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1Introduction

This thesis is the product of a 12-year journey to achieve appropriate care for criticallyill newborns and children in Suriname. This journey that started in 2008 with theestablishment of the first neonatal intensive care unit in Suriname with six beds andsubsequent development towards a currently well-established neonatal intensive care(NICU) and pediatric intensive care unit (PICU). Practical issues from an evolving tertiarypediatric center in a middle-income setting initiated scientific questions and hypothesesculminating in research projects such as those described in this thesis. These projectsgenerate background knowledge of incidence of probable causes and risk factors forsevere disease, whichmay ultimately help to provide accurate diagnosis, risk stratification,appropriate treatment, and meaningful policy.Suriname is a middle-income country in the north eastern part of South America with apopulation of 590.100 (2018) of which 154.100 are below 14 years of age. Most peoplelive in the coastal urban areas (391.200) mainly in and around the capital Paramaribo andthe rest in rural areas and the interior[1]. The average birth rate in Suriname is around10.000 per year. The current under five mortality rate is relatively high, namely 18 per1000 live births [2].The main driver of the global under five mortality is infectious disease, causing morethan 50% of all deaths [3]. Almost half of these deaths occur in the neonatal period withsevere infections causing nearly a quarter of those deaths[4]. In the first part of thisthesis the focus is on the development of neonatal intensive care capacity, incidence andmortality of neonatal sepsis, and antibiotic use. In the second part the focus is switched tosevere infections among children, mainly on the incidence and pathophysiology of viralrespiratory infections. Along the way, we aimed to unravel the role of endothelial andneutrophil activation in the course of severe infections, namely neonatal early and lateonset sepsis, acute bronchiolitis, and severe pediatric infections.
Severe infection among newborns in Suriname

Building critical care capacityReducing neonatal mortality in a low-resource setting is challenging but achievable. Aglobal report on the assessment of cost and effects of strategies to improve neonatalhealth indicated that over 40% reduction of neonatal mortality can be achieved by
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implementation of institutional care in lower resource countries [5, 6]. In particular, localor regional neonatal care facilities with integrated availability of perinatal and neonatalintensive care can reduce mortality. This can also be achieved by improving interventionswithin existing neonatal care facilities, such as neonatal life support training for nursesand midwives, respiratory support, and infection prevention programs [5–9].In 2008 the first dedicated NICU in Suriname, with a grant from Clarence Seedorf’sChampions for Children Foundation, with a capacity of six beds including invasive andnon-invasive ventilation was established. Although the need and impact seemed obvious,systematic registration of important outcome variableswas lacking. The newly establishedneonatal treatment and interdisciplinary protocols, including lowering the active prenataltreatment threshold from 32 to 27weeks gestational age, required a significant increase incapacity to cope with increased demand. With the gradual extension to 12 beds the limitswere reached on several fronts (minimum space per bed, medical gas capacity, ventilatorsand other critical equipment), which eventually led to the creation of a new modern andmore spacious neonatal and pediatric critical care center. We simultaneously set up aregistry system tomonitor the outcomes, and performed a before and after study (Chapter
2) to determine the impact of the expansion and to identify areas for improvement in oursetting.
Incidence of Neonatal Sepsis in SurinameOne of the key findings of the study described in Chapter 2 was that a third of theadmissions in both time periods were due to suspected infection, with sepsis being thesecond most important cause of mortality behind the grouped congenital malformations.Early-onset and late-onset neonatal sepsis (EONS and LONS) is defined as a positive bloodor cerebrospinal fluid culture ≤ 72 or > 72 hours after birth respectively. The incidenceof EONS in high-income countries (HIC) is approximately 0.1 to 2.0 per 1000 live births.Lethality is 2-3% in term infants, and increases up to 50% in very preterm infants, with themost predominant cause being group B Streptococcus [10–12]. Limited epidemiologicaldata from low-and middle-income countries (LMIC) indicate much higher incidence andwith a different spread of causative bacteria [12, 13]. We, therefore, conducted a 2-yearnationwide surveillance study to produce reliable national estimates on incidence, etiology,and mortality of early onset neonatal sepsis (ENOS) in Suriname (Chapter 3).
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The development and improvement of neonatal intensive care facilities, is oftenaccompanied by an increase in healthcare associated infections, especially among the nowincreasingly surviving vulnerable premature infants [12, 14, 15]. And although LONS canbe community/perinatal acquired, most cases of LONS are healthcare related [16]. Theincidence of LONS is estimated to between 6-28 per 1000 live births in HIC [16–19], witha paucity of good quality data from LMIC. In Chapter 4we describe in detail the incidenceand outcome of neonatal sepsis and use of antibiotics for suspected sepsis, in a birthcohort of the only tertiary hospital of Suriname. Ascertainment of maternal/perinatalrisk factor data for EONS proofed challenging. Increased efforts regarding detailedmaternal/perinatal data gathering are needed as a starting point for prediction models toguide clinicians in safely increasing the threshold for antibiotic treatment in suspectedEONS. Knowledge gained by these two studies and those on maternal health in Suriname[20, 21] should serve as benchmarks for further development of meaningful protocolsand progress monitoring for our specific setting.
Pathophysiology and early diagnosis of EOSAlthough much work has been done to identify biomarkers for EONS [22], early andaccurate diagnosis of remains an ongoing challenge because the pathophysiologicalmechanisms are incompletely understood. However a key factor in sepsis pathophysiologyis endothelial cell activation followed by leucocyte recruitment into tissues [23]. Thecurrent model describes the occurrence of a shift in balance in endothelial tyrosinekinase (Tie2) receptor ligands Angiopoietin-1 and 2 (Ang-1/Ang-2) disrupting vascularendothelial barrier function, and followed by expression of endothelial cell adhesionmolecules (CAMs), in particular P-selectin, E-selectin, vascular cell adhesion molecule(VCAM-1), and intercellular adhesion molecule (ICAM-1), to facilitate leukocyterecruitment [24]. CAMs then orchestrate leukocyte rolling on, adhesion to, and diapedesisacross the vascular endothelium [25]. Soluble isoforms of CAMs (sCAMs) becomemeasurable in the systemic circulation after ectodomain shedding by shedding enzymes,such as matrix metalloproteinase-9 and neutrophil elastase [26]. These mechanismsare crucial in vessel homeostasis. However systemic infection can lead to endothelialdysfunction, which is associated with edema, hypotension and multi-organ failure[25].In a prospective study (Chapter 5) we examined whether this disbalance is paralleledby increased serum concentrations of sCAMs and shedding enzymes in a cohort of
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Surinamese newborns with EONS to further unravel the pathophysiology of EONS. Inaddition, these markers may be clinically valuable as markers for confirmed EONS.Moreover, they may be added to a diagnostic algorithm along with the EONS sepsiscalculator and existing biomarkers, such as CRP or procalcitonin. As such, their negativepredictive value may help to discontinue unnecessary antibiotic treatment of uninfectednewborns. Ultimately this may prevent the development of antimicrobial resistance in theNICU setting.
Multi drug resistant bacteriaAntimicrobial resistance is a growing threat to the advances made in lowering neonatalmortality in LMIC. A disturbing development is that almost half of the pathogenscausing severe neonatal infections were recently reported to be resistant to the WHOrecommended first line and second-line regimens (i.e. ampicillin or penicillin/gentamicin,and third generation cephalosporins, respectively) [27], with multidrug resistantpathogens accounting for 30% of the global neonatal sepsis (EONS and LONS)mortality [28]. Healthcare associated outbreaks with extended-spectrum β-lactamase(ESBL)-producing Enterobacteriaceae and other gram negative bacteria such as Serratiamarcescens are unfortunately recurrent challenges in our setting in Suriname, as it isin high income country (HIC) and LMIC settings world-wide [29, 30]. However, in LMICdue to already limited resources the impact could be much greater and is in fact alreadythreatening the advances made in the past decades. Infection prevention measures,adequate staffing, and awareness need constant attention and reinvigoration to face thisgrowing threat. Furthermore, a better understanding of the dynamics of mother to childas well as intra-hospital transmission might help identifying areas of infection preventionimprovement. In Chapter 6 we describe a study using complete genome sequences of24 Methicillin-resistant Staphylococcus aureus (MRSA) isolates recovered from patientsduring an outbreak in the Academic Hospital Paramaribo including one patient on theNICU. Together with epidemiological data, we assessed the possible transmission eventsamong 12 patients and one nurse and within-host and between-host genetic diversity ofMRSA isolates. The use of these techniques in the more frequent healthcare associatedoutbreaks with ESBL positive bacteria, where the sources frequently remain unknown,could help guide more meaningful and cost-effective infection prevention measures.
12
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Severe infection among children in Suriname

A case of an infant with dyspnea in SurinameJust before closing of the afternoon outpatient clinic a two-month-old girl is brought inwith a runny nose since a few days and a worsening cough. Her mother mentions thather infant has no prior medical history, is tolerating her feedings well, but is taking a bitmore time breastfeeding. On physical examination the pediatrician noticesmild tachypneawith some rales and wheezing on auscultation, but otherwise a well appearing infant.With the probable diagnosis of acute bronchiolitis, commonly due to respiratory syncytialvirus (RSV), with mild increased work of breathing, she plans on giving the mother aprescription for saline nose drops and instructions regarding warning signs that warrantreevaluation. She knows that most of these cases will not worsen, although a naggingfeeling of uncertainty always clings to herwith these bronchiolitis cases. Only a fewmonthsago a similar case was admitted to the pediatric intensive care unit with severe respiratoryfailure a day after an outpatient visit. She reconsiders and admits the child for closerobservation.This is a relatable dilemma for general practitioners and pediatricians all over the world,and maybe more so in resource limited regions where two thirds of the world’s childrenlive. The course of disease of common viral infections is mild, but given the high incidenceof these infections, the minority of cases leading to severe disease nonetheless has amajor impact on global mortality and morbidity among children [31]. An estimated 1.4million deaths among children younger than five years of age are caused by severe acuterespiratory infections (SARI) annually, and approximately 99% of the in-hospital SARIdeaths occur in developing countries [32].
Viral acute respiratory infections among hospitalized Surinamese

childrenThe use of polymerase chain reaction (PCR) to determine viral causes in SARI patientshas become common practice in pediatric clinical care in HIC [33], yet it is often notroutinely performed in children in developing countries. As a result, there is a paucity ofdetailed data from those countries on viral causes of SARI. In addition, there is uncertaintyregarding the association of the presence of a specific virus with clinical outcomes. For
13
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instance, presence of multiple viruses are associated with either mild or severe SARI[34, 35]. To our knowledge, no studies are available from LMIC that assess associationof viral causes with outcomes of pediatric SARI. In Chapter 7we describe a prospective2-year surveillance study for identification of viral causes of SARI using multiplex PCR inSurinamese hospitalized children. We aimed to assess whether presence of a virus, andthe number or specific type of virus, were associated with course of disease, duration ofrespiratory support, and hospital length of stay. In addition, we evaluated the potentialassociation of demographic and clinical characteristics of Surinamese children with theseoutcomes.
The impact of acute bronchiolitis in SARIRespiratory syncytial virus (RSV) is the most common viral cause of acute bronchiolitis.In Chapter 7 we also aimed to investigate the proportion of RSV infected children. Anestimated 3.4 million RSV infection episodes necessitate hospital admission of infantsbelow 1 year of age. Deaths occur mostly in LMIC with a fatality rate 2.1% compared to0.7% in HIC[36]. The course of RSV infection is variable, and it remains a challenge todiscern whether a patient has a high risk of developing severe disease, since most infantssuffering from severe disease do not have high risk factors such as congenital heart diseaseand or a history of preterm birth [37].One of the key findings in clinical bronchoalveolar lavage and postmortem studiesis the predominance of neutrophils in the airways of infants with acute bronchiolitis[38, 39]. To reach the airways neutrophils must pass the pulmonary endothelium. Theinitial step in the RSV infection pathophysiology is the activation of airway epithelialcells (AECs), the primary targets of RSV [40]. Activated through pattern-recognitionreceptors, AECs produce chemoattractant and cytokines including complement C5a,interleukin-1, interleukin-8, and tumor necrosis factor alpha, initiating the innate immuneresponse. A decrease in Ang-1 and an increase in Ang-2, ligands of the endothelial Tie-2receptor, result in loss of endothelial integrity and upregulation of cell adhesionmolecules(CAMs), which are ligands for integrins on circulating neutrophils [24]. Neutrophilsadhere and subsequently migrate across the endothelium into the lung tissue [41]. In
Chapter 8, we summarize evidence of activation of endothelial cells and neutrophils,and of interaction neutrophils with and migration across endothelial cells, occurring
14
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during acute bronchiolitis. In a subsequent clinical study involving 24 infants withacute bronchiolitis (Chapter 9) and eight controls, we explored the role of the vascularendothelium and neutrophils in the pathophysiology and course of disease amonghospitalized infants. Angiopoietin and sCAM levels, and leukocyte counts were measuredat admission and after 48 hours of admission. We hypothesized that Ang-1 levels arelower, and that Ang-2 levels, Ang-2/Ang-1 ratio, sCAM levels, (immature) neutrophilcounts, and neutrophil/lymphocyte ratio, are higher in infants with acute bronchiolitis
versus controls, and that these levels are associated with the severity of disease definedaccording to the type and duration of respiratory support.
The child in the emergency department suspected of a severe

infectionAs indicated above in this thesis, and in earlier work from our group [42], we investigatethe role of endothelial and neutrophil activation in specific disease entities, such as EONSand acute bronchiolitis. However, everyday reality at the emergency department is that aclinician is presentedwith childrenwith suspected severe infections from awide variety ofbacterial and viral origins. In practice, the majority of these children are treated for severebacterial infection, while no bacterial cause is identified [43]. This leads to significantantibiotic over treatment. The few clinical prediction models in HIC settings that includeclinical and laboratory variables only solve this problem partially [44, 45]. As describedearlier, endothelial dysfunction is associated with edema, hypotension and multi-organfailure. InChapter 10wediscuss a studywherewe investigated the association ofmarkersof endothelial activation and the presence of a positive blood culture in children suspectedof severe infection on the emergency department of the Academic Hospital Paramaribo inSuriname. These markers may help differentiate patients with severe bacterial infectionfrom those with severe infections of other causes, and thereby decrease unnecessaryantibiotic use.
In conclusionWebelieve that the efforts and results of the studies presented in this thesis will contributeto the understanding of the incidence, morbidity and mortality of neonatal sepsis and
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viral respiratory infections in children in Suriname and comparable LMIC. Moreover, thestudies on the relationship of endothelial activation and neutrophils on the one hand anddisease severity on the other hand will contribute to unraveling the pathophysiology ofneonatal sepsis and acute viral bronchiolitis.
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