.52-84.90)
40,62
(23.70-59.36)
48.15
(28.67-68.05)
59.26
(38.80-77.61)
7812
(60.03-90.72)
75.00

(56.60-88.54)
74.07

(63.72-88.89)

Sp (%)

84.21
(75.30-90.88)
86,59
(77.26-93.11)
92.19
(82.70-97.41)
78.48
(67.80-86.94)
7634
(66.40-84.54)
7531

(64.47-84.22)
77.78

(65.54-87.28)

PPV (%)

6154
(44.62-76.64)
54.47
(82.82-74.44)
72.22
(46.52-90.30)
48.48
(80.80-66.46)
53.19
(38.08-67.89)
5455

(38.85-69.61)
58,82

(40.70-75.35)

NPV (%)

88.89
(80.51-94.54)
78.89
(69.01-86.79)
80.82
(69.92-89.10)
84.93
(74.6-02.28)
91,03
(82.38-96.32)
88,41

(78.43-94.86)
87,50

(75.93-94.82)

LR+

447
(2.79-8.38)
3.08
(1.54-6.66)
617
(2.67-28.44)
275
(1.61-4.95)
3.30
(2.25-5.27)
3.04

(2.01-5.06)
333

(2.00-6.13)

LR-, Negative likelihood ratios.

LR-

035
0.17-0.54)
0.69
(0.48-0.89)
056
(0.36-0.78)
052
029-0.78)
029
(0.12-0.49)
033

(0.13-0.55)
0.33

(0.13-0.57)
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Test
CRP;

n=83

Quantitative IL-8
n=69

Semi quantitative IL-8
n=s52

pCT

n=63

IL-6/CRP;

n=79

Semi quantitative IL-8/CRP;
n=52

Threshold values

7.82 mg/l

74.13 ng/l

77.72 ng/

1.5 ug/l

21.4-7.82mgl

71.72 ng/-7.82 mg/

Se (%)

66.67
(40.99; 86.66)
43.75
(19.75; 70.12)
53.85
(25.13;80.78)
53.85
(25.13;80.78)
75
(47.62;92.73)
69.23
(38.57; 90.91)

Sp (%)

89.23
(79.06; 95.56)
89.09
(77.75;95.89)
95.24
(83.84;99.42)
98.04
(89.55; 99.95)
84.13
(72.74;92.12)
8.1
(74.37; 96.02)

PPV (%)

63.16
(38.36; 83.71)
53.85
(25.13;80.78)
7778
(39.99; 97.19)
875
(47.35; 99.68)
5455
(32.21;75.61)
64.29
(35.14; 87.24)

NPV (%)

90.62
(80.70; 96.48)
84.48
(72.58; 92.65)
86.96
(78.74; 95.06)
89.20
(78.12; 95.97)
92.98
(83.00; 98.05)
9024
(76.87; 97.28)

LR+

6.19
(2.86; 13.40)
4.01
(1.57;10.24)
1131
(2.67;47.89)
27.46
(3.70; 203.91)
472
(250;8.92)
5.82
(2.37;14.29)

LR-

037
0.19;0.72)
063
(0.41;0.98)
0.48
(0.27;0.88)
047
(0.26; 0.85)
03
(0.13;0.70)
035
(0.15; 0.80)
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Markers

PCT vs. IL-6/CRP;
PCT vs. quantitative IL-8/CRP;

PCT vs. Semi-quantitative IL-8/CRP;
Semi-quantitative IL-8/CRP; vs. IL-6/CRP;
Quantitative IL-8/CRP; vs. IL-6/CRP;

*Delong test.

Auc

71.65-84.80
71.65-80.51
71.65-81.44
81.44-85.80
80.51-85.80

C195%

(57.74-85.56)-(75.03-96.58)
(57.74-85.56)-(67.51-93.51)
(67.74-85.56)-(69.88-93.00)
(69.88-93.00)-(75.03-96.58)
(67.51-93.51)-(75.03-96.58)

P

0.085
0.330
0253
0.336
0.288
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Systems

Respiratory

Hemodynarmics

Digestive

Neurological

Thermoregulation

Metabolic - biological -

Risk factors

Clinical signs and risk factors

- Tachypnea

- Dyspnea

- Increased need of ventilatory supports or oxygen
requirements

- Apnea

- Gray color

- Paleness or CRT> 3s

- Tachycardia (HR> 180 beats / min)

- Bradycardia (HR <100 beats / mi)

- High blood pressure, or need for inotropic therapy

- Vomiting

- Abdominal distension

- Increased gastric residuals

- Hepatomegaly

- Lethargy

- Hypotonia or hypertonia

- Irritabilty

- Hypothermia

- Hyperthermia

- Hyperglycernia

- Metabolc acidosis

- Leukopenia (<5,000 cells /mm?3) or leukocytosis
(> 20,000 cells/mmd)

- Thrombocytopenia

- Endotracheal tube

- Central venous catheter

- Parenteral nutrtion

- Presence of a nasogastric tube

- Presence of a urinary catheter

- Presence of ventricular derivation catheters

- Postnatal corticosteroids

- Pre-surgery
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Infected

n=34
Mele/Female 15/18
Gestational age (wk) 27 (24-41)
Median (range)

Birthweight (g) 883
Median (range) (604-3,300)
Duration of antibiotic treatment (d) 9(2-20)

Median (range)
Postnatal age at onset of infection (d) 11 (4-109)
Median (range)

CRIB score 109+38
Mean + SD

Not infected
n=96

46/51
28 (24-41)

1070 (580-3,880)
0(0-9)
12 (4-58)

88+35

0.84
0.06

0.03

0.0001

0.83

0.006
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Author and Study Study  Study type Study Mortality Total No.of  No.of No. of
year countries period® population type No. of patients  patients  patients
(IP/PD)> patients  whodied <1month <1 year

NEONATAL STUDIES (<1 MONTH)

Basu etal. (18) India 1997-2003 Retrospective  Neonatal tetanus 1P+ PD. 101 67 101 101
Ballot et al. (17) South Africa 2007-2011 Retrospective  Neonatal fungal sepsis 1P 63 27 63 63
Chiabi et al. (20) Cameroon 2008-2009  Prospective Neonatal sepsis P 218 46 218 218
Daoud et al. (22) Jordan 1992-1994  Prospective Neonatal meningitis 1P 53 17 53 53
Davies-Adetugbo  Nigeria 19911995 Retrospective  Neonatal tetanus 1P 174 9% 174 174
etal. (23)
Dikici et al. (25) Turkey 1991-2006 Retrospective  Neonatal tetanus 1P’ 67 27 67 67
Ertem et al. (28) Turkey 1994-2001 Retrospective  Neonatal tetanus 1P 56 38 56 56
Ghiorghis etal. (29)  Ethiopia 1992-1998 Retrospective  Neonatal sepsis P 542 195 542 542
Gurkanetal.(31)  Turkey 19911997 Retrospective  Neonatal tetanus 1P 55 22 55 55
Gursesetal. (32)  Turkey 1978-1988 Retrospective  Neonatal tetanus 1P 133 54 133 133
Ibinda et al. (33) Kenya 1999-2013 Retrospective  Neonatal tetanus 1P 191 118 191 191
Mathur etal. (37)  India NA  Prospective Neonatal respiratory 1P 150 48 150 150
distress
Mugaluetal. (40)  Uganda 2002 Prospective Neonatal septicemia 1P 110 20 110 110
Okomoetal.(44)  Gambia 2009-2013 Retrospective Al neonatal deaths 1P 5,285 1,734 5285 5285
Okoromah et al. (45)  Nigeria NA  Retrospective  Neonataltetanus P 39 4 39 39
Ozkan et al. (46) Turkey 2003-2010 Retrospective  Neonatal sepsis. P 151 22 151 NA
(preterm)
Samaetal. (52) India 1988 Retrospective Al neonatal deaths 1P 7,309 328 328 328
Saleemetal.(50)  Pakistan 2006-2011 Retrospective  Neonatal sepsis. P 104 17 104 104
Sheikh et al. (55) Pakistan 2012 Prospective Neonatal sepsis P 125 20 125 125
Simiyu et al. (56) Kenya 2000 Retrospective Al neonatal deaths 1P 308 o7 308 308
Yaramis etal. (60)  Turkey 1990-1999 NA Neonatal tetanus 1P 73 38 73 73
INFANT STUDIES (<12 MONTHS)
Bhatnagar et al. (19)  India 2005-2008 RCT Serious bacterial P 848 7 182 848
infection
Coakley etal. (21)  PapuaNew 1989 Prospective Measles P 282 48 NA NA
Guinea
Demersetal. (24)  Central Afiican 1996-1997  Prospective Acute respiratory 1P 395 49 14 222
Republic infections
Djelantik etal. (26)  Indonesia 1999-2001  Retrospective  Pneumonia P 4351 505 NA NA
Duke et al. (27) Papua New 1998-1999  Prospective Peumonia P 703 46 NA NA
Guinea
Goel et al. (30) South Africa 1989-1995 Retrospective  Staphylococcal P 100 7 NA 78
pneumonia
Islam et al. (62) Bangladesh 19911992 Prospective Diarrhea D 427 30 NA 329
Khan et al. (34) Pakistan 2007-2008 Retrospective  Sepsis P 133 32 NA NA
Kuti et al. (35) Nigeria 2011-2013 Retrospective  Bacterial meningitis 1P 81 22 NA NA
Lehmann etal. (36)  Papua New 1989-1992  Prospective Bacterial meningitis 1P 696 % NA 535
Guinea
Moisi et al. (39) Kenya 2004-2008  Prospective General mortality D 14,971 535 NA NA
Mulholland etal. (41) ~ Gambia 1990-1991  Prospective Serious infections 1P 697 64 NA 697
Nantanda etal. (42 Uganda 2005-2006  Prospective Pneumonia P 157 24 87 NA
Nathoo etal. (43)  Zimbabwe 1989-1990  Prospective Lower respiratory 1P 704 104 4 502
infection
Ramakishna et al. (47) Malawi 2005-2006 ~ Prospective Peumonia P 233 25 0 17
Rodriguez et . (48)  Columbia 20092011 Retrospective  Respiratory synytial 1P 2,147 2 NA 1,649
virus infection
Sachdevetal. (49)  India 1988 Prospective Diarrhea P 382 37 NA NA
Sehgal et al. (53) India 1993-1994  Prospective Lower respiratory 1P 201 21 NA 105
infection
Santhanakishnan  India NA NA Diarthea, acute P 575 64 NA 441
etal. (51)
Shann et al. (54) Papua New NA Prospective Preumonia P a7 7 NA NA
Guinea
Smyth et al. (57) Zambia 1994-1995  Prospective Preumonia P 167 23 NA 104
Tupasi et al. (59) Philppines 1981-1983  Prospective ALRI P 726 34 NA 361
Teka et al. (58) Bangladesh 1990-1994 Case-control  Diarthea P %28 46 NA NA
Zhang et al. (61) China 2007-2010  Prospective Pneumonia P 707 41 NA 535

24l studies cohort unless othewise specified.
bIR, inpatient; PD, post-discharge.
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Risk factor Included study
TETANUS (n = 9 STUDIES)

Cyanosis Dikici et al. (25)
Gurkan et al. (31)
Gurses et al. (32)
Okoromah et al. (45)
Fever Basu etal. (18)"
Ertem et al. (28)
Gurses et al. (32)
Okoromah et al. (45)
Yaramis et al. (60)
Dikici et al. (23)
Gurkan et al. (31)
Risus sardonious Basu etal. (18)"
Gurkan et al. (31)"
Gurses et al. (32)
Dikici et al. (23)
Sex Davies-Adetugbo et al. (23)
Dikici et al. (23)
Ibinda et al. (33)
Gurses et al. (32)
Okoromah et al. (45)
Tetanic spasms, spasticity Basu etal. (18)*
Dikici et al. (23)
Gurkan et al. (31)
Ibinda et al. (33)
Young age Davies-Adetugbo et al. (23)
Dikici et al. (22)
Gurkan et al. (31)
Gurses et al. (32)
Ibinda et al. (33)
Okoromah et al. (45)
Young age at onset of symptoms Gurses et al. (32)
Yaramis et al. (60)
Dikici et al. (23)
Ertem et al. (28)
Okoromah et al. (45)
NEONATAL SEPSIS/SEPTICEMIA (n = 6 STUDIES)

Gender Sheikh et al. (55)
Saleem et al. (50)

Late onset of sepsis Ozkan et al. (46)
Sheikh et al. (55)

Low birthweight Chiabi et al. (20)

Ghiorghis et al. (29)
Saleem et al. (50)

Positive blood culture Chiabi et al. (20)
Sheikh et al. (55)
Prematurity/low gestation age Chiabi et al. (20)

Ghiorghis et al. (29)
Samaet al. (52)

GENERAL DEATHS (n = 3 STUDIES)

Hypothermia Okormo et al. (44)
Simiyu et al. (56)
Lack of maternal antenatal care Okormo et al. (44)
Low admission weight Okomo et al. (44)
Simiyu et al. (56)
Low birthweight Sama et al. (52)
Prematurity, low gestation age Sama etal. (52)

Allisk estimates are odds ratios, unless relative risk ratio denoted by RR.

Bolded risk factors are statistically significant.

*+Denotes all sk estimates are odds ratios, unless relative risk ratio denoted by RR.
“Denotes that post-discharge populations were assessed.

881, statisticaly significant association with risk estimate>1.

NR denotes “Not Reported.”

NA denotes “Not Applicable.”

NSS denotes not statistically significant.

Risk estimate* (95%Cl)

1.1 (02-7)

NSS, estimate NR
NSS, estimate NR
S8 > 1, estimate NR
4.6 (2.8-7.6)

17.92 (2.29-135.53)
SS > 1, estimate NR
S8 > 1, estimate NR
SS > 1, estimate NR
0.4 (0.4-5)

NSS, estimate NR

45 (2.4-8.6)

SS > 1, estimate NR
$S > 1, estimate NR
1.8(0.1-20)

NSS, estimate NR
1.2(0.3-4)

0.67 (0.72-1.25)

NSS, estimate NR
NSS, estimate NR
0.9(05-1.9)
1.402-7)

NSS, estimate NR
1.15 (1.04-1.26)
3.11(1.04-5.8)

5.28 (1.73-16.165)
S8 > 1, estimate NR
SS > 1, estimate NR
1.64 (1.22-2.18)

NSS, estimate NR

S8 > 1, estimate NR
SS > 1, estimate NR
0.6(0.3-1)
0.6(0.55-1)

NSS, estimate NR

SS > 1, estimate NR
3(0.9-95)

1.2(1-2.7)

SS <1, estimate NR
SS > 1, estimate NR
NSS, estimate NR

6.1 (0.8-44.4)

NSS, estimate NR

SS > 1, estimate NR
NSS, estimate NR
2.22 (1.07-4.63)
NSS, estimate NR

248 (1.76-3.49)
7.14 (2.22-40)

1.68 (1.17-2.41)

1.61 (1.15-2.26)
5.88(3.03-11.1)

SS > 1, estimate NR
SS > 1, estimate NR

NR
NR
NR
NR
Not reported
NR
NR
>40°C
NR
ov
NR
NR
NR
NR
NR
Male
Male
Male
Male
Male
NR
NR
NR
NR
<6 days
NR
NR
NR
NR
NR
NR
NR
ov
ov
NR

Male
Male

Late onset: 3-30 days
Late onset: 3-30 days
<2,5009

NR

<1,000g

NR

NR

<87 weeks

<88 weeks

ov

<86.5°C
<86.5°C
NA
<1,500g
<2,500g
<2,000g
<37 weeks
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Risk factor

DIARRHEA (n = 4 STUDIES)

Dehydration

Maternal education

Non-breastfed

Poor nutritional status

Young age

ACUTE RESPIRATORY INFECTION OR PNEUMONIA (n = 13 STUDIES)

Alteration of status

Cyanosis

Low oxygen saturation

Low respiratory rate

Malnutrition

Young age

Included study

Sachdev et al. (49)
Islam et al. (62)°

Islam et al. (62)"

Tekaet al. (58)
Santhanakrishnan et al. (51)
Tekaet al. (58)

Islam et al. (62)"

Sachdev et al. (49)
Sachdev et al. (49)
Santhanakrishnan et al. (51)

Tekaet al. (58)
Islam et al. (62)*

Islam et al. (62)°
Santhanakrishnan et al. (51)
Sachdev et al. (49)

Demers et al. (24)
Sehgal et al. (53)
Sehgal et al. (53)
Zhang et al. (61)
Zhang et al. (61)
Duke et al. (27)
Sehgal et al. (53)
Nantada et al. (42)
Djelantik et al. (26)
Duke et al. (27)
Nantanda et al. (42)
Smyth et al. (57)
Ramakishna et al. (47)
Zhang et al. (61)
Djelantik et al. (26)
Shann et al. (54)
Djelantik et al. (26)
Demers et al. (24)

Nantanda et al. (42)
Nathoo et al. (43)
Sehgal et al. (53)°
Tupasi et al. (59)
Duke et al. (27)
Smyth etal. (57)
Shann et al. (54)
Djelantik et al. (26)
Nathoo et al. (43)
Rodriguez et al. (48)
Smyth et al. (57)

'SERIOUS INFECTION OR SEPSIS (n = 3 STUDIES)

Bacteremia
Need for >2 inotropes
Organ dysfunction
PRISM score >10
Zinc intake

Mulholland et al. (41)

Khan etal. (34)

Khan et al. (34)

Bhatnagar et al. (19)ntervention
Khan et al. (34)

*Denotes that post-discherge populations were assessed.
Bolded risk factors are statistically significant.

*+Denotes all risk estimates are 0dds ratios, unless refative risk ratio denoted by RR.

Denotes low weight-for-age Z score.
NR denotes “Not Reported.”
NA denotes “Not Applicable.”

8S>1, statistically significant association with risk estimate >1.
8S<1, statistically significant association with risk estimate <1.
Interventionyyy this stucly, the intervention was zinc intake and the comparator was normal care. The exposure (suspected bacterial infection) was the same for both groups. In all other
studies included in this systematic review, the intervention is usual care with exposure to the risk factor, and the comparator is intervention without exposure to risk factor.

Risk estimate™ (95%Cl)

1.96 (05-8.2)
NSS, estimate NR
2.2 (1.37-3.28)
1.96 (0.5-0.82)
229, estimate NR
419 (1.3-13.2)
235 (1.44-3.84)
33(2.7-4)

1.9 (1.6-23)

4.94, estimate NR

84.16 (9.1-775.9)
2.97 (1.43-6.16)
457 (2.9-7.18)
NSS, estimate NR
NSS, estimate NR

323 (1.17-8.94)
NSS, estimate NR
NSS, estimate NR
NSS, estimate NR
NSS, estimate NR
1.46 (0.79-3.45)

NSS, estimate NR
NSS, estimate NR
27(21-35)

2.46 (1.3-4.65)

SS > 1, estimate NR
SS > 1, estimate NR
2.96 (0.94-0.29)
NSS, estimate NR
4.6 (2.5-8.5)

NSS, estimate NR
1.1(093-1.9)

2.74 (0.96-7.76)

SS > 1, estimate NR
38 (2.7-5.4)

3.9 (1.01-0.07)
4.4(2-9.52)

6.32 (2.74-14.57)

SS > 1, estimate NR
NSS, estimate NR
36 (2.8-4.6)
2.4(1.6-3.5)
1.11(0.51-2.41)

NSS, estimate NR

$S > 1, estimate NR
35(1.3-9.2)

18 (2.2-144)

057 (0.27-1.23)

16 (0.6-4)

Risk factor definitions

Severe dehydration
Severe dehydration

<1 year of schooling

No education

Not exclusively breastied
Non-breastfed
Non-breastfed

Weight for age <50%
Height for age <85%

Degree of malnutition of 2 or 3 on Gomez
scale

Weight for height <70%
Height for age <85%
Age <6 months

Age <6 months

Age <6 months

Moderate/severe mental alteration
NR

NR

NR

Central cyanosis

NR

NR

NR

SpO; <85%

SpOy <70%

NR

NR

SpO, <90%

SpO, <90%

<40 breaths per minute

<40 breaths per minute

Weight for age <5th percentile
Weight for height >2SD less than median
for age

NR

Weight for age <60%

WAZ < -8

First degree malnutrition on Gomez Scale
Weight for age <60%

Low WAZ

Weight for age <80%

Age <4 months

Age <6 months

Age <6 months

Age <6 months

NR
>2inotropes

2 dysfunctional organs
10mg zinc intake daily
>10
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Primary outcome:  Secondary outcome:
PICU transfer and/or  Prolonged hospital

mortality LOS (=7 days)
Area under the curve  Area under the curve
(95% CI) (95% CI)
GSOFA Systolic blood 056 (0.39-0.74) 052 (0.44-0.60)
pressure positive®
GSOFA Level of 0.74 (0.568-0.90) 054 (0.47-061)
consciousness positive?
GSOFA/SIRS Respiratory 0.54(0.43-0.66) 050 (0.44-0.55)
rate positive®
SIRS Temperature positived 058(0.45-0.70) 0.47 (0.42-0.51)
SIRS Leukocyte count 0.49 (0.37-0.62) 054 (0.48-0.59)
positive®
SIRS Heart rate positive! 0.64(0.51-0.76) 0.48 (0.43-0.53)

“Data on GSOFA variable systolic blood pressure was available for 269/864 visits: 10/269
were systolic blood pressure positive [2/10 PICU transfer and/or mortalty, 4/8 prolonged
hospital length of stay (2 unknown)], 259/269 were systolic blood pressure negative
[11/259 PICU transfer and/or mortaliy, 63/230 prolonged hospital length of stay (29
unknown)].

bData on GSOFA variable level of consciousness was available for 426/864 visits: 47/426
were level of consciousness positive (8/47 PICU transfer and/or mortelty, 15/38 prolonged
hospitel length of stay (9 unknown)), 379/426 were level of consciousness negative [6/379
PICU transfer and/or mortalty, 77/355 prolonged hospital length of stay (24 unknown)l.
“Data on GSOFA and SIRS variable respiratory rate was avaiable for 676/364
visits: 522/676 were respiretory rate positive [18/522 PICU transfer/mortelity, 104/487
prolonged hospital length of stay (35 unknown)), 154/676 were respiratory rate negative
[3/154  PICU transfer and/or mortalty, 31/140 prolonged hospital length of stay (14
unknown)].

Data on SIRS variable temperature was avaiable for 855/864 visits: 302/855 were
temperature positive [11/302 PICU transfer and/or mortalty, 53/282 prolonged hospital
length of stay (20 unknown), 553/855 were temperature negative [11/553 PICU transfer
and/or mortelity, 124/517 prolonged hospital length of stay (36 unknown)}.

“Data on SIRS variable leukocyte count wes available for 663/864 visits: 341/633
were leukocyte count positive [11/341 PICU transfer and/or mortaity, 76/310 prolonged
hospital length of stay (31 unknown)}, 322/633 were leukocyte count negative (11/322
PICU transfer and/or mortalty, 61/303 prolonged hospital length of stey (19 unknown)].
"Data on SIRS variable heart rate was available for 783/864 visits: 222/783 were heart rate
positive [12/222 PICU transfer and/or mortaliy, 38/108 prolonged hospitel length of stay
(14 unknown)}, 561/783 were heart rate negative [10/561 PICU transfer and/or mortalty,
116/520 prolonged hospital length of stay (41 unknown)).
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Criteria Inclusion

Population Newborns and young infants hospitalized with sepsis
or other serious infection in a resource poor/developing
‘country (majority of patients must be <1 year of age, or a
multivariate analysis adjusting for age must be conducted)
« Studies conducted in developed countries will be
excluded
« Studies involving non-admitted patients
(ex. Ambulatory or community) or surgical patients wil

be excluded
Interventions Usual care, or care during an intervention of any kind*
Comparisons NA
Outcomes Studies must evaluate and report risk factors, along with

arisk estimate (OR, RR, etc) or valid statistical analysis
for at least one of the following outcomes:

« In-hospital mortality prior to discharge

« Post-discharge mortality occurring either in community
or upon readmission

Study designs Studies must be one of the following:
* Single arm or multi-arm trials.
* Prospective cohort study
« Retrospective cohort studies
* One case-control study
Language English language only

*Please note that in all studies included except one, the intervention was usual care. If any
adiional interventions were employed and the results showed statistical significance, the
relative isks for the control arm as well as the intervention arm willbe described separately
iy e it sachions
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GSOFA positive
SIRS positive
GPELOD-2 positive
GSOFA-lactate positive

GSOFA positive
SIRS positive
GPELOD-2 positive
GSOFA-lactate positive

GSOFA positive
SIRS positive
GPELOD-2 positive
GSOFA-lactate positive

GSOFA
SIRS
GPELOD-2
GSOFA-lactate

Primary outcome: PICU
transfer and/or mortality

Area under the
curve (95% Cl)

0.72 (0.57-0.86)
0.64 (053-0.74)
0.60 (0.45-0.76)
0.67 (050-0.84)

Sensitivity (%)

50.0
81.8
222
58.3

Sensitivity (%)

58
55.0
1.0
212

Positive
score (%)
225
43
36.4
17.5

Secondary outcome: Prolonged
hospital LOS (=7 days)

Area under the
curve (95% CI)

053(0.46-059)
0.49 (0.44-0.54)

051(0.45-057)
056 (0.46-0.67)

Comparison to AUROG
GSOFA positive

P-value 1st outcome

023
0.08
<001

Primary outcome: PICU transfer and/or mortality

98.7
763

Specificity (%)

890
417
97.3
65.9

Negative predictive
value (%)
98.0
9838
97.4
955

Secondary outcome: Prolonged hospital length of stay (=7 days)

Negative predictive
value (%)
216
222
223
302

Prevalence PICU transfer and/or mortality

Negative
score (%)
20
12
26
45

Between group
difference (%)
205
3.4
338
130

P-value 2nd outcome

0.82
0.25
0.58

Positive predictive
value (%)
225
43
364
176

Positive predictive
value (%)
64.5
796
57.1
545

P-value

<0.01
0.010

<0.01
0.009
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Author

Van Buul

Lauraetal.

(33)

Jeffs et al.
(34)

Sinkowitz-
Cochran
(35)

Pronovost
etal. (36)

Jain et al.
©n

Year

2014

2015

2012

2016

2006

Study design

Qualitative Study

Qualitative study

Descriptive survey
based study

Quantitative
intervention study

Quantitative
intervention study

Setting

Tertiary care center,
community hospitals,
nursing homes and
residential care facilties
in Netherland

Intensive care units of 3
teaching hospitals in
Toronto and Ontario

Medical, surgical and
intensive care units of
Veterans Affairs
Medical Centres in the
USA

Intensive care units in
Michigan, USA

Single intensive care
unit in Mississippi, USA

Title

“Participatory action research in
antimicrobial stewardship: a
novel approach to improving
antimicrobial prescribing in
hospitals and long-term care
facilties”

“A qualitative analysis of
implementation of antimicrobial
stewardship at 3 academic
hospitals: Understanding the key
influences on success”

“The associations between
organizational culture and
knowledge, attitudes, and
practices in a multicentre
Veterans Aftairs quality
improvement initiative to prevent
methicilin-resistant
Staphylococcus aureus”

“Sustaining Reductions in central
line-associated bloodstream
infections in Michigan intensive
care units: a 10-year analysis”

“Decline in ICU adverse events,
nosocomial infections and cost
through a quality improvement

initiative focusing on teamwork
and culture change”

Key messages

The study indicates, that the
collaborative nature of the
participatory action research
reslts in greater engagement
compared with top-down
approaches

Successful implementation of an
antimicrobial stewardship
program should include the
following key themes: 1.Get the
right people on board; 2.Build
collegial relationships (formally
and informally) with prescribers;
3.Establishing a track record

Greater engagement of
healthcare personnel is
associated with having a good
leadership structure and the
feeling of being supported by
leadership is positively
associated with better MRSA
prevention practices

In order to implement and
sustain an improvement in
antimicrobial stewardship the
active involvement of hospital
leaders is important

Adverse events and nosocomial
infections declined following the
introduction of a changed
system of care in the ICU

Main outcome

Improvement in
antimicrobial
prescription

Successful
implementation of an
antimicrobial

stewardship program

Improvement in MRSA
prevention practices
leads to reduced
infection rate

Reduction of central
line-associated
bloodstream infections

Reduction of
nosocomial infections
after intervention
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2015 2016 2017

ADMISSIONS AND PATIENTS
Admissions (n) 556 575 571
Patients total (1) 521 518 528
Newborns <44 weeks of gestational 302 299 291
age (n)

Percentage of newborns <44 weeks on

gestational age on patients total (%) 580 577 55.1
Preterm infants <32 weeks of gestational 63 76 82
age ()

Percentage of preterm infants <32 weeks

of gestational age on patients total (%) 12.1 14.7 155
Preterm infants <28 weeks of gestational 22 23 26
age ()

Percentage of preterm infants <28 weeks

of gestational age on patients total (%) 42 4.4 49
AADMISSION SCORES

CRIB Il (mean  SD) 65(£2.8) 60(£2.8 5.7 (£25)

PIMS Il (mean + SD) 3.4(19.7) 3.9(+9.9) 54 (£123)
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Sympathetic
adrenergic receptor

o

B3

Parasympathetic
muscarinic receptor

My

Mz, M3

Response to activation

Arterial and arteriolar vasoconstrition
Pupilary diation

Decreased gastrointestinal motilty and sphincter contraction
Hepatic glycogenolysis and gluconeogenesis
Pro-inflammatory cytokine production

Central nervous systems effects including anorexia

Decreased norepinephrine release through autoreceptors (negative
feedback)

Decreased acetyicholine release through parasympathetic
heteroreceptors

Central nervous systems effects including sedation, analgesia, and

down-regulation of sympathetic outflow (= hypotension, bradycardia)

Decreased gastrointestinal motiity and gland secretion
Decreased insuiin secretion

Goronary, renal, and skin vasoconstriction

Constriction of veins

Platelet aggregation

Monocyte-endothelial adhesion

Increased heart rate, cardiac conductivity, and cardiac muscle
contractiity

Renin release from the kidney

Bronchodilation
Decreased bronchial gland secretion

Potent coronary vasodiatation (exceeds e constriction effect)
Increased heart rate, cardiac conductivity, and cardiac muscle
contractiity

Bladder relaxation

Skeletal muscle, pulmonary, and visceral vasodilation

Immune modulation in lymphoid tissue

Lypolysis and thermogenesis in adipose tissue

Response to activation

Gastric acid secretion
Pancreatic amylase secretion
Gerebral vasoconstictio

Decreased heart rate, decreased cardiac conductivity

Pupillary and cilary constriction

Lacrimal, salivary, nasopharyngeal, bronchial, and digestive gland
secretion

Bronchial constriction

Increased gastrointestinal motiity

Sphincter relaxation

Decreased acetylcholine release through autoreceptors (negative
feedback)

Decreased norepinephrine release through sympathetic
heteroreceptors

Drug effects

Receptor Activation:
« Norepinephrine, epinephrine (e a2)
« Phenylephrine, midodrine (1)

« Clonidine, dexmedstomidine ()

Receptor Blockade:
« Phentolamine, Phenoxybenzamine (ay, a2)
« Doxazosin (a1)

Norepinephrine Reuptake Inhibition:
« Cocaine, methylphenidate, amphetamines,
tricycic antidepressants.

Receptor Activation:

« Norepinephrine, epinephrine (31, B2)
« Isoproterenol (B4, 2)

* Dobutamine (1)

« Albuterol, terbutaline (B2)

Receptor Blockade:

« Propranolol (31, B2)

« Atenolol, esmolol, metoprolol, nadolol, timolol
B1 > B2)

Norepinephrine Reuptake Inhibition:

« Cocaine, methylphenidate, amphetamines,
trieyolic antidepressants.

Drug effects

Receptor activation:

« Acetylicholine (M1-Mg)

* Methacholine (M1-Mg)

Receptor Blockade:

« Atropine, ipratropium, scopolamine (M1 -Mq)
* Oxybutynin (Mg)

Inhibition of Acetylcholinesterase:

* Reversible:  Edrophonium,
physostigmine, pyridostigmine

o Iireversible: Organophosphates

neostigmine,

a1 and B3 are activated by norepinephrine > epinephrine; az and By are activated by norepinephrine = epinephrine; B, are activated by epinephrine >> norepinephrine. Muscarinic

receptors in the target organs (and the nicotinic receptors in the post-ganglionic neurons) are activated by acetylcholine (7).
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Population and country

Term infants adimitted to neonatal units in
Norway over a 3 year period (n = 10 175) (10)

Term and preterm infants admitted to one
neonatal unit in Norway and one in Denmark
overa 8 year period (n = 2927) (23)

Term and preterm infants admitted within first
24h of lfe to a single neonatal unit in Austria
(n= 851)(24)

Term and preterm infants evaluated for sepsis
in one neonatal unit in Canada (1 = 1202) (25)

Infants born after 34 weeks gestation with
suspected EONS requiring antibiotics. A
multi-center study in Europe and Canada.
(n=1710) (26)

Infants born after 34 weeks gestation at a
single institution in Switzerland over a 5-year
period (1 = 11 503) (27)

Ratio culture-confirmed vs.
culture-negative sepsis cases

91: 1447 (1:16)

35: 208 (1:6)

31%: 200 (1:7)

16:107 (1:7)

27:161 (1:6)

4:48 (1:12)

Definition culture-negative sepsis

« Physician assigned ICD-10 diagnosis P36.9
* Clinical symptoms
* Antibiotics =5 days

« Physician assigned ICD-10 diagnosis P36.9
 Clinical symptoms

* CRP > 10 mg/L

 Antibiotics >3 days

* Clinical symptoms
« Maternal risk factor or at least one abnormal laboratory marker (incl.
CRP > 8 mg/L)

* Born to mothers receiving intrapartum antibiotics.
« Antibiotics started on the day of birth and continued for > 72h
despite negative culture.

Based on a risk classfication scheme including:
* Maternal risk factors

 Clinical symptoms

« Laboratory findings (WBC < 5 x 109/mL and/or CRP > 10 mg/L)

« >2 clinical signs of sepsis within the first 7 days of life (temperature
instabilty,iritabilty, or lethargy, feeding difficulties, capillary refill > 2,
apnea, tachycardia and/or tachypnea)

« CRP > 20 mg/L

« Antibiotics >7 days

*11 cases of positive tracheal cultures indicating invasive infections were reported in the original paper, but excluded here.
WBC, white blood cells; CRP, C-reactive protein; ICD-10, International Classification of Diseases, 10th revision.
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Authors or society

International pediatric sepsis
consensus conference: Definitions
for sepsis and organ dysfunction in
pediatrics—2005 (38)

European Medicines Agency
definition from 2010 (39)

Wynn and Polin ~2018 (2)

Hakonsson—2017 (40)

Norwegian Neonatal Society (10)

Criteria

Systemic inflammatory response syndrome (SIRS) criteria—1st week of
life

* Heart rate < 180/min or < 100/min

* Respiratory rate > 50/min

© WBC > 34 x 10%/mL

* Core temperature of > 38.5°C or < 36°C

Sepsis; SIRS in the presence of suspected or proven infection

Criteria for inclusion in a neonatal sepsis clinical trial

Ciinical sign (temperature instabilty, cardiovascular instabilty, skin symptomns,
respiratory instability, gastrointestinal symptoms, non-specific symptoms)
Laboratory signs: Low/high WBCs, I/T-ratio > 0.2, Platelet count < 100, CRP >
15 mg/L or PCT > 2 ng/mL, glucose intolerance and metabolic acidosis
Hypothetical neonatal sequential organ failure assessment ("SOFA)
score

Including the following 6 items with scores from O to 3:

Respiratory status, cardiovascular status, platelet counts, absolute neutrophil
count, renal function, and ONS function

Definition of a clinical, culture-negative GBS sepsis (in retrospect)

* Relevant symptoms and/or a CRP > 25 mg/L.

* GBS in the maternal vaginal/rectal swabs or superfiial infant cultures

« The initiation of antibiotic therapy in the infant

Definition of a culture-negative sepsis (in retrospect)

« Clinical symptoms

CRP > 30 mg/L.

Other known clinical reasons for increased CRP excluded

Received antibiotics > 6 days.

Comment

Evidence of infection vaguely
described

Laboratory signs unspecific and
cut-offs with poor predictive ability
and not age adapted (PCT)

Inclusion of WBC indices with poor
prediotive values.

Ciinical signs not specified

Ciinical signs not specified.
Duration of antibiotics as a criteria
not useful prospectively

CRR, C-reactive protein; GBS, group B streptococci; CNS, central nervous system; WBC, white blood cells; PCT, procalcitonin, I/T ratio-immature to total neutrophil ratio.
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Pathogen Total CSF& CSF  Blood
Blood only  only

GBS 55(20.1) 22(43.1) 10(21.7) 23(25.0)
E. coli 55(20.1) 20(39.2) 13(28.3) 22(23.9)
CoNs 42(222) 479 7(153) 31(338)
Staphylococcus epidermidis 21(11.4) 120 122 19(0.7)
Staphylococeus haemolyticus 3(16 000 122 222
Staphylococcus hominis 3(1.8 120 000 222
Staphylococcus saprophyticus 2(1.) 000 122 1(.1)
Staphylococeus warneri 105 000 122 000
Staphylococcus lentus 105 000 000 1(1.1)
Staphylococeus cohnii 105 000 122 000
Other types 1063 2B9 2643 665
Enterobacteriaceae (except £. cof) 168 120 5(109) 5(6.4)
Klebsiella peumoniae 787 10 2643 443
Enterobacter cloacae 105 000 122 000
Proteus species 105 000 122 000
Kiebsiella oxytoca 105 000 122 000
Plesiomonas shigeloides 105 000 000 1(.1)
Enterococcus 10(6.3 1200 4@87) 564
Enterococcus faecium 842 120) 3(65 443
Enterococcus faecalis 105 000 122 000
Enterococcus gallinarum 105 000 000 1(.1)
Staphylococcus aureus 3(1.8 10 000 222
Chryseobacterium meningosepticum  3(1.6)  1(@20) 2(4.3) 0(0.0)
Listeria monocytogenes 3(1.6 000 365 000
Stenotrophomonas maltophilia 2(1.) 000 1@2) 1(1.1)
Acinetobacter bauman 1068 000 122 000
Haemophilus influenzae 105 000 000 1(11)
Bacills subtilis 105 120 000 000
Streptococaus gallolyticus 105 000 000 1(11)
Micrococcus luteus 105 000 000 1(.1)
Total 189 (100.0)51 (100.0)46 (100.0)92 (100.0)

Numbers are presented s n (%). “CSF & Blood,” “CSF only,” and “Blood only” represent
pathogens detected in both the CSF and blood cultures; CSF culture only; and biood
culture only, respectively. E. coli, Escherichia coli; GBS, Group B Streptococeus; CSF,
cerebrospinal fluid.
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Variable Cut-off values (per age-group)

Heart rate (beats/min) Respiratory rate  Leucocyte count Systolic Blood

(breaths/min) (WBCX10%L)  Pressure (mm Hg)

Age-group classification Age Tachycardia  Bradycardia Tachypnoea Leucocytosisor  Hypotension (11)
leucopenia

(A) Pediatric Sepsis Consensus Conference 2005 (PSCC) Criteria (10).

* Newborns 0 days—1 week >180 <100 >50 >34 <59
* Neonates 1 week—1 month >180 <100 >40 >19.50r <5 <79
* Infant 1 month—1 year >180 <90 >34 >17.50r <5 <75
« Toddler and pre-school 2-5 years >140 N/A >22 >15.50r <6 <74
* School age child 6-12 years >130 N/A >18 >13.50r <4.5 <83
« Adolescent and young adult 13 < 18 years >110 N/A >14 >1lor<ds <90
Temperature** (hyper- or >3850r <360°C

hypothermia)

Prolonged capilary refil time >56s

Variable Cut-off values (per age-group)

(B) American College of Critical Care Medicine (ACCM) ## (13, 14).

Temperature (hyper- or hypothermia)  No cut-off values described

Urine output <1 mlkgh
Mental status Decreased or altered mental status
Capilary refil time Prolonged >25 (cold shock) or flash capillary refll (warm shock)
Pulses Diminished pulses and mottled cool extremities (cold shock) or bounding peripheral pulses with wide pulse pressure (warm shock)
Variable Cut-off values (per age-group)

Heart rate (beats/min) Systolic BP (mm Hg) Respiratory rate (breaths/min)$
Age-group classification  Age Tachycardia  Bradycardia Hypotension Tachypnoea Bradypnoea

(C) World Health Organization-Integrated Management of Childhood llinesses (WHO-IMCI) criteria (12).

0<1year >160 <100 <60 260 <20
> 1 year < 3 years >150 <%0 <70 =50 <20
> 3 years < 6 years >140 <80 <75 240 <20

Temperature (hyperthermia)  >39.0°C
Prolonged capilary refiltime >3

Hypoxia (SPOp) <90%

** Temperature cut-off values apply for all ages and are based on core temperature measured by rectal, bledder, oral, or central catheter probe. ## Clinical diagnoss of shock based on

ACCCM criteria requires suspected infection manifested by hypothermia or hyperthermia, and any of the above-isted clinical signs of inadequate tissue perfusion. $5 Respiratory rate
criteria based on slightly different age-group classification cut-off values (i.., < 2months, 2-11 months and 1-5 years).
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Adult or neonatal GA

Adult

Adult

Adult

Adult

VLBW
<1500g
(approximate mean GA
27 weeks)

Moderate preterm
(GA range 35-37
weeks)

Mix of preterm and
term

(GA mean 29.2 (range
24-38) weeks)

Cohort sepsis characteristics
(n) and mortality (if applicable)

Prospective study:
Sepsis: 71
Non-sepsis:55
Healthy control: 6
Prospective study:
Septic shock: 19
Healthy control: 22

Post-mortem study:

Organ dysfunction during sepsis:
40

Trauma control: 29

Median (range) days of sepsis: 4
(1-40). Time from sepsis onset to
death not described

Prospective and post-mortem
study Sepsis: 27

- Survivor: 2

- Non-survivors: 25

Non-septic criticall il 16
Trauma control: 25

Mean age of death and time from
sepsis onset to death not
described

EOS:5

- Sunvivor: 0

- Non-survivors: 5

LOS: 15

- Sunvivor: 0

- Non-survivors: 15

Controls: NA Mean (D) age of
death: EOS:1.6 (+0.5) days
LOS:17.8 (+12.1) days Time from
sepsis onset to death not
described

Sepsis: 6

- Survivor: 0

- Non-survivor:6 Control mortality:
6 Mean age of death and time
from sepsis onset to death not
described

EOS: 10

- Survivor: 0

- Non-survivor: 10 Control
mortality: 20 Time to mortality
within 48h after birth. Time from
sepsis onset to death not
described

Time of blood sampling and
age at sepsis

Blood samples were collected at
various times during sepsis
Mean age range at sepsis: 57-59

Blood sample was collected at
time of study inclusion

Mean (D) age at sepsis:

58 (4) years

Post-mortem sample collection
ocourred 80180 min following
death

Mean (:SD) age at organ
dysfunction during sepsis: 71.7
(+15.9) years

Sample collection was either
intraoperatively (survivors) or
post-mortem (15 min to 6h
following death)

Mean age as sepsis not
described

Post-mortem examination
completed within 2 h of death
Mean (:SD) age at sepsis:
EOS: 0 (0) days

LOS: 14.1 (£9.9) days

Post-mortem examination time
not described
Age at sepsis not described

Post-mortem examination
occurred between 4 and 12h
following death

Age at sepsis <48h after birth

Observation in septic cohort

Increased T cell, B cell, and
dendritic cell apoptosis in the
sepsis group

Marked increase in apoptosis of
CD4* and CD8* T cells and B
celis in the septic shock group

Extensive depletion of splenic
CD4* and CD8* T cells and
HLA-DR cells in the organ
dysfunction during sepsis group

Depletion of splenic CD4* T
helper cells and B cels in the
sepsis group

EOS: No cell depletion
LOS: Depletion of thymus
lymphocytes

Depletion of neutrophils in the
sepsis group

Depletion of T cells and B cells

References

(82)

(©3)

(84)

@

(86)

®7)

GA, gestational age; LOS, late-onset sepsis; EOS, early-onset sepsis; VLBW, very low birth weight; HLA-DR, Human Leukocyte Antigen-DR isotype.
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Adult or neonatal GA

Adult

Adult

Adult

VLBW <1,500g and <32
weeks GA (mean GA 26.8
weeks)

Cohort sepsis characteristics (1)
and mortality (if applicable)

- Sepsis: 78
- Septic shock: 40
Healthy control: 21

Septic shock: 64
Trauma control: 13
Healthy control: 49

Sepsis: 135
- Sepsis: 59
- Septic shock: 76
Healthy control: 29

LOS: 39

- Sepsis: 28

- Septic shock: 5

Non-sunvivors: 6

Control: NA

Time to mortality during
hospitalisation

Time from sepsis onset to death not
described

Time of blood sampling and age at
sepsis

Blood sample was taken on day of study
inclusion

Median (IGR) age at:

Sepsis: 735 (62-81) years

Septic shock: 785 (60-84) years

Blood samples were taken on days 1-2,
3-5, and 6-10 after diagnosis

Median (IQR) age at septic shock: 64
(54-73) years

Blood samples were taken 3-4 days.
after onset of symptoms

Median (IGR) age at:

Sepsis: 71 (66-78) years

Septic shock: 71 (61-78) years

Blood sample was taken within 24 h of
symptom onset

Age at sepsis not described

Observation in septic cohort

Increased PD-1 expression on
Tregs in sepsis group

Increased PD-1, PD-L1
expression on monocytes, and
CD4* T cells in septic shock
group

Increased PD-L1 expression on
monocytes in the sepsis group

Increased PD-L1 expression on
monocytes in sepsis group.
Significant increases in those
with septic shock and/or death
compared to survivors of sepsis
without shock

References

(74)

79)

(80)

®1)

GA, gestational age; LOS, late-onset sepsis; VLBW, very low birth weight; PD-1, programmed cell death protein-1; PD-L1, programmed cell death ligand-1; Tregs, T regulatory cells;
SD, standard deviation; IR, inter-quartile range.
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Adult or neonatal GA

Cohort sepsis characteristics (1)
and mortality (if applicable)

IMMATURE NEUTROPHILS
Adult Sepsis: 177
- Sepsis: 82

Adult

Adult

Mix of:
Preterm

<28 weeks GA (1 = 21)
Preterm

>28-36 weeks GA
(n=123)

Term

>36 weeks GA
(n=141)

VLBW

<1500g

(approximate mean GA
27 weeks)

T REGULATORY CELLS
Adult

Adult

Adult

Adult

Adult

Neonate of any GA

- Organ dysfunction during sepsis: 66
- Septic shock: 29

Outpatient control: 50
Community-acquired infection
without SIRS: 15

Sepsis: 83
- Confirmed sepsis: 51

- Clinical sepsis: 32

Non-infection SIRS: 39

Non-SIRS: 14

Healthy control: 20

Septic shock: 43

- Survivor: 85

- Non-survivors: 8

Healthy controls: 23

Time to mortality: within 28 days of
sepsis onset. Time from sepsis onset
to death not described

Clinical and confirmed EOS (1 = 76)
and LOS (n = 134): 210

- Sunvivor: 222

- Non-survivor: 63

No sepsis: 75

Time from sepsis onset to death not
described

EOS:5
- Survivor: 0

- Non-survivors: 5

LOS: 15

- Sunvivor: 0

- Non-survivors: 15

Controls: NA Mean (D) age of
death: EOS:1.6 (+0.5) days LOS:17.8
(%£12.1) days Time from sepsis onset
to death not described

Sepsis: 80
- Sepsis: 31

- Organ dysfunction during sepsis: 33
- Septic shock: 16

Healthy controls: 18

Sepsis: 32
- Sepsisi19

- Septic shock: 13
Healthy controls: 10
Septic shock: 16

- Survivor: 7

- Non-survivor: 9
Healthy controls: 36
Sepsis: 118

- Sepsis: 78

- Septic shock: 40
Healthy control: 21

Sepsis: 42
- Survivor: 23

- Non-survivor: 19

Healthy control: 14

Time to mortality: <28 days. Time
from sepsis onset to death not
described

Not assessed

MYELOID DERIVED SUPPRESSOR CELLS

Adult

Adult

Adult

Neonate of any GA

Sepsis: 94

- Organ dysfunction during sepsis: 22
- Septic shock: 72

Non-septic ICU: 11

Healthy controls: 67

Septic shock: 74
Heatthy controls: 18

Sepsis: 24
- Sepsis: 12

- Septic shock: 12
Non-sepsis: 12

Not assessed

Time of blood sampling and age
at sepsis

Blood sampling was done as part of
routine haematological analysis.
Sample collection time not described
Mean (+SD) age at sepsis:

Sepsis: 57 (+22) years

Organ dysfunction during sepsis: 62
(#17) years

Septic shock: 63 (14) years

Blood sample was taken within 48 h
of admission to the intensive care unit
Mean (+:8D) age at sepsis:
Confimed sepsis: 62 (16) years
Ciinical sepsis: 66 (:13) years

Blood samples were taken at days
3-4 and 6-8 after onset of septic
shock

Median (IQR) age at septic shock in
years: 70 (65-80)

Blood sample was taken upon initial
suspicion of sepsis

Mean (8D) age at sepsis:

67 (£7.4) days

Post-mortem examination completed
within 2 h of death

Mean (+SD) age at sepsis:

EOS: 0 (+0) days

LOS: 14.1 (£9.9) days

Blood sample was taken within 24 h
after sepsis diagnosis

Median (IGR) age at sepsis:

Sepsis: 45 (28-72) years

Organ dysfunction during sepsis: 54
(18-87) years

Septic shock: 64 (18-84) years
Blood sample was taken at time of
sepsis diagnosis

Mean (+:SD) age at sepsis:

708 (+12.7) years

Blood sampling was taken on days 1,
3,5 and 7-10 following sepsis onset
Mean age at sepsis: 54 years

Blood sample was taken the day of
study inclusion

Median (IQR) age at:

Sepsis: 73.5 (62-81) years

Septic shock: 78.5 (60-84) years
Blood samples were taken days 0
and day 5

Mean (+8D) age at sepsis:

49.1 (10.2) years

Blood sample taken within 3 days of
sepsis diagnosis

Median (IQR) age, in years, at:

Organ dysfunction during sepsis: 57
(41-75)

Septic shock: 63 (53-73)

Blood samples were taken within 12h
of sepsis diagnosis, and on days 1, 4,
7,14,21and 28

Mean age at sepsis: 60 years

Blood samples were taken at
enrolment, and on days 24 and
7-discharge

Median (IR) age at:

Sepsis: 45 (39-55) years

Septic shock: 52 (45-57) years

Observation in septic cohort

Sepsis group had increased immature
granulocytes compared to the two
control groups

Immature neutrophils were elevated in
the sepsis group. Immature
neutrophils frequency was
significantly higher in confirmed
‘sepsis compared to clinical sepsis
and non-infection inflammation
Increased circulating immature
granulocytes associated with
increased risk of death

Severity of neutrophil left shift
correlates with increased sepsis
mortality risk in both preterm and
term neonates

EOS: Slightly elevated, but not
significantly, circulating immature
neutrophils during early phase of
sepsis

LOS: Elevated circulating immature
neutrophils. Significantly elevated
during terminal stages

Increased Treg mANA in sepsis
patients.

Significantly increased Tregs in CD4*+
T cells in sepsis group. Significantly
higher in septic shock than sepsis
without shock

Elevated circulating CD4* Treg cells
in the sepsis group. CD4*+ Treg more
elevated in non-survivors compared
to survivors

Increased Tregs in CD4™ T cells in
the sepsis group

Increased CD39+ Tregs in the sepsis
group. Higher Treg expression in
those with organ failure and
non-survivors

In the sepsis group MDSC genes are
up-regulated, G-MDSCs expanded
and plasma MDSC mediator levels
are increased

MDSCs persistently increased in the
septic shock group. MDSCs were
functionally immunosuppressive

G-MDSCs were increased in the
sepsis group. G-MDSCs were
significantly higher in septic shock
compared to sepsis without shock.
G-MDSCs were functionally
immunosuppressive
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GA, gestational age; LOS, late-onset sepsis; EOS, early-onset sepsis; VLB, very low birth weight; ICU, intensive care unt; Treg, T regulatory cells; MDSC, myeloid derived suppressor
cells; G-MDSC, granulocytic-myeloid derived suppressor cells; SIRS, systemic inflammatory response syndrome; SD, standard deviation; IQR, inter-quartile range.
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Adult or neonatal GA

Adult

Adult

Adult

Adult

Adult

Mix of preterm and
Term
(mean GAB7.5 +3.8)

Mix of moderate preterm
and term (median GA 36;
IQR 32-39 wks)

Preterm (mean GA 31 +
2 weeks)

Cohort sepsis characteristics (1)
and mortality (if applicable)

Septic shock: 38
- Survivors: 22

- Non-survivors: 16

Mortality within 28 days after
diagnosis. Time from sepsis onset to
death not described

Sepsis: 61

- Survivors: 41

- Non-survivors: 20

Time from sepsis onset to death not
described

Organ dysfunction during sepsis: 37
SIRS: 13
Healthy control: 20

Sepsis/septic shock: 20
Post-surgical inflammation: 20
Non-sepsis controls: 10

Sepsis: 17

- Survivor: 6

- Non-survivors: 11

Non-sepsis controls: 10

Healthy control: 12

Time to mortality:

During 1%t septic episode n = 9
During 2" septic episode n = 2
Time from sepsis onset to death not
described

Ciinical (n = 22) and confirmed
(n=18)LOS: 40

- Survivor: 32

- Non-survivor: 8

Non-sepsis disorder: 24

Controls: 25

‘Time to mortality: during hospital stay.
Time from sepsis onset to death not
described

Clinical (1 = 42) and confirmed
(n=21) EOS and LOS: 63

-Sunvivor: 50

-Non-survivor: 13

Non-sepsis: 37

Controls: 29

Mortality < 30 days n = 13 Time from
sepsis onset to death not described
£0S: 22

- Mild sepsis: not described

~Severe sepsis: not described
Controls: Not described

Time of blood sampling and age at
sepsis

Blood samples were taken on days 1-2,
3-4,5-7, and 8-15 days following initial
suspicion of sepsis.

Mean age at sepsis:

64 years (95% CI 59-69)

Blood sample was taken on day of
‘admission and the next day

Median (IQR) age at sepsis in years:
Survivors 52.5 (36-61.5)
Non-sunvivors 54.5 (42.5-62.5)

Blood sample was taken within 24 h of
sepsis development

Median (IOR) age at sepsis:

69.4 (£2.7) years

Blood sample was taken within 24 h of
study inclusion

Median (IOR) age at sepsis:

60 (53-67) years

Blood sample was taken upon admission
to the study

Mean (:SEM) age at sepsis:

71 (£5) years

Sample collection time not described
Mean (SD) age at sepsis:
16.3 (£5.8) days

Blood sample taken upon initial suspicion
of sepsis

Median (IQR) age at sepsis:

4(2-11) days

Blood samples taken at admission to
NICU during first 48h of e, during
infection, and recovery

Mean age at sepsis: Not described

Observation in septic cohort

Decreased % HLA-DR expression
in septic shock

Significantly lower % HLA-DR
expression in non-survivors
compared to survivors

Decreased HLA-DR expression in
sepsis. Significantly lower in
non-survivors compared to
survivors

Progressive significant decrease in
CD14/HLA-DR expression in the
organ dysfunction during sepsis
group

Decreased HLA-DR surface protein
and mRNA expression in
sepsis/septic shock

"TNFo:HLA-DR ratio correlates
negatively with SOFA score
HLA-DR expression significantly
decreased in sepsis group. HLA-DR
expression was significantly lower in
non-survivors, compared to
survivors

6 of 17 with sepsis later developed
nosocormial infections

Significantly lower HLA-DR
expression in sepsis group
HLA-DR expression was
significantly lower in non-survivors
compared to survivors No
significant difference HLA-DR
expression between term and
preterm

No significant difference HLA-DR
expression between ciinical and
confirmed LOS

HLA-DR expression was
significantly decreased in the sepsis
group. Lower, but not significantly,
in non-survivors compared to
survivors

Percent of HLA-DR positive
monocytes significantly recovered in
those with mild sepsis. Percent
expression of HLA-DR on
monccytes significantly dropped
followed by a significant recovery in
those with severe sepsis
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HLA-DR, Human Leukocyte Antigen-DR isotype; GA, gestational age; LOS, late-onset sepsis; EOS, early-onset sepsis; VLBW, very low birth weight; SIRS, systemic inflammatory
response syndrome; SD, standard deviation; IQR, inter-quartile range. *Conference abstract only, limited data available.
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Number (%) of

episodes®
Neurological or neuromuscular 17@)
Cardiovascular 360
Respiratory 30(6)
Renal and urological 2@
Gastrointestinal 37
Hematological or immunological 8@
Metabolic 1@
Other congenital or genetic defect 20(4)
Malignant disease 469
Neonataf® 122 (28)
Surgery or burn 400
Technology dependence® 19 (4)
Sold organ transplantation 2(<1)

“Gestational age <27 weeks, or birthweight <750g, or history of mechanical ventiation,
or history of necrotising colits. ®Central ine or urinary catheter or ventriculoperitoneal
shunt system present at sepsis onsef, or total parental nutiton in a chid that does not
have any other comorbidity.

“More than one comorbidity might be present in a sepsis episode; therefore, numbers
and percentages do not add up to 521 and 100, respectively.
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Overalln
Age ()
Prematurity

HAI
Severity

Fatal
outcome
Comorbidity
Foous
present

<90
<28+0
28+1-3146
>8240 - 36+6

Severe sepsis
Septic shock

TTP threshold n (%)

<24h >24-<36h>36-<48h >48h

460
226 (49%)
66 (14%)
32(%)
35 (8%)
199 (43%)
82 (18%)
87 (19%)
32 (7%)

257 (56%)
295 (84%)

38
20/(53%)
9(16%)
5(13%)
1(8%)
18 (47%)
13 (34%)
5(13%)
2(6%

19 (50%)
27 (71%)

12
7 (68%)
4(33%)
1(8%)
1(8%)
8(67%)
5 (42%)
18%)
2(17%)

9(75%)
12 (100%)

11"
4(36%)
2(18%)

10%)

5(45%)

4(36%)
1(9%)

6(55%)
10(91%)
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Organism PEN
GBS 42/43
©7.7)
E. coli -
CoNs 3/32
9.4
Enterobacteriaceae -
(exceptE. col)
Enterococcus 24
(50.0)

AMP

25/25
(100.0)
10/35
(28.6)

o8
©0)
4/6

(66.7)

GEN

24/38
63.2)
19/30
(63.3)
/8
(75.0)
5/6
83.3)

cu

(162)

18/32
(66.3)

VAN

43/43
(100.0)

32/32
(100.0)

7
(100.0)

LNZ

40/40
(100.0)

31731
(100.0)

6/6
(100.0)

cTX

141
(100.0)
19/38
(50.0)

38
(87.5)

CRO

41743
95.3)
17/30
(86.7)

212
(100.0)

FEP

31/35
83.6)

ar
67.1)

MEM

10/10
(100.0)
25/25
(100.0)

6/6
(100.0)

ESBL (+)

nr
@12

Numbers represent susceptible pathogens/pathogens tested (% susceptible). PEN, penicillin; AMP, ampicilln; GEN, gentamicin; CLI, clindamycin; VAN, vancomycin; LNZ, linezolid;

CTX: cefotaxime; CRO, ceftriaxone; FER, cefepime; MEM, meropenem; ESBL (+), extended spectrum beta-lactamase (+).
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Purulent
sputum (n)

Suspected VAP 13/36
Non-confirmed VAP 9/26

Confirmed VAP 4/10

Positive tracheal
aspirate culture (1)

31/36
23/26

8/10

Multiple bacterial
growth (n)

8/36
7/26

1/10

Pathogens

15x gram-positive bacteria: 6x Staphylococaus epidermidis, 4x
Entero-coccus faecalis, 4x Staphylococcus aureus, 1x Staphylococcus:
haemolyticus

12x gram-negative bacteria:

3x Escherichia col, 2x Acinetobacter, 1x Enterobacter aerogenes, 1x
Enterobacter cloacae, 1x Pseudomonas aeruginosa, 1x Kiebsiella
pneumoniae, 1x Klebsiella oxytoca, 1x Stenotrophomonas mattophila, 1x
Serratia marcescens

Other: 2x Ureaplasma urealyticum 1x Canida albicans

3x no bacterial growth

4x gram-positive bacteria:

1x Staphylococcus aureus, 1x Staphylococcus haemolyticus, 1x
Enterococcus faecalis, 1x Bacilus cereus

5x gram-negative bacteria:

3x Escherichia coli, 1x Pseudomonas aeruginosa, 1x Stenotrophomonas
maltophila

2x no bacterial growth
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Newborns n

Preterm infants <32 weeks of
gestation n (%)

Preterm infants <28 weeks of
gestation n (%)

Mechanically ventiated
newborns n (%)

Ventilation days n

Duration (days) of mechanical
ventilation (mean)

Newborns with CPAP 1 (%)
CRIB I - Score
Hospitalization days n
Mortality newborns n (%)
Mortality preterm infants <32
weeks of gestation, n (%)

Mortality preterm infants <28
weeks of gestation, n (%)

2015

302
63 (209%)

22 (7.3%)

97 (32.1%)

730
75

185 (61.3%)
6.5(£2.8)
1,968
10 (8.3%)
6(9.5%)

5(22.7%)

2016

299
76 (25.4%)

23(7.7%)
82 (27.4%)

436
53

199 (66.6%)
6(2.8)
1,622
6(2%)
3(3.9%)

3(13%)

2017

291
82(28.2%)

26(8.9%)

82(28.2%)

404
49

244 (83.8%)
5.7 (2.5)
1,622
5(1.7%)
3(8.7%)

3(11.5%)
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2014 (only 09-12/14)

Suspected VAP episodes n 4
Suspected VAP episodes /1,000 ventilator-days®

Antibiotic days for suspected episodes n/1,000 ventilator-days*

Duration of antibiotic treatment/suspected VAP episode median in days (min - max)** 8(7-10)
Confirmed VAP episodes n 3
Confirmed VAP episodes n/1,000 ventiator-days

Antibiotic days for confirmed episodes n/1,000 ventiiator-days

Duration of antibiotic treatment/confired VAP episode median in days (min - max) 9(7-10)

“Cuzick's nonparametric test for trend p < 0.001.
* Cuzick's nonparametric test for trend .005.

2015

21
288
211

7(2-18)
4

55

521
75 (6-18)

2016

8
183
107.8
65(3-9
3
69
505
7(6-9)

2017

7.4
34.7
5(2-7)

Total

36
204
1369

7(2-18)

10

45
382

7.5 (5-18)
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Suspected neonatal VAP (NICU
Lucerne)
(Study population)

CDC Criteria for Infants < 1 year old
(Group 1)

European Centre for Disease
Prevention and Control (ECDC)
(Group 2)

Diagnostic criteria for laboratory
confirmed VAP according to a
surveillance study with definition for
infection specifically adapted for
neonates from a Dutch NICU (Group
3)

Diagnostic criteria for clinical VAP
according to a surveillance study with
definition for infection specifically
adapted for neonates from a Dutch
NICU (Group 4)

Neonates below 44 weeks of corrected gestational age
Ventilation for more than 48 hours AND new start or change of antibiotic therapy due to:

- worsening of ventation condtions (ncreased oxygen requirements, worsening pCOg, increased ventiltor demand)
- AND/OR clinical deterioration (T > 38.0°C or <36.5°C, P > 170/min or <100/min, apnea >20%)

- AND/OR radiological changes compatible with pneumonia

- AND/OR changes of tracheal secretions

- AND/OR abrormal laboratory parameters (CRP > 20mg/l, leukocytosis/-penia, LT ratio > 0.2)

Paients without underlying diseases have 21 chest x-ray; Patients with underlying diseases have =2 chest x-rays with one

of the following (new and persistent OR progressive and persistent):

- Infirate

- Consolidation

- Cavtation

- Pneumatoceles

AND:

- Worsening gas exchange (e.g., Op desaturations, increased oxygen requirements, or increased ventilator demand)

AND three of the following:

- Temperature instabilty

- Leukopenia (<4000 WBG/mm®) or leukocytosis (15,000 WBC/mm?3) and left shift (>10% band forms)

- New onset of purulent sputum or change in character of sputum or increased respiratory secretions or increased suctioning
requirements

- Apnea, tachypnea, nasal flaring with retraction of chest wall or grunting

- Wheezing, rales or rhonchi

- Gough

- Bradycardia (<100 beats/min) or tachycardia (> 170 beats/min)

Invasive respiratory device present (even intermittently) in the 48 preceding the onset of infection

AND:

- respiratory compromise

AND:

- new infiltrate, consolidation o pleural effusion on chest x-ray
AND at least four of:

- temperature >38°C or < 36.5°C or temperature instability

- tachycardia or bradycardia

- tachypnoea or apnoea

- dyspnoea

- increased respiratory secretions.

- new onset of purdlent sputum

- isolation of a pathogen from respiratory secretions

- G-reactive protein > 2.0 mg/dL

- VT ratio > 0.2

One of the following:

- puruent sputum

- changes in sputum characteristics

- deterioration of ventiation conditions

AND new emergence or progression of one of the following:

- Infltation

- Consolidation

- Pleural adhesion

- Pleural effusion

AND:

- Isolation of a pathogenic microorganism or detection of a bacterial/viral antigen in the tracheal aspirate, bronchial
secretion o sputum

One of the following:

- purulent sputum

- changes in sputum characteristics

- deterioration of ventilation conditions

AND new emergence or progression of one of the following:

- Infiltration

- Consolidation

- Pleural adhesion

- Pleural effusion

AND:

- No isolation of a pathogenic microorganism or detection of a bacterial/viral antigen in the tracheal aspirate, bronchial
secretion or sputum

- Administration of relevant antimicrobial therapy for at least seven days
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2015
2016
2017

Standardized subscription of
antibiotic therapies (start
2007)

Yes
Yes
Yes

Prospective surveillance
program (start 09/2014)

Policy for
early-extubation (start
12/2015)

Yes

Antibiotic stewardship
rounds (start 12/2015)

Yes

New
VAP-prevention-bundle
(start 12/2016)

Yes
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Source

Afieh et al. (27)
Iran

Apisamthanarak
etal. (28)

UsA

Azab et al. (8)
Egypt

Badr et al. (30)
Egypt

Cenada et al. (1)
Spain

Deng et al.(31)
China

Fallahi et al. (32)
Iran

Katayama et al.
©3)
Japan

Kawanishi et al.
34
Japan

Khattab et al. (35)
Egypt

Lesetal. (36)
Taiwan

Muriia et al. (37)
Australia

Petdachai (3)
Thailand

Thatrimontrichai
etal. (39)
Thailand

Tripathi et al. (40)
India

Yuan et al. (41)
China

Van der Zwet etal.

@3
The Netherlands

Study design, (No of
patients)

Prospective cohort
study

(81 patients)
Prospective cohort
study

(229 patients)
Prospective cohort
study

(143 patients)
Prospective
observational study
(56 patients)
Prospective
observational study
(198 patients)

Case-control study
(349 patients)

Prospective
cross-sectional study
(66 patients)
Prospective study

Retrospective
observational study
(71 patients)

Not specified

(85 patients)
Retrospective
observational study
(114 patients)
Retrospective study
(124 patients)

Prospective
observational study
(170 patients)

Prospective cohort
study

(128 patients)
Prospective
observational study
(98 patients)

Retrospective cohort
study
(259 patients)

Retrospective
survellance study
(742 patients)

Neonatal VAP
incidence

11.6 VAP/1,000
ventilator-days

4-6.5 VAP/1,000
ventilator-days

73 VAP episodes

32 VAP episodes

10.9 VAP/1,000
ventilator-days

25.6 VAP/1,000
ventilator-days

22 VAP episodes

49 VAP episodes

14 VAP episodes

47 VAP episodes
(55.2%)

7.1 VAP/4,000
ventilator-days

74 positive ETA
cultures,
58 VAP episodes

70.3 VAP/1,000
ventilator-days

10.1VAP/1,000
ventilator-days

37.2 VAP/1,000
ventilator-days

52 VAP episodes

5.8-19.7 (mean
11.8) VAP/1,000
ventiator days
(depending on
birth weight)

Diagnostic criteria

GDC guidelines for infants <1 year old

CDC guidelines for infants <1 year okd

Foglia et al. (29)

CPIS (clinical pulmonary infection
score)

COC guidelines for infants <1 year
old + positive BAL

(BAL with biind protected catheter to
diminish contamination)

At least 3 of the following:
temperature instability OR new onset
of purdlent sputum, change in
character of sputum, increased
respiratory secretions, increased
suctioning OR leukocytes >10x10E9
cells/, <3x10E9 cells/l OR two or
more abnormal chest X-rays OR
apnea, tachypnea, nasal flaring,
grunting [Adapted Fogla et al.(29)]
Modified CDC gidelines for infants
<1 year old

Increased ventilator demand with
increased amount of endotracheal
aspirate + microorganisms and
polymorphonuclear leukocytes in
gram-stained smears of aspirates +
increased CRP and/or intracellular
bacteria on gram-stained smears

Foglia et al. (29)

CDC guidelines

©DC guidelines for infants <1 year old

Positive culture of endotracheal
secretion + overall condition +
change i respiratory status
(increased FiO2, increased ventiator
support, new infiltrate on Chest X-ray)
Modified CDC guidelines for infants
<1 year old

GDC guidelines for infants <1 year old

CDC guidelines for pediatric patients

New and persistent radiographic
evidence of focal infitrate

Plus 2 of the following:

fever >38°C, leukocytes >12x10E9
cells/, puruient sputum

No hyaline membrane disease,
meconium aspiration, atelectasis as
possible diagnosis

Modified CDC guidelines for infants
<1 year old

Risk factors

Independent risk factors:
Purdlent sputum, longer duration of mechanical
ventiation, antacid therapy

Independent risk factors:

Prior bloodstream infection, longer duration of
mechanical ventilation (marginaly significant)

Not specified

Longer duration of mechanical ventilation, low
gestational age, low birth weight

Independent risk factor:

Days of mechanical ventiation

Others: Days of oxygen, times of reintubations,
numbers of transfusions, previous bloodstream
infection, enteral feeding, low gestational age,
low birth weight, female sex

Independent risk factors:

Low birth weight, neonate respiratory distress
syndrome, parenteral alimentation, reintubation
(>8x), mechanical ventilation > 7 days

Others: Age < 3d, gestational age <37 weeks,
Bronchopulmonary dysplasia, previous blood
stream infection, hypoxic ischemic
encephalopathy, frequent drawing of blood,
bronchoscopy

Lower gestational age, lower birth weight,
fonger duration of hospital stay, prolonged
ventiator need

Not specified

Low birth weight (esp. <626g), times of
ventilator tube changes, longer duration of
mechanical ventilation

Prematurity, low birth weight, longer duration of
mechanical ventiation

Longer duration of mechanical ventilation,
longer parenteral nutrition, low gestational age,
low birth weight

Not specified

Independent risk factors:
Unbiical catheterization, respiratory distress.
syndrome, orogastic tube

Others: Lower birth weight, longer duration of
mechanical ventiation, longer hospital stay
Independent risk factors:

Birth weight <750, sedative medication
Others: Reintubation rate, antihistamine use
Independent risk factors:

Longer duration of mechanical ventilation, very
low birth weight

Others: Prematurity, numbers of reintubation,
length of NICU stay

Independent risk factors:

Reintubation, longer duration of mechanical
ventilation, treatment with opiates,
endotracheal suctioning

Others: transfusion, parenteral nutition

Mechanical ventilation, low birthweight

Treatment

Not specified

Not specified

Not specified

Not specified

Not specified

Cephalosporin 61.29%, Penicilln
derivatives 45.5%, Aminoglycosides
18.4%, Metronidazole 20.1%,
Macrolides 11.2%, Quinolones
17.8%, Vancomycin 11.6%, Sulfa
derivatives 8.1%, Antifungal agents
8.9%, Antiviral agents 8.6% Duration:
5.4:+£32 days

Not specified

Immediate gram-staining and
examination of sputum aspirates by a
neonatal physician:

- Gram-negative bacill: Piperacilin or
Piperacilin + Amikacin

- Gram-positive cocci: Vancomycin

Not specified

Not specified

Not specified

Treatment: Vancomycin + Imipenem

Not speciied

Not specified

Not specified

Not specified

Not specified
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Suspected neonatal VAP episodes
Confirmed neonatal VAP episodes
(fulfiling diagnostic criteria for at least
one out of the 4 groups)

Group 1 (CDC Criteria for Infants < 1
year old)

Group 2 (European Centre for Disease
Prevention and Control (ECDC)
Group 3 (Diagnostic criteria for
laboratory confirmed VAP according
to Dutch NICU)

Group 4 (Diagnostic criteria for clinical
VAP according to Dutch NICU)

Total n

36

VAP episodes/1,000
ventilator-days
(2015-2017)

204

45

19

26

38

38
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