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CHILD MORTALITY IN SUB-SAHARAN AFRICA

Reduction of neonatal and under-five mortality to 12 and 25 deaths per 1,000 

live births respectively is integral to achieving the third Sustainable 

Development Goal and there is an urgent need to accelerate progress towards 

improved health outcomes, particularly in high-disease burden sub-Saharan 

Africa.1  

In 2020, 5 million children under the age of five years died globally of which 

nearly half of the deaths occurred during the first 28 days of life (neonatal 

period).2 3 Fifty-three percent of these deaths occurred in sub-Saharan Africa, 

where the highest under-five mortality rate (76 per 1,000 live births) was 

reported.4 Invasive infections, including sepsis and meningitis, are among the 

leading causes of mortality among young children in sub-Saharan Africa and can 

be rapidly fatal if inadequately treated.5 Neonates are particularly vulnerable to 

life-threatening infection due to immature innate and adaptive immune 

responses6 and ongoing physiologic adaptation to postnatal life,7 and may face 

underlying risk factors of infection during birth such as prolonged rupture of 

membranes.8 Regional disparities in access to quality and cost-effective 

healthcare within sub-Saharan Africa limit progress towards reduction of child 

mortality,9 particularly during the neonatal period.10 Early diagnosis and 

treatment of sepsis and meningitis using effective antibiotics is important to 

help improve outcomes in young children. 

The novel Coronavirus pandemic has caused untold disruption in health care 

services in sub-Saharan Africa and threatens to roll-back gains made during the 

pre-pandemic era.11 Stockouts of medication and vaccines, low immunization 

rates, reduced hospital deliveries, adverse pregnancy outcomes (e.g. low-birth 

weight and prematurity), and increased neonatal hospitalizations and deaths 

have been reported.12 13 Efforts to mitigate the impact of the ongoing pandemic 

on child health indicators need to prioritize case detection and prompt 

management of other preventable and treatable diseases.14 

SEPSIS AND MENINGITIS IN CHILDREN 

Definition 

Sepsis is a life-threatening clinical syndrome caused by a dysregulated host 

response to infection which may be complicated with cellular, metabolic or 

organ dysfunction.15 16 Sepsis definitions have been modified over time 

following significant advances in its pathophysiology, management, and 
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epidemiology.15 Variabilities in definitions used in paediatric clinical practice 

and research may contribute to underestimation of sepsis burden.17 Sepsis 

definitions such as the recently revised Sepsis-3 definitions15 were derived and 

validated in adults and have limited use in children due to differences in 

aetiology, pathophysiology, comorbidities, and outcomes.17-19 In addition, most 

formal definitions are not applicable to resource-limited settings.20 There is lack 

of a consensus definition of neonatal sepsis and variable definitions (based on 

timing [early- versus late-onset], setting [hospital- versus community-acquired], 

or clinical and/or laboratory criteria [e.g. World Health Organization [WHO] 

criteria for possible serious bacterial infection [pSBI]21 and European Medicines 

Agency [EMA] criteria22]) have been used for clinical and research purposes.20 

As much as context-specific sepsis definitions are important, a universal case 

definition will facilitate standardized clinical care and allow comparison of 

research findings across different settings. 

Meningitis is characterised by inflammation of the membranes covering the 

brain and the spinal cord and is classified based on its aetiology which may be 

infectious (bacterial, viral, fungal or parasitic) or non-infectious (drug-induced 

or associated with malignancy or autoimmunity).23 Bacterial meningitis arises 

from haematogenous spread of bacteria across the blood brain barrier or from 

direct localised bacterial invasion of the meninges, and is the commonest cause 

of central nervous system infection in young children.24 25 Like sepsis, meningitis 

is a severe illness that can be rapidly fatal or cause serious sequelae if not 

promptly detected and treated.26 

Burden 

Forty-two percent of global incident cases of sepsis occurred in children aged 

less than 5 years in 2017, majority of which were in sub-Saharan Africa and in 

the neonatal age group.5 Approximately 3 million neonatal sepsis cases and 

between 500,000 and 900,000 deaths occur annually globally.27 Studies on 

sepsis-related morbidity and mortality rates underestimate the burden of sepsis 

in sub-Saharan Africa due to lack of quality data and exclusion of community 

cases.28 Despite this, the burden of paediatric sepsis cases and deaths globally 

is higher in low- and middle-income countries (LMICs) than in high-income 

countries.5 29 30 One point prevalence survey of severe paediatric sepsis in 128 

paediatric intensive care units (PICUs) in 26 countries worldwide included only 

3 PICUs in sub-Saharan Africa (South Africa) and found that this region had the 

highest prevalence of severe sepsis (23% [95% confidence interval (CI) 14-35%]) 
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compared to the other regions (North America 7.7% [6.9–8.5%], Europe 6.2% 

[5.0–7.6%], Australia/New Zealand 6.8% [4.4–9.8%], Asia 15% [12–20%], and 

South America 16% [12–21%], P<0.001).31 Nearly three-quarters of children 

with severe sepsis included in this survey received mechanical ventilation, a 

quarter died (majority deaths occurred in sub-Saharan Africa and Asia), and 20% 

of the survivors developed new functional disabilities. This study clearly 

demonstrates the need for intensive care capacity for critically ill septic children 

in sub-Saharan Africa. In addition to developing acute disabilities, sepsis is 

associated with a high risk of readmission,32 increased healthcare resource 

utilization and costs,33 post-discharge mortality,34 and long-term 

neurodevelopmental impairment among survivors.35 

Surveillance systems for meningitis in sub-Saharan Africa are weak and its true 

burden is also underestimated.36 In 2019, 2.5 million new cases of meningitis 

were reported globally of which 51% occurred in children under the age of five 

years and 48% in sub-Saharan Africa.37 This analysis included data from multiple 

sources ranging from disease registries and health service utilization data to 

national census, and did not always distinguish confirmed meningitis cases from 

those reported as a clinical diagnosis and lacking CSF results.38 Two hundred and 

thirty-six thousand meningitis cases died of which 48% of deaths occurred in 

children under the age of five years and 61% in sub-Saharan Africa. Although 

widespread use of conjugate vaccines has led to a significant decline in vaccine-

type meningitis incidence in sub-Saharan Africa,39 case fatality rates remain 

high, especially for pneumococcal meningitis.40 Early in the course of disease, 

meningitis is associated with life-threatening complications such as septic 

shock, cerebral herniation, subdural effusion or empyema, and vascular 

thrombosis.41 Long-term disabling complications in survivors include 

hydrocephalus, sensorineural hearing loss, visual impairment, cognitive and 

motor deficits, and epilepsy.42 Nearly a quarter of sub-Saharan African children 

with meningitis develop post-discharge neurological sequelae with limited 

opportunities for long-term care and follow-up.42 In addition, costs of acute or 

long-term care of meningitis cases are high.43 

Aetiology 

Staphylococcus aureus (25%), Klebsiella pneumoniae (21%), and Escherichia coli 

(10%), are the leading causes of sepsis in neonates and young infants aged <60 

days in sub-Saharan Africa, and Acinetobacter species (5%) are emerging as 

important pathogens.44 In older children, Streptococcus pneumoniae (25%), S. 
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aureus (22%), E. coli (11%) and non-typhoidal Salmonella (10%) are the leading 

blood culture isolates45 with the epidemiology shifting towards predominance 

of Gram-negative bacteria.46  Although Coagulase-negative Staphylococci are 

common culture isolates,47 they are mostly regarded as contaminants in public 

hospitals in sub-Saharan Africa where indwelling medical devices and invasive 

procedures that predispose patients to colonization and subsequent infection 

are rare.48 49 

Widespread use of pneumococcal (PCV), Haemophilus influenzae type b (Hib) 

and meningococcal A protein–polysaccharide (MenA [MenAfriVac]) conjugate 

vaccines over the past two decades50 has resulted in significant reduction in 

meningitis cases secondary to these bacteria in sub-Saharan Africa.36 39 

However, S. pneumoniae and Neisseria meningitidis remain the leading causes 

of meningitis in children of all age groups. In addition, Group B Streptococcus 

(GBS; 24%), S. aureus (12%), E. coli (11%) and K. pneumoniae (10%) are 

responsible for majority of neonatal meningitis cases in sub-Saharan Africa.44 

Clinical presentation and diagnosis 

Children with sepsis or meningitis often present with subtle or atypical signs and 

symptoms which mimic those seen in other infectious24 51 or non-infectious life-

threatening conditions.52 53 Non-specific signs and symptoms such as 

temperature abnormalities, difficulty in feeding, signs of respiratory distress, 

impaired consciousness and convulsions are often seen in young children 

suspected to have serious infection.54 Classic signs of meningeal irritation (i.e. 

neck stiffness, Kernig’s signs and Brudzinski’s sign) are rare in young infants aged 

<12 months with meningitis.55 Use of clinical signs and symptoms in isolation in 

identifying children suspected to have sepsis or meningitis may result in 

misclassification of cases. 

Microbiology cultures 

Detection of pathogens causing sepsis or meningitis requires a blood or CSF 

culture. However, most public hospitals in sub-Saharan Africa lack capacity to 

perform blood and CSF cultures and where available, culture yields are low46 56

57 due to factors such as suboptimal sample volumes,58 59 high contamination 

rates,46 substandard laboratory practices,57 and prior antibiotic exposure.57 60 61 

Culture results have a long turnaround time limiting their use in guiding early 

initiation of treatment in seriously ill children. However, they guide antibiotic 

prescribing thereby optimizing treatment options and outcomes. In addition to 
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CSF culture, bacterial meningitis is confirmed by either a positive CSF Gram stain 

or antigen test and distinguished from other forms of meningitis by 

predominantly polymorphonuclear leucocytosis, elevated protein and reduced 

glucose.62  

Empiric antibiotic treatment guidelines target the known pathogen profiles of 

sepsis and meningitis based on culture results.54 63 Appropriate antibiotic 

prescribing among hospitalised patients is associated with higher treatment 

success rates, shorter hospital stays, and lower treatment costs, and these 

outcomes may be influenced by disease severity or the antibiotic sensitivity 

patterns of pathogens causing infection.64 Blood and CSF cultures are important 

for sepsis and meningitis diagnosis respectively and less technically challenging 

to implement in clinical practice when compared to molecular methods of 

pathogen detection.65 In addition to supporting sepsis and meningitis diagnosis 

in clinical practice through bacterial species identification and antimicrobial 

susceptibility testing (AST), microbiology cultures contribute towards antibiotic 

stewardship and infection prevention and control strategies.66 Microbiology 

cultures are also an essential component of antimicrobial resistance (AMR) 

surveillance systems whose success is dependent on quality laboratory 

practices and management.66 Phenotypic-based AST methods following blood 

or CSF cultures remain the key diagnostic tests for the antibiotic susceptibility 

spectrum of pathogens in most clinical settings given that recently developed 

rapid molecular-based techniques require further validation.67 Aseptic sampling 

techniques, ongoing education of phlebotomists to minimise contamination 

and ensure adequate sample volume collection, and use of automated 

continuous-monitoring blood culture systems such as BACTEC (Becton-

Dickinson, USA) have been shown to improve blood culture yields.68 CSF culture 

yields may be optimised by timing lumbar punctures (LPs) prior to initiation of 

antibiotics in children without contraindications to the procedure, and training 

clinicians on implementation of clinical guidelines and on how to safely and 

efficiently obtain CSF samples.69 70  

Molecular diagnostics 

Advances in molecular techniques over the years have assured rapid detection 

of a broad range of organisms causing sepsis or severe sepsis-like illness71-74 and 

meningitis75 in children. However, these methods are costly, require trained 

laboratory staff to implement, have limited specificity with high false-positive 

rates, and are difficult to incorporate into clinical practice. A Cochrane 
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systematic review of the diagnostic accuracy of several molecular tests based 

on microbial genome amplification e.g. polymerase chain reaction (PCR) 

compared to cultures for neonatal sepsis included 35 studies with an overall 

mean sensitivity of 90% (95%CI 82-95) and mean specificity of 93% (95%CI 89-

96), suggesting that molecular diagnostics have potential benefit in patient 

management as add-on tests to cultures given the rapid turnaround time of 

results.76 Similarly, PCR has been shown to be more sensitive than culture in 

detection of pathogens causing meningitis in children in both LMICs77 and high-

income settings.78  

Recently, customised TaqMan Array cards (TAC) have been commercially 

developed and optimised for diagnosis and surveillance of multiple pathogens 

in a wide range of specimens using real-time reverse transcription quantitative 

PCR (RT—qPCR) assays.79 80 TAC is a 384- well microfluidic array consisting of 

dried-down individual single plex qPCR reaction vessels containing lyophilized 

oligonucleotides for amplification of target nucleic acid using 5′-hydrolysis 

chemistry.79 80 Each array has 8 individual microfluid channels and can be 

customized in a single panel to detect up to 48 targets from a single specimen 

with a variable number of unique assays or replicate PCR reactions. The closed 

system is simple to use, requiring minimal pipetting steps, which limits potential 

for cross-contamination or other operator error that may lead to inaccurate 

results. TAC technology was used in South Asia (Aetiology of Neonatal Infection 

in South Asia – ANISA)81 and South Africa (Sepsis Aetiology in Neonates in South 

Africa – SANISA)71 to identify the causes of neonatal sepsis. TAC was also used 

in the Child Health and Mortality Prevention Surveillance (CHAMPS) study to 

detect pathogens contributing to mortality in children aged <5 years and still 

births in 7 countries in sub-Saharan Africa and South Asia,82 and in another study 

to detect a broad range of pathogens causing meningitis in children aged <5 

years in 5 West African countries.75In addition to TAC RT-qPCR, metagenomic 

next generation sequencing methods such as nanopore sequencing have shown 

promise in the rapid and accurate diagnosis of meningitis in LMICs.83 84 Recently, 

the MinION, a nanopore-technology based sequencer of the 16S rRNA gene was 

deployed in Zambia, and had better performance than conventional culture-

based methods in detection of pathogens among 11 patients with meningitis.84 

Concordance between sequencing and culture was observed in 4 of 6 CSF 

samples, and larger studies are needed to further evaluate the clinical use of 

this technology for meningitis diagnosis. 
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Ancillary laboratory tests 

Ancillary laboratory tests measuring haematological indices, acute phase 

reactants and cytokines have been used to improve diagnosis of sepsis and 

meningitis and monitor disease progression with mixed results. Currently, no 

biomarker has been adequately validated for detection of bacterial infection 

within the first critical hours of presentation to hospital during which prompt 

institution of antibiotics and other supportive measures are crucial for 

survival.85 Complete blood count (CBC) parameters including total white cell, 

absolute neutrophil and platelet counts have been shown to have limited 

diagnostic accuracy when used to identify infants with invasive bacterial 

infection in isolation.86 C-reactive Protein (CRP) has been extensively studied in 

hospitalised children in high-income countries with variable results of its 

diagnostic value.87 Although CRP may be useful in distinguishing patients with 

bacterial infection from those without bacterial infection, with potential benefit 

in guiding antibiotic prescribing, its low positive predictive value limits its use in 

isolation.87 CRP has also been shown to have poor discrimination in 

distinguishing children with meningitis from those without meningitis.88 89 A 

recent meta-analysis of the performance of procalcitonin (PCT) in diagnosis of 

sepsis concluded that it had moderate accuracy (sensitivity 85% [95% CI 76-90] 

and specificity 54% [95%CI 38-70]) among neonates with suspected sepsis at a 

cut-off of 2.0-2.5 ng/ml; more studies with high methodological quality in 

neonates and older children are needed.90 CRP and PCT point-of-care tests are 

commercially available but have not been adequately evaluated for use in the 

diagnosis of sepsis and meningitis in young children in sub-Saharan Africa.91 92 

Interleukin-693 and neutrophil CD6494 have been shown to have better 

diagnostic accuracy for sepsis or meningitis when used in combination with 

other biomarkers or clinical signs. However, use of these biomarkers has not 

minimised diagnostic uncertainty given that their levels may be altered by either 

the presence of other infective (e.g. malaria92) or non-infective conditions or the 

timing of sample collection in relation to the onset of infection. In addition, 

different analytical methods and cut-off values confound interpretation and 

comparison of results across populations of patients.87 91  

Cord blood for diagnosis of Early Onset Neonatal Sepsis (EONS) 

A recent systematic review and meta-analysis investigating the diagnostic 

accuracy of cord blood culture for EONS included 17 studies and found that cord 

blood culture had a higher pooled sensitivity than peripheral blood culture (43% 
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[95%CI 13-72%] versus 20% [95%CI 0-41%]) and similar specificity (98% [95%CI 

93-100] versus 100% [95%CI 100-100%]).95 Cord blood has also been reliably 

used to measure peripheral blood cell indices and inflammatory markers of 

infection.96 

Diagnosis of sepsis requires collection of blood samples from sick children, and 

this is often done through peripheral venepuncture. Sample collection may be 

associated with local site pain, bleeding, and swelling, and result in sample 

contamination if the site is poorly prepared. Between 2017-2020, blood culture 

contamination rates at our research site, the Kilifi County Hospital (KCH) were 

higher (11% and 8.2% among infants aged <60 days and neonates aged 0-2 days 

respectively [unpublished data]) than the recommended 3% target.97 

Interventions that have helped reduce blood culture contamination rates 

include use of standardised protocols supporting aseptic techniques and 

education packages for staff on the same.98 Regular training of phlebotomists 

on aseptic blood sample collection techniques is done at KCH. Optimizing blood 

sample volumes is also key in improving recovery of microorganisms97 98 and 1-

2ml of blood is recommended among neonates in the presence of low-colony-

count sepsis.58 Although blood culture inoculant volumes ≥1ml are feasible in 

majority of neonates, inadequate specimen volumes are often obtained in 

premature neonates where venepuncture can be difficult.99 Umbilical cord 

blood can serve as an alternative to peripheral venous blood for diagnosis of 

EONS.100 101 Cord blood sampling is simple to perform, minimally invasive, 

painless, and assures adequate specimen volumes. Cord blood culture,100 101 

PCR102 and molecular sequencing103 have been shown to be reliable alternatives 

to peripheral venous blood culture in the diagnosis of EONS in both 

asymptomatic100 and symptomatic neonates, including those with risk factors 

of infection (e.g. prematurity, premature or prolonged rupture of membranes, 

foul smelling liquor and maternal fever).96 101 104 105 Research to generate 

evidence of the diagnostic utility of cord blood for EONS in our setting is needed. 

Clinical guidelines 

Lack of microbiology diagnostic capacity in most public hospitals in sub-Saharan 

Africa means that clinicians rely on clinical guidelines and judgement to identify 

children with probable sepsis or meningitis and initiate empiric antibiotics. The 

World Health Organization (WHO)54 and Kenya national guidelines106 

recommend a blood culture or an LP for CSF analysis, and antibiotics in children 

presenting with signs and symptoms suggestive of sepsis or meningitis 
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respectively. These guidelines were derived from limited research that was not 

based on confirmatory cultures21 and have not been updated over the past 

decade to reflect changes in disease epidemiology and patient profiles. For 

meningitis, two studies conducted at our centre prior to the introduction and 

widespread use of conjugate vaccines identified clinical signs indicating need for 

an LP and presumptive treatment for meningitis.107 108 Existing clinical prediction 

rules or scores for sepsis, bacteraemia or meningitis aid in detection of children 

needing prompt initiation of antibiotics and examples of these are shown on 

Table 1 (addendum). However, these prediction rules and scores have limited 

use in sub-Saharan Africa as most were developed and validated in high-income 

countries with lower disease prevalence, target variable patient populations 

(based on age, clinical appearance, presence of fever, and whether hospitalised 

or in the outpatient department) and include laboratory criteria not readily 

available in our setting (e.g., CRP and procalcitonin levels).109-113 Clinical rules 

predicting mortality in premature low-birth-weight neonates with late-onset 

sepsis or critically ill children under intensive care are useful in prioritising 

management for improved outcomes.114-117 However, limited use and validation 

in sub-Saharan Africa underscores the need for further research in this area. We 

recently conducted an observational study (NeoObs) of the clinical features, 

treatment and outcomes among infants aged <60 days hospitalised with sepsis 

across 19 sites in 11 LMICs. Three thousand two hundred and four infants were 

enrolled between 2018 and 2020, including 197 in Kilifi, Kenya (submitted for 

publication). Data collected was used to derive a score predicting the risk of 

mortality in young infants with potential for use in clinical practice and future 

trials. 

Antimicrobial treatment of sepsis and meningitis 

Current antibiotic recommendations 

Ampicillin/penicillin (or flucloxacillin if Staphylococcal infection is suspected) 

plus gentamicin are recommended as first-line antibiotics in young infants <60 

days old and in children ≥60 days old suspected to have sepsis, and young 

infants <60 days old suspected to have meningitis; third generation 

cephalosporins e.g. ceftriaxone and cefotaxime are second-line.54 106 

Ceftriaxone is recommended for first-line treatment of meningitis in children 

aged ≥60 days suspected to have meningitis; ampicillin/penicillin plus 

chloramphenicol are alternatives in the absence of significant resistance to 

these options.54 Effective treatment of meningitis requires bactericidal 
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antibiotics which have the ability to penetrate the blood-brain-barrier and 

achieve adequate CSF concentrations.24 Prompt recognition of sepsis or 

meningitis and initiation of appropriate empiric antibiotics is essential for 

optimal outcomes. Where cultures are available, treatment is tailored according 

to susceptibility results while monitoring clinical progress. High rates of culture-

negative sepsis or meningitis contribute to high antibiotic consumption rates118 

and increase the risk of development of antibiotic resistance. Where cultures 

are unavailable, as is often the case in sub-Saharan Africa, clinical rules guiding 

antibiotic initiation may result in under- or overtreatment of hospitalised 

children.31 Inappropriate antibiotic use is common and is associated with 

prolonged hospitalization,119 readmission, increased healthcare costs,120 and 

mortality.121 In neonates, prolonged antibiotic exposure is associated with 

invasive fungal infection,122 perturbation of the infant gut microbiome and 

resistome123 and necrotizing enterocolitis.122 124 Essentially, injudicious use of 

antibiotics selects for resistant bacterial strains rendering antibiotics ineffective 

in treating infection.125 

Antimicrobial resistance 

Antimicrobial resistance (AMR) poses an increasing and rapidly evolving threat 

to child survival globally. In 2019, about 5 million deaths globally were 

associated with bacterial AMR, including 1.3 million deaths directly attributed 

to AMR globally; the highest burden of AMR occurred in LMICs.126 Similar 

pathogen profiles of sepsis and meningitis in children, and high resistance rates 

to multiple classes of antibiotics have been reported in sub-Saharan Africa and 

South Asia.127-131 Half of the 255,000 deaths in 2019 attributable to AMR in sub-

Saharan Africa occurred in children under the age of 5 years.126 Despite limited 

availability of quality microbiological data, significant resistance to commonly 

used antibiotics has been reported in both hospital-acquired and community-

acquired infections.44 46 High resistance rates of both Gram-positive and Gram-

negative bacterial isolates to WHO-recommended β-lactams and third 

generation cephalosporins have been reported in sub-Saharan Africa as shown 

in a recent review that included 67,451 culture samples of which 8% were 

positive for a pathogenic species.132 Increasing incidence of extended spectrum 

β-lactamase (ESBL) producing Enterobacterales (E. coli and K. pneumoniae) 

infection has been reported and this is associated with high case fatality rates 

and antibiotic resistance rates.133 Multidrug resistant (MDR) Gram-negative 

bacteria are becoming a major concern in sub-Saharan Africa; a recent 

systematic review of 7,056 positive blood cultures of which 67% had Gram-
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negative organisms found that 75% of these bacteria had MDR (resistance to 

ampicillin, chloramphenicol, and cotrimoxazole).134 Emergence of 

Carbapenemase-producing Enterobacterales isolated from clinical specimens 

and hospital environments is of great concern as this limits treatment options 

for infections caused by MDR bacteria.135 Changing patterns of bacteria causing 

sepsis or meningitis secondary to widespread conjugate vaccination, poor 

infection prevention and control practices and inappropriate antibiotic use 

contribute to the emergence and spread of AMR, and underscore the need to 

update current antibiotic treatment guidelines. 

Novel antibiotic options in the face of increasing antimicrobial resistance (AMR) 

Emergence and spread of AMR challenges drug discovery and efforts to 

accelerate development of new antimicrobial molecules, targets, and 

approaches are needed.136 There are limited novel and effective therapeutic 

options in the development pipeline with no new classes approved for clinical 

application over the past 3 decades,137 and existing alternatives such as 

piperacillin plus tazobactam and carbapenems are either costly or under-

utilised in most settings in sub-Saharan Africa. Several recently developed 

molecules have been reported to either have low potency against drug-resistant 

infections or be unsuitable for clinical use due to cytotoxicity.136 The WHO 

Advisory Group on Integrated Surveillance of Antimicrobial Resistance (AGISAR) 

recommends repurposing legacy off-patent antibiotics for the treatment of 

infection.113 Alternative antibiotic options for use in children would need to be 

affordable (off-patent), have minimal toxicities, be licensed or have extensive 

use for clinical indication in population of interest, and have adequate activity 

against MDR bacteria with potential for consideration in novel treatment 

regimens.138 Available antibiotic options with potential for use in combination 

regimens for neonatal sepsis in LMICs include amikacin, cefepime, fosfomycin, 

flomoxef, and tobramycin.  

Amikacin and tobramycin are aminoglycosides with activity against 

Staphylococci and gentamicin-resistant Gram-negative bacteria including P. 

aeruginosa.138 Monotherapy of both antibiotics would have limited use in 

treatment of sepsis given their limited efficacy against Gram-positive bacteria. 

The pharmacokinetic (PK) and pharmacodynamic (PD) profiles of amikacin and 

tobramycin are known and both are associated with nephro- and ototoxicity 

although safety data in neonates is limited.139 Fosfomycin is a phosphoric acid 

derivative isolated from Streptomyces species in 1969,140and is bactericidal, 
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inhibiting phosphoenolpyruvate transferase during cell wall synthesis.141 142 

Fosfomycin has broad spectrum bactericidal activity against both Gram-positive 

(including methicillin-resistant S. aureus [MRSA] and vancomycin-resistant 

Enterococci spp.) and Gram-negative (including ESBL-producers) bacteria.143 

Several studies have reported fosfomycin efficacy in treating MDR infections.144 

Intravenous fosfomycin presents a significant sodium load145 and has variable 

dosing range (100-400mg/kg/d),146 while oral fosfomycin preparations contain 

a large amount of fructose147 and lack dosing regimens.148 Limited fosfomycin 

safety and PK data exists in neonates.149-153 Flomoxef is an oxacephem class β-

lactam antibiotic with high levels of activity against Gram-positive (including 

MRSA) and Gram-negative bacteria (including anaerobes), and low resistance 

rates have been reported.138 154 155 Despite available PK/PD data, high clinical 

and microbiological success rates,156 and an acceptable safety profile in 

neonates with mild changes in platelet counts and liver enzymes,155 157-159 

flomoxef is currently licenced in South Asia only, and extensively used in Japan 

where it was first synthesised.138 154 Cefepime is a fourth-generation 

cephalosporin, has broad spectrum of activity against both Gram-positive and 

Gram-negative bacteria, 160 but no activity against anaerobes.161 Although 

cefepime has been widely used among neonates and has a good safety 

profile,138 it has been shown to have limited effectiveness against certain ESBL 

Enterobacteriales,162 similar to tobramycin.163 Further clinical evaluation of 

these antibiotics is needed to assess their potential for use in vulnerable 

populations with limited empiric antibiotic options in the face of increasing 

AMR. 

CHILD HEALTH SERVICES IN SUB-SAHARAN AFRICA 

Public health facilities in sub-Saharan Africa are mostly government-run and 

located in rural or densely populated urban areas. Quality of health services is 

mostly poor but varies between and within countries based on availability of 

essential medicines and diagnostics, level of staffing and equipment, user fees, 

and accessibility.164 165 A recent retrospective study of a longitudinal cohort of 

256,031 children born between 1995 and 2016 in 7 countries (Kenya, Uganda, 

Tanzania, Rwanda, Namibia, Ghana and Senegal) in sub-Saharan Africa used 

standardized surveys and parametric survival models to estimate the effect of 

health service access, quality, and cost on infant and child survival.166 This study 

found that proportions of facilities that had doctors and charged fees for sick 

child visits, delivery and immunization varied by country. Proportion of health 

care providers with training on WHO Integrated Management of Childhood 
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Illness (IMCI) guidelines varied by country as well and Senegal had the highest 

levels of IMCI training (average 20% trained per facility). The overall risk of child 

mortality declined over time, and improved survival was associated with higher 

ratio of health facilities to population density and lower cost of care. 

Public health services in Kenya have similar characteristics to those available in 

most sub-Saharan countries. Following the promulgation of a new constitution 

in Kenya in 2020, essential health service delivery was devolved from the central 

government to the county level in 2013. Figure 1 shows the hierarchical 

structure of the healthcare system in Kenya.167 All levels of care are run by 

county governments with the exception of Level 6 hospitals which are managed 

by the national government. Significant regional disparities in availability of 

equipped, affordable and accessible health facilities exist.168 The Kenya National 

Public Health Laboratory (NPHL) in collaboration with the United States Centres 

for Disease Control and Prevention (US CDC) and the Association of Public 

Health Laboratories (APHL) recently conducted laboratory capacity mapping in 

the 47 counties in Kenya and found that most laboratories scored poorly in 

policy management, equipment management, data management, quality and 

biosafety/biosecurity, and zoonotic testing and surveillance.169 There were only 

21 blood culture machines in the country including those located in research 

laboratories. Hence, detection of pathogens causing sepsis and surveillance of 

AMR in most hospitals is not possible. Eight laboratories linked to 8 Level 5 

hospitals reported CSF culture for isolation and identification of meningococcal 

meningitis while 1 laboratory reported rapid antigen testing for the same. The 

mapping exercise did not report on laboratory capacity to test for other 

pathogens that cause meningitis. Key areas that were identified as those 

needing urgent attention include workforce capacity, testing of priority 

diseases, referral networks for strengthening priority diseases, safety/biosafety, 

quality, and surveillance.  
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Figure 1. Categorization of health facilities in Kenya 

 

Child health services in Kenya are characterised by basic resources constraints 

(e.g. lack of oxygen, stockouts of essential drugs, and absence of consultant 

paediatricians or medical officers) and poor service delivery (e.g. poor 

documentation, inadequate or incorrect prescribing of medication,170 and high 

patient:care-giver ratios resulting in missed care and low rates of task 

completion171) which contribute to an increased risk of mortality.172 Adherence 

to paediatric management guidelines is also variable across different hospitals 

and children are rarely fully investigated to establish definitive diagoses.173 

Targeted interventions to improve hospital care for children are urgently 

needed. A cluster randomised trial conducted in 8 rural secondary-level Kenyan 

hospitals compared a multifaceted intervention (evidence-based guidelines, 

training, job aides e.g. structures paediatric admission records, local facilitation, 

external supervision, and face-to-face feedback) to a partial intervention 

(provision of guidelines without training on their use, didactic training, job 

aides, and written feedback) and found that the former intervention was 

associated with improved implementation of WHO treatment guidelines and 

clinical care as it resulted in higher completion of admission assessment tasks 

and uptake of guideline recommended therapeutic practices.174 In addition, the 

proportion of children receiving inappropriate doses of drugs was lower in the 

4 intervention hospitals than in the 4 control hospitals. This study showed that 
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improved delivery of care and outcomes can be attained by implementation of 

simple strategies targeting deficiencies in knowledge, skills and organization of 

care. 

RATIONALE FOR THIS THESIS 

There is a paucity of data on the aetiology of sepsis and meningitis in neonates 

and young children in sub-Saharan Africa due to limited diagnostic laboratory 

resources and Kenya is not an exception to this. As a result, clinicians often rely 

on recognition of a set of simple clinical signs and symptoms at admission to 

decide on initiation and duration of antibiotics. The use of such clinical decision 

rules to guide antibiotic use or identify children at high risk of poor outcomes 

may contribute to development of AMR as neonates and young children often 

present to hospital with subtle and non-specific signs and symptoms. 

Similarly, the decision to step up, step down or stop antibiotics rarely benefits 

from reliable cultures or ancillary investigations such as CBC. Irrational antibiotic 

use (both over- and under-use) in the face of rising AMR and limited therapeutic 

options in the development pipeline threatens child survival in sub-Saharan 

Africa. 

This thesis aimed to address several related questions faced in the diagnosis and 

management of sepsis and meningitis in neonates and young children in 

resource-limited settings. The overarching research objectives of this thesis are: 

1. To investigate the causes of early-onset neonatal sepsis (EONS) 

2. To validate clinical decision rules predicting serious bacterial infection 

(SBI; sepsis and/or meningitis) and mortality in hospitalised neonates 

and young children 

3. To investigate the safety and pharmacokinetic profile of fosfomycin in 

neonates hospitalised with clinical sepsis. 
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KILIFI COUNTY HOSPITAL 

Kilifi County, Kenya is located 3 degrees South of the equator on the Indian 

Ocean coast, covers an area of 12,540 km2 and has an estimated population of 

1.5 million people.1 Sixty-three percent of the residents live in rural areas and 

majority are dependent on subsistence farming.2 The county has 5 public 

hospitals and 138 primary health facilities3 and less than half of these facilities 

offer routine laboratory services.2 Kilifi County Hospital (KCH), the primary 

government-run referral hospital in the county, provides comprehensive 

inpatient and outpatient healthcare services to adults and children. In 2019, 

under-five mortality rate in Kilifi county (43 deaths per 1,000 live births)4 was 

similar to the Kenya national rate of 42 deaths per 1,000 live births,5 and 

neonatal disorders were the second-leading causes of death and disability in the 

county.4 Sepsis and meningitis are among the leading causes of child mortality 

in the county and considerable burden of neurological impairment in young 

children following neonatal insults has been observed.6 Childhood vaccines are 

provided free of charge at all government-run health facilities and vaccine 

coverage in Kilifi (82%) is higher than the national average of 68% (including 

conjugate vaccines).7 8 Significant decline in invasive H. influenzae type b9 and S. 

pneumoniae10 disease and nasopharyngeal carriage in young children in Kilifi 

has been reported. Kilifi has experienced a decline in malaria prevalence and 

case fatality, and changes in clinical spectrum following decades-long use of 

effective prevention and treatment strategies.11 Proportion of health facility 

deliveries and neonatal admissions have increased over the past 3 decades,12-14 

especially after the abolishment of maternity user fees in Kenya (Free Maternity 

Service policy in 201313 subsequently revised to the Linda Mama policy in 

201714). On average, approximately 6,000 neonates are now born at KCH 

annually. More effort is needed to ensure that sick children are appropriately 

diagnosed and treated in order to improve child survival in Kilifi County.7 15 16 
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Figure 2. A map showing location of Kilifi County Hospital (KCH) within Kilifi County17 

 

The studies described in this thesis include children hospitalised at KCH during 

the respective study periods. The paediatric unit consists of a 72-bed general 

paediatric ward, a neonatal unit with capacity for 41 neonates (9 incubators, 22 

cots and 10 radiant warmers), and a separate high dependency unit (HDU) 

staffed and run by the Kenya Medical Research Institute – Wellcome Trust 

Research Programme (KWTRP). The HDU has limited capacity for invasive 

treatment and procedures and consists of a 6-bed main ward and 2 separate 

warm rooms with a total capacity of 15 neonates (4 incubators and 11 cots). 

Approximately 1,100 critically ill children are admitted to the HDU annually and 

this comprises 30% of children hospitalised at KCH each year (unpublished 

data). Close monitoring of patients, training of clinical staff, senior oversight, 

and reliable diagnostic services provided by KWTRP laboratories means that 

higher level of care is provided to patients at KCH paediatric unit compared to 

other public hospitals in Kenya. The KWTRP laboratories in Kilifi have 

implemented Good Clinical Laboratory Practice (GCLP), are accredited by 

Qualogy® and are quality assured by the UK National External Quality 

Assessment service. 

Children presenting for admission at KCH are reviewed by qualified and trained 

clinicians who obtain medical history from parents/guardians and perform 

physical examination. Routine investigations performed at admission as 

clinically indicated include CBC, microscopy for malaria parasites, renal function 
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tests, blood gas analysis (in seriously ill children), blood culture (BACTEC™ Plus 

Aerobic/F bottles and BACTEC™ 9050 instrument, BD, USA), and CSF culture 

(including chemistry, microscopy and antigen test).18 19 Systematic HIV-1 testing 

has been performed since 2007 using the national rapid diagnostic test serial 

algorithm as previously described.20 Demographic, clinical and laboratory data 

are collected on a standard proforma and systematically entered real time into 

a password-protected database (Kilifi Integrated Data Management System 

[KIDMS]). Empiric antimicrobials are prescribed according to WHO21 and Kenya 

national paediatric guidelines.22  

SURVEILLANCE PLATFORMS WITHIN KILIFI COUNTY 

Kilifi Health and Demographic Surveillance System (KHDSS) 

The KHDSS (Figure 3) was established in 2000 by the KWTRP and covers an area 

of 891 km2 with an approximate population of 300,000 residents.23 KWTRP 

conducts medical research within the KHDSS and monitors pregnancies, births, 

migration events, and deaths through quarterly home visits. KCH is nested 

within the KHDSS and serves most of its residents, providing linkage between 

hospital morbidity and community surveillance. KHDSS residents are linked to 

KCH via KIDMS for continuous monitoring of the incidence and prevalence of 

disease. KHDSS also serves as a sampling frame for research done by KWTRP 

including the evaluation of the impact of interventions such as vaccines.10 A 

recent analysis of mortality within KHDSS between 2003 and 2018 showed 

majority (39%) of under-five deaths occurred during the neonatal period.24 

Overall under-five mortality was shown to have a steep decline between 2003-

2008 followed by a gradual decline in subsequent years, demonstrating the 

impact of life-saving interventions on child survival. However, the slow decline 

over the past few years compounded by an increase in the burden of mortality 

attributed to the neonatal period suggests that more efforts are needed to 

improve outcomes in this vulnerable group. 
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Figure 3. Kilifi Health and Demographic Surveillance System (KHDSS) area within Kilifi 

county 

 

Paediatric ward surveillance at the Kilifi County Hospital (KCH) 

KWTRP has carried out longitudinal clinical surveillance of invasive bacterial 

infections (IBI) in children hospitalised at KCH since 1998.18 All children (except 

those admitted for elective procedures or observation following minor trauma) 

have a blood sample for blood culture collected at admission for routine care 

and surveillance for bacteraemia. Clinical and laboratory data obtained through 

surveillance conducted in the KCH paediatric unit has provided evidence of the 

changing epidemiology of community and hospital-acquired bacteraemia and 

AMR in our setting.18 25-27 Susceptibility of systematically collected and archived 

culture isolates to fosfomycin have also been tested in vitro and results showed 

that fosfomycin monotherapy was highly active against invasive Gram-negative 

isolates, including 90% of Enterobacteriales and 96% of Pseudomonas spp.28 All 

247 isolates were susceptible to a fosfomycin plus amikacin combination, 

indicating the potential use of this combination in future combinations for 

treatment of sepsis in children. 
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Kilifi Perinatal and Maternal (KIPMAT) surveillance 

KIPMAT is a ward-based surveillance embedded into routine clinical care to 

evaluate the potential and risk factors of maternal and infant morbidity and 

mortality (ClinicalTrials.gov Identifier: NCT01757028).29 Between 1st January 

2011 and 30th September 2021, pregnant mothers presenting in labour at the 

KCH maternity ward underwent structured physical examination following 

registration and medical history taking. Data on key variables such as antenatal 

history and examination, delivery details, and maternal and neonatal outcomes 

(Addendum 3) were systematically collected on a structured maternal 

admission record (MAR). Pathogens and risk factors of interest included GBS, 

human immunodeficiency virus (HIV), malaria, maternal nutrition, and anaemia. 

Follow-up through linkage to KHDSS data was done for maternal readmissions, 

child admissions and survival during the first 2 years of life. A CBC, random blood 

glucose, a rapid test for malaria infection and a urine dipstick were done as 

routine investigations for clinical care, and rapid HIV testing was offered if not 

tested during antenatal visits, according to national guidelines.30 Additional 

samples collected for research purposes include vaginal and rectal swabs for 

GBS carriage, maternal blood (via venepuncture), cord blood and placental 

biopsy to assess immune responses to infection, characterise infections using 

molecular methods, and determine other factors affecting foetal growth and 

maturity. We used cord blood samples collected and archived under KIPMAT 

between March 2011 and March 2016 to investigate the pathogens causing 

EONS using TaqMan PCR. 

OUTLINE OF THIS THESIS 

Chapter 1 introduces this thesis by giving a detailed description of the burden, 

causes, clinical presentation and antimicrobial treatment of sepsis and 

meningitis in sub-Saharan Africa. Key gaps and priorities in research and clinical 

practice are highlighted, and the research objectives of this thesis are listed. 

Chapter 2 describes, KCH, which serves as the study site of research covered in 

this thesis and concludes with a brief description of the thesis outline. 

Description of the study site is vital to understanding of the health care service 

delivery gaps prevalent in most public health facilities in Kenya, and the 

importance of this research in generating evidence that can be used to improve 

outcomes in these settings.  

Part I of this thesis explores the use of a customised multiplex TaqMan Array 

Card (TAC) polymerase chain reaction (PCR) platform to identify bacterial and 
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viral causes of EONS (Chapter 3). I compared pathogens detected in cord blood 

samples between neonates who developed possible serious bacterial infection 

(pSBI) in the first 48 hours of life (cases: survived and died) and neonates 

remaining well (controls). Cord blood samples were obtained at delivery under 

KIPMAT. 

Part II describes re-validation of clinical indicators of meningitis in young infants 

aged <60 days (Chapter 4) and children aged between 60 days and 13 years 

(Chapter 5) given changes in disease epidemiology and patient profile following 

widespread conjugate vaccination. I performed retrospective analyses of 

clinical and microbiological data to investigate the performance of signs 

included in current meningitis guidelines in distinguishing children with 

meningitis from those without meningitis. Chapter 6 describes the clinical and 

microbiological profile of serious bacterial infection (SBI [bacteraemia and/or 

meningitis]) and validation of the performance of the NeoObs clinical and 

laboratory criteria in distinguishing infants aged <60 days with SBI from those 

without SBI. These signs were used to screen and identify infants at high risk of 

serious infection in the NeoObs study (ClinicalTrials.gov ID. NCT03721302). In 

addition, I validated the NeoSEP severity score against mortality. 

Part III examines the safety and PK profile of fosfomycin for neonatal sepsis in 

the context of rising antimicrobial resistance (Chapter 7). In this trial, we 

enrolled neonates aged ≤28 days hospitalised with clinical sepsis and 

randomised to receive either standard-of-care (SOC) antibiotics only or SOC plus 

fosfomycin (SOC-F).  

The last chapter of this thesis summarises and discusses the main findings 

(Chapter 8) of this research and their implications on future perspectives. The 

chapter ends with concluding remarks on the diagnosis and management of 

neonates and young children hospitalised with sepsis and/or meningitis in rural 

Kenya.  
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of early onset neonatal sepsis 
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ABSTRACT 

Background Early onset neonatal sepsis (EONS) typically begins prior to, during 

or soon after birth and may be rapidly fatal. There is paucity of data on the 

aetiology of EONS in sub-Saharan Africa due to limited diagnostic capacity in 

this region, despite the associated significant mortality and long-term 

neurological impairment. 

Methods We compared pathogens detected in cord blood samples between 

neonates admitted to hospital with possible serious bacterial infection (pSBI) in 

the first 48 hours of life (cases) and neonates remaining well (controls). Cord 

blood was systematically collected at Kilifi County Hospital (KCH) from 2011-

2016, and later tested for 21 bacterial, viral and protozoal targets using 

multiplex PCR via TaqMan Array Cards (TAC). 

Results Among 603 cases (101 [17%] of whom died), 179 (30%) tested positive 

for ≥1 target and 37 (6.1%) tested positive for multiple targets. Klebsiella 

oxytoca, Escherichia coli/Shigella spp., Pseudomonas aeruginosa, and 

Streptococcus pyogenes were commonest. Among 300 controls, 79 (26%) tested 

positive for ≥1 target, 11 (3.7%) were positive for multiple targets, and K. 

oxytoca and P. aeruginosa were most common. Cumulative odds ratios across 

controls:cases (survived):cases (died) were E. coli/Shigella spp. 2.6 (95%CI 1.6-

4.4); E. faecalis 4.0 (95%CI 1.1-15); S. agalactiae 4.5 (95%CI 1.6-13); Ureaplasma 

spp. 2.9 (95%CI 1.3-6.4); Enterovirus 9.1 (95%CI 2.3-37); and Plasmodium spp. 

2.9 (95%CI 1.4-6.2). Excluding K. oxytoca and P. aeruginosa as likely 

contaminants, aetiology was attributed in 9.4% (95%CI 5.1-13) cases using TAC. 

Leading pathogen attributions by TAC were E. coli/Shigella spp. (3.5% (95%CI 

1.7-5.3)) and Ureaplasma spp. (1.7% (95%CI 0.5-3.0)).  

Conclusions Cord blood sample may be useful in describing EONS pathogens at 

birth, but more specific tests are needed for individual diagnosis. Careful 

sampling of cord blood using aseptic techniques is crucial to minimize 

contamination. In addition to culturable bacteria, Ureaplasma and Enterovirus 

were causes of EONS. 
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INTRODUCTION 

Forty-one percent of global neonatal deaths occur in sub-Saharan Africa1 and 

the risk of dying is highest in the first week of life2. Infection is a leading cause 

of neonatal mortality, accounting for ~37% of deaths in sub-Saharan Africa3, and 

is associated with long-term neurological impairment4. Early-onset neonatal 

sepsis (EONS) is often due to maternal transmission of pathogens5 prior to, 

during, or soon after birth, and can be rapidly fatal. Neonatal sepsis lacks a 

consensus definition and the reference point for EONS is variable, based on the 

timing of onset of symptoms or sampling of a positive culture6, i.e., occurring 

within the first 48 hours7 8, 72 hours9 or seven days10 of life. Most research 

conducted in developing countries has focused on culturable bacterial 

pathogens, with Klebsiella spp., Escherichia coli and Staphylococcus aureus 

identified as leading causes of EONS.11 12 Group B Streptococcus (GBS) has been 

variably implicated in EONS, and may be underestimated due to its rapid fatality 

and surveillance methodology13-15. There are limited published data on viruses 

such as Herpes Simplex Virus (HSV)16 and Cytomegalovirus (CMV)17 as causes of 

EONS in this setting. 

Blood culture is the gold standard diagnostic test for EONS, despite low 

sensitivity18 19. One to two millilitres of blood volume is recommended to 

improve microorganism recovery20, but smaller volumes are often obtained 

from sick neonates. Intrapartum antimicrobials21, presence of fastidious 

organisms and culture contamination may also contribute to low culture yields. 

Lack of availability of microbiology facilities, lengthy turn-around times22 and 

high rates of culture-negative sepsis contribute to antibiotic consumption19, 

exacerbating antimicrobial resistance23, affecting the gut microbiota24, and 

potentially missing important non-culturable organisms. 

Nucleic acid amplification techniques can detect a broad range of pathogens25 

with up to 90% sensitivity and 93% specificity compared to microbial culture in 

some studies22. Recently, a custom TaqMan Array Card (TAC) approach based 

on quantitative reverse-transcription polymerase chain reaction (RT-qPCR)26 

was applied to neonatal blood and respiratory samples in South Asia and South 

Africa27 28. Causal attribution of organisms identified in blood and respiratory 

samples in EONS using latent class modelling was 23% in South Asia28 and 27% 

in South Africa27. Bacteria were predominant and Ureaplasma spp. was 

identified as a significant pathogen in these studies. However, healthy controls 

were not sampled in identical circumstances to cases in South Asia (cases were 
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recruited from study health facilities while controls were identified from the 

community using an automated algorithm; controls were older than cases at 

sample collection)28 whilst in South Africa both cases and controls were 

recruited from the study hospital27. 

Cord blood provides a potential opportunity for early pathogen detection prior 

to the clinical onset of infection, and with adequate sample volumes29. 

Biomarkers in cord blood may correlate with peripheral blood parameters 

including total and differential white blood cell counts30, and acute phase 

reactants such as C-reactive protein, serum amyloid A, haptoglobin31, 

interleukin-6 and procalcitonin32. Culture, PCR and sequencing have identified 

pathogenic bacteria and correlate with acute phase reactants in cord blood33 34. 

However, cord blood contamination may easily occur29 33 35.  

We hypothesized that pathogens detected in cord blood using a molecular 

technique would be associated with subsequent admission and death with 

suspected EONS. In a nested case control study of cord blood samples 

systematically collected at birth, we selected neonates hospitalized within 48 

hours of life with possible serious bacterial infection (pSBI) and a random set of 

neonates who were sampled identically and remained well. 

MATERIALS AND METHODS 

Study design and participants 

We performed a retrospective case-control study of cord blood samples 

obtained at delivery at Kilifi County Hospital (KCH) within a systematic clinical 

surveillance of maternal and neonatal adverse events (clinicaltrials.gov 

NCT01757028)36. KCH serves a mostly rural population along the Kenyan coast. 

About half of all admissions to the neonatal ward are from the KCH maternity 

department, where there are ~4000 deliveries per year. Hospital deliveries and 

neonatal admissions have increased since maternity user fees were abolished 

(Free Maternity Service policy, 2013)37. Maternal clinical data and cord blood 

samples were obtained and analysed during the surveillance (clinicaltrials.gov 

NCT01757028)36 and stored for future research. Data were collected using a 

standardized maternal admission record36. Cord blood samples were obtained 

by trained clinicians using standard aseptic techniques and universal safety 

precautions. After delivery of the neonate and the placenta, the umbilical cord 

was swabbed using 70% isopropyl alcohol and spirit, double clamped and cut. 

Approximately 10 ml of venous cord blood was collected using either a sterile 

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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18-gauge needle (preferred) or 5Fr gastric tube and a syringe into

ethylenediamine tetra-acetic acid (EDTA) tubes (BD Diagnostics, USA),

centrifuged within an hour of collection; plasma and cell pellet aliquots were

then frozen separately at -80°C.

Neonates born between March 2011 and March 2016 who were resident of the 

Kilifi Health and Demographic Surveillance System (KHDSS)38 and had cord 

blood samples available were considered for this analysis. Cases were defined 

as neonates hospitalized within 48 hours of life with one or more features of 

possible serious bacterial infection (pSBI): history of difficulty feeding, history of 

convulsions, movement only when stimulated, respiratory rate of ≥60 

breaths/min, severe chest indrawing, and a temperature of ≥37.5°C, or 

≤35.5°C39. Cases were further categorized as those who died during 

hospitalization, and those who survived and discharged home well. None of the 

cases were readmitted following the initial hospital admission, including during 

the first 48 hours of life. Unmatched controls were randomly drawn from 

neonates who had cord blood samples taken in identical circumstances, did not 

have pSBI, were discharged home well after delivery, and survived for at least 

60 days without hospitalization, determined using the KHDSS household census. 

Clinical data for hospitalised neonates was systematically collected at admission 

using standard proforma and entered in real-time on a database within a 

surveillance for invasive bacterial disease38 40. Routine laboratory investigations 

for all admissions for clinical care included blood culture (BACTEC Peds Plus/F 

bottles and BACTEC 9050 instrument, Becton Dickinson, UK) and cerebrospinal 

fluid (CSF) culture where indicated, as previously described41. Bacillus spp., 

Coagulase-negative Staphylococci (CoNS), Coryneforms, Micrococcus spp., and 

viridans Streptococci were considered clinically non-significant blood culture 

isolates in this context. 

The Kenya Medical Research Institute Scientific Steering Committee (KEMRI 

SSC) approved collection of cord blood samples and clinical data (SSC 1778 and 

1433). Written informed consent for collection and use of samples and data for 

research was obtained from all participants’ parents/guardians. This 

retrospective analysis was approved by the KEMRI Scientific Ethics Review Unit 

(SERU 3007). All studies were conducted according to relevant guidelines and 

regulations. 
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Study size 

We estimated that 600 pSBI cases and 300 controls would give 90% power and 

5% alpha for minimum proportions pathogens detected in 5% of pSBI cases and 

1% in healthy controls.  

Total nucleic acid extraction 

Stored cord blood plasma and pellets were mixed after thawing and total 

nucleic acid (TNA) was extracted using the High Pure viral nucleic acid large 

volume kit (Roche 05114403001) following manufacturer’s instructions. For 

each experiment, up to 2.5 ml of the plasma/pellets mix (1.5:1) underwent a 

lysate preparation process, then purification and elution of 150 µl TNA using 

spin columns, including a High Pure Extender Assembly for large initial volume. 

Extrinsic controls, Phocine Herpesvirus (PhHV) and artificial construct 

containing the region targeted by the MS2 PCR assay were added to each 

sample during lysate preparation to evaluate extraction and amplification 

efficiency. For each batch of extractions, a blank (about 2.5 ml of nuclease-free 

water) was processed through the complete protocol, and later assayed to rule 

out contamination during the extraction and amplification processes. A positive 

target in the blank would invalidate positive results for that target in the same 

batch of TNA extractions. Testing of TNA on TAC was done either on the same 

day or the day following extraction. 

Detection of targets using TAC RT-qPCR 

Real-time reverse transcription PCR assays were performed using a custom TAC 

(Thermo Fisher, CA, USA) on a QuantStudio 7 Flex instrument (Life Technologies, 

USA) to detect 16 bacterial, four viral and one protozoal target (Figure 1)42 43. 

The choice of targets was based on previous studies on neonatal sepsis28. 

Organisms such as CoNS that have been previously shown to be clinically 

insignificant in our setting44 were not included in the TAC panel. The uidA gene 

detects both E. coli and Shigella species, hence were included as a single target 

on the TAC cards. Primers and probes were adapted from published assays to 

detect acute febrile illness42 45 and sepsis43 optimized for the universal cycling 

conditions on the card. Positive controls were plasmids for DNA and in vitro 

transcripts for RNA. Cards were designed, quality-controlled, and validated at 

the University of Virginia who provided onsite training. 
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Figure 1. Organisms included in the whole blood TaqMan Array Card panel. 

Pathogens interrogated with TaqMan Array Card (TAC) in whole blood. The TAC is a 384-

well real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

based platform consisting of 8 (shown as no. 1 to 8 above) individual microfluidic channels 

that can be loaded with PCR reactions containing nucleic acid extract from a clinical 

specimen or control material. The TAC was customised to include 21 targets (16 bacterial, 

4 viral and 1 protozoal organism, tested in duplicate) and two controls (MS2 bacteriophage 

and phocine Herpesvirus (PhHV)). The 21 targets are shown in alphabetical order as 

follows: Acinetobacter baumanii, Cytomegalovirus, Enterococcus faecalis, Enterovirus, 

Escherichia coli/Shigella spp., Haemophilus influenzae, Herpes Simplex Virus 1, Herpes 

Simplex Virus 2, Klebsiella oxytoca, Klebsiella pneumoniae, Listeria monocytogenes, 

Mycobacterium tuberculosis, Neisseria meningitidis, Plasmodium spp., Pseudomonas 

aeruginosa, Salmonella enterica, Staphylococcus aureus, Streptococcus agalactiae, 

Streptococcus pneumoniae, Streptococcus pyogenes, and Ureaplasma spp. 

For each experiment, 25 µL of TaqMan Fast Virus one-step master mix 

(4444434, Applied Biosystems, Thermo Fisher Scientific) was mixed with 75 µL 

of TNA extract or nuclease-free water (for no template control [NTC]) to make 

a 100 µL PCR reaction mix. Each 100 µL PCR reaction + sample mix was then 

transferred into the fill port of TAC after which the TAC was then centrifuged to 

ensure complete filling of the reaction wells, sealed and run. The reactions 

included a reverse transcription at 50°C for 10 minutes, initial denaturation at 

95°C for 20 seconds, then 40 three-second cycles of 95°C, and 60°C for 30 

seconds. Up to eight samples were tested per card, blinded to case-control 

status, with one NTC included in every 10 cards to check for reagent 
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contamination. Analysis utilized QuantStudio Real-Time PCR Software version 

1.2 (Applied Biosystems, Thermo Fisher). Results were quality-checked by 

examining target amplification plots. Baseline adjustment for targets or 

reaction wells with irregular amplification was done when a false amplification 

curve was generated, or an inaccurate threshold cycle (Ct) value was yielded. 

Upon review of the reaction fluorescence curves for each target, we set the cut 

off threshold cycle (Ct) value for all targets at <40. Samples were deemed 

positive when any of the duplicate reactions yielded amplification curves that 

crossed the threshold as defined and controls were valid. We repeated 

Ureaplasma spp. testing using singleplex PCR on 261 samples which had parallel 

positive blanks on TAC and excluded TAC results from four samples for which 

repeat singleplex PCR was not possible due to depletion of TNA. 

Statistical Analysis 

Characteristics associated with case status were investigated using backward 

stepwise logistic regression retaining variables with P<0.1. We initially 

estimated the odds ratio for all cases (survived and died) versus controls. Then, 

since several organisms of potential public health relevance were not detected 

at all in controls and could not be meaningfully analysed in this way, we 

estimated the cumulative odds of pSBI across ordered groups of controls: cases-

survived: cases-died using ordinal logistic regression which can accommodate 

zero values. We tested the proportional odds assumption to confirm that the 

relationship between each pair of outcome variable (controls, cases-survived, 

and cases-died) were similar prior to performing ordinal logistic regression. We 

estimated the attribution fraction (AF) among cases with “punafcc” in STATA 

v15 (StataCorp, TX, USA)46. 

RESULTS 

Of 15,409 deliveries during the study period, 604 cases and 300 controls were 

selected (Figure 2). One case was subsequently excluded due to sample 

inhibition to amplification. Thus, 603 cases comprising 502 EONS survivors and 

101 EONS deaths (58 [57%] and 74 [73%] of whom died within 24 and 48 hours 

after birth respectively) were included. Admissions on day 0, 1 and 2 of life 

among EONS cases were as follows: 256 (51%), 184 (37%) and 62 (12%) 

respectively in 502 survivors, compared with 93 (92%), 7 (6.9%) and 1 (1.0%) in 

101 deaths (P<0.001). 
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Figure 2. Study participant flow. 

Selection of cases and controls from a cohort of 15,409 deliveries at Kilifi County Hospital 

(KCH) between March 2011 and March 2016. Cases were hospitalised within the first 48 

hours of life, resident of the Kilifi Health Demographic Surveillance System (KHDSS) and 

resented with one or more of the WHO-defined criteria for possible serious bacterial 

infection (pSBI). Controls were resident of the KHDSS and not hospitalised within the first 

60 days of life. 

Compared with controls, pSBI cases were more likely to be born of mothers who 

were nulliparous (odds ratio [OR] 1.7, 95% confidence interval [CI] 1.2-2.3) or 

presented with drainage of liquor (OR 2.0, 95% CI 1.3-3.1), vaginal bleeding (OR 

4.8, 95% CI 2.1-11) or oedema (OR 3.0, 95% CI 1.3-6.9) (Table 1). Admission with 

pSBI was not associated with maternal fever, prolonged rupture of membranes 

(PROM) or abnormal urinalysis at admission (prior to delivery).  

Among newborns, assessment of appearance, pulse, grimace, activity, and 

respiration (APGAR) score <9 at 5 minutes (OR 15, 95% CI 6.2-35), resuscitation 

at birth (OR 3.6, 95% CI 1.8-7.3) and gestation of <32 weeks (OR 2.9, 95% CI 1.1-

7.7) were associated with a pSBI case status (Table 2). Newborn mid-upper arm 

circumference (MUAC) (OR 0.77, 95% CI 0.64-0.94 per cm) and head 

circumference (OR 0.90, 95% CI 0.81-0.99 per cm) were also associated with 

pSBI, but birth weight was not associated with pSBI (OR 1.2, 95% CI 0.73-2.0) in 

this adjusted model. 
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Among 502 EONS survivors and 101 EONS deaths, 141 (28%) and 38 (38%) 

respectively tested positive for at least one TAC target, whilst 30 (6.0%) and 7 

(6.9%) tested positive for multiple targets. The most frequent organisms 

detected were K. oxytoca, E. coli/Shigella spp., P. aeruginosa, and S. pyogenes 

(Table 3). Among 300 controls, 79 (26%) tested positive for at least one target, 

led by K. oxytoca and P. aeruginosa, and 11 (3.7%) were positive for multiple 

targets. L. monocytogenes and M. tuberculosis were not detected in either cases 

or controls. CMV was the commonest virus detected (19/603 (3.2%) cases 

versus 8/300 (2.7%) controls, p=0.7) and co-detection of CMV with a bacterial 

target was found in four cases and two controls.
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We observed four patterns of target detection by TAC (Figure 3): 

i) Group 1: detected in a low proportion (<5.0%) in both cases (12/603

[2.0%]) and controls (6/300 [2.0%]), ((HSV 1, HSV 2, S. aureus,

Salmonella enterica, S. pneumoniae, and A. baumanii);

ii) Group 2: detected in a low proportion (<5.0%) in cases (27/603 [4.5%])

but none in controls (0/300 [0.0%]), (H. influenzae, N. meningitidis, E.

faecalis, Enterovirus, Plasmodium spp., and S. agalactiae);

iii) Group 3: detected in a high proportion (≥5.0%) in both cases (123/603

[20%]) and controls (70/300 [23%]), (CMV, S. pyogenes, P. aeruginosa,

and K. oxytoca); and

iv) Group 4: detected in a high proportion (≥5%) in cases (47/603 [7.8%])

and low proportion (<5.0%) in controls (6/300 [2.0%]) (K. pneumoniae,

Ureaplasma spp. and E. coli/Shigella spp.).

Figure 3. Patterns of detection of TaqMan Array Card Polymerase Chain Reaction 

targets. 

Organisms included in the TAC were detected in 4 distinct groups: Group 1 (Herpes 

Simplex Virus 1, Herpes Simplex Virus 2, Staphylococcus aureus, Salmonella enterica, 

Streptococcus pneumoniae, and Acinetobacter baumanii); Group 2 (Hemophilus 

influenzae, Neisseria meningitidis, Enterococcus faecalis, Enterovirus, Plasmodium spp., 

and Streptococcus agalactiae); Group 3 (Cytomegalovirus, Streptococcus pyogenes, 

Pseudomonas aeruginosa, and Klebsiella oxytoca); and Group 4 (Klebsiella pneumoniae, 

Ureaplasma spp. and Escherichia coli/Shigella spp.). Weighting of cases (represented as 
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cases/2) was done to allow for improved accuracy in assessing the distribution of 

organisms tested, comparing cases to controls, since cases (n=603) were ~twice more 

than controls (n=300). Weighting was done by calculating the number of eligible 

cases/controls divided by the number of enrolled cases/controls i.e., the inverse of the 

sampling fraction for cases/controls. 

Upon examining cumulative odds, detection of any bacterial, viral or protozoal 

target was not associated with pSBI and death (OR 1.3, 95% CI 1.0-1.7) (Table 

3).  However, the high proportions of K. oxytoca and P. aeruginosa in both cases 

and controls suggested contamination or clinically insignificant traces of DNA in 

blood. Excluding these organisms, detection of any target was associated with 

pSBI and death (OR 2.1, 95% CI 1.4-2.8). 

E. coli/Shigella spp. (P<0.001), E. faecalis (P=0.034), S. agalactiae (P=0.004),

Ureaplasma spp. (P=0.010), Enterovirus (P=0.002), and Plasmodium spp.

(P=0.004) were associated with pSBI and death (Table 3). K. pneumoniae

(P=0.050) and N. meningitidis (P=0.054) had P values of borderline significance.

Overall, 6.6% (95% CI 0-14) of all pSBI cases were attributed to the bacterial, 

viral or protozoal targets. Excluding K. oxytoca and P. aeruginosa as likely 

contaminants, 9.4% (95% CI 5.1-13) of cases were attributed to the tested 

targets. Overall, 4.5% (95% CI 0-11) and 1.6% (95% CI 0-3.9) of pSBI cases were 

attributed to bacterial and viral targets respectively. The leading attributed 

pathogens were E. coli/Shigella spp. (AF 3.5%, 95% CI 1.7-5.3) and Ureaplasma 

spp. (AF 1.7, 95% CI 0.5-3.0). E. faecalis, H. influenzae, K. pneumoniae, N. 

meningitidis, S. agalactiae, Salmonella enterica, CMV, Enterovirus and 

Plasmodium spp. were each attributed to less than 1% of the pSBI cases
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A total of 11 (1.8%) of 603 cases had presumed pathogens isolated from blood 

culture at admission and S. aureus (n=5) was the most common isolate (Table 

4). The OR for a positive admission blood culture for death among admitted pSBI 

cases was 1.1 (95% CI 0.24-5.2) and 0.2% (95% CI 0-3.2) of pSBI were attributed 

to the pathogens identified through blood culture. 

Table 4. Admission blood culture results among cases and corresponding TaqMan Array 

Card Polymerase Chain Reaction results 

Cases (n=603) 

Organisms Blood 
culture 

TAC cord blood 

Presumed significant organisms 

Acinetobacter spp. 2 0 

Klebsiella pneumoniae 1 0 

Pantoea spp.* 1 0 

Staphylococcus aureus 5 1 (K. oxytoca + P. aeruginosa) 

Streptococcus Group B 1 1 (CMV) 

Streptococcus Group G* 1 1 (K. oxytoca) 

Total 11 3 

Columns show number of neonates with either positive culture or TAC (TAC organisms are 
indicated within the brackets). 
Abbreviations: CMV, cytomegalovirus. 
*These organisms were not included on the TAC.

DISCUSSION 

We used a novel approach to identify causes of EONS by investigating stored 

cord blood samples collected at birth with a custom TAC, spatially multiplexed 

PCR to interrogate the presence of multiple pathogens. This is the first study 

evaluating diagnostic performance using cord blood in an African setting. These 

samples were obtained at delivery prior to admission with signs of pSBI. 

Approximately 60% of 603 EONS cases and 92% of all deaths were admitted on 

day 0 of life. A total of 58 of 101 (57%) deaths occurred within the first 24 hours 

of life, after cord blood samples had been obtained. This underscores the 

importance of prompt diagnosis for targeted treatment and makes a cord blood 

approach potentially attractive in epidemiological studies, and possibly for 

managing ‘at risk’ neonates since cord blood could be collected, stored and 

tested at a later stage if the newborn develops signs of pSBI.  

E. coli/Shigella spp. and Ureaplasma spp. had the highest causal attribution in

our results, supporting the latter as an important pathogen in this setting.

Ureaplasma spp. are associated with maternal colonization and adverse
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pregnancy outcomes47. Appropriate treatment of high-risk neonates is needed 

given the emerging resistance of Ureaplasma spp. to macrolides. Two healthy 

controls and 16 pSBI cases, of whom 12 survived, tested positive for Ureaplasma 

spp. in our study. Although the clear association of Ureaplasma spp. with sepsis 

and mortality indicates pathogenicity, asymptomatic presentation or recovery 

in ill neonates without targeted antimicrobials has been reported and is not 

unusual48. Additionally, the culture-independent molecular method identified 

non-culturable organisms such as Enterovirus, which is shown to cause serious 

sepsis-like illness in neonates in other settings49. However, despite the use of 

sensitive molecular assays, 90% of pSBI cases still had unknown aetiology on 

cord blood analysis.  

The overall causal attribution of 6.6% (95% CI 0-14) increased to 9.4% (95% CI 

5.1-13) with exclusion of K. oxytoca and P. aeruginosa in our study. As expected, 

the attributable proportion was lower than in the Sepsis Aetiology in Neonates 

in South Africa study (SANISA [27%, 95% CI 23-32])27 and the Aetiology of 

Neonatal Infection in South Asia study (ANISA [23%, 95% CI 19-26])28 since much 

of the latter study’s attribution went to detection of RSV in respiratory samples, 

which this study did not examine. Although SANISA (n=27) and ANISA (n=28) 

were large prospective studies and tested more targets by TAC than we did 

(n=21), they also failed to attribute aetiology to a large proportion of pSBI cases. 

There were also differences in pSBI case definitions (SANISA used a predefined 

set of clinical and laboratory criteria27, while ANISA used WHO clinical criteria 

but excluded tachypnoea28) and differences in selection and sampling of 

controls (SANISA sampled healthy neonates at study hospital27 while ANISA 

used an automated algorithm triggered at the first postnatal visit to select 

randomly registered controls28). Our pSBI definition was based on the WHO 

Young Infants Clinical Signs study which derived a decision rule (presence of ≥1 

sign: history of difficulty feeding, history of convulsions, movement only when 

stimulated, respiratory rate of ≥60 breaths/min, severe chest indrawing, and a 

temperature of ≥37.5°C, or ≤35.5°C) predicting severe illness in neonates aged 

0-6 days with 87% sensitivity and 74% specificity39. The performance of these

signs in distinguishing neonates with sepsis from those without sepsis has not

been adequately investigated. Current WHO50 and Kenya national paediatric

guidelines51 for empiric antimicrobials in neonates suspected to have sepsis are

based on this limited evidence. Neonates with sepsis often present with subtle

and non-specific clinical signs that overlap with those seen in other non-

infectious diagnoses52. Thus, our case definition may have resulted in the
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inclusion of neonates who did not have true sepsis, contributing to low 

attribution rates. Development and use of a highly sensitive and specific 

consensus definition for neonatal sepsis is critically needed in clinical practice 

and research6. 

Bacterial organisms (25% bacterial compared to 4.1% viral targets detected) 

were predominant in our study, similar to SANISA27 and ANISA28 results from 

blood samples. Thirty percent of cord blood samples of pSBI cases in our study 

tested positive for at least one target by TAC, compared to blood samples in 

SANISA (37%)27 and ANISA (12%)28. We identified multiple targets in 7% of pSBI 

cases compared to 11% cases in SANISA27 and 1% in ANISA28. At least one target 

was positive in 28% of healthy controls in our study compared to 20% in 

SANISA27. Thus, background positivity of cord blood among healthy neonates in 

our study was greater than in SANISA. All cases and controls were first selected 

based on the presence or absence of pSBI. All 604 pSBI cases who resided in the 

KHDSS had cord blood samples available for testing and were included in this 

analysis. 300 controls were randomly selected from a subset of 6,295 neonates 

who were resident of the KHDSS, remained well during the first 60 days of life, 

and had cord blood samples available for testing. Therefore, we ensured that 

cases and controls had an equal chance of being selected in respective groups, 

with controls derived from similar circumstances to cases for optimal group 

comparison, unlike in ANISA where controls were recruited from the 

community. Although the cases had a lower gestation age and were generally 

smaller than the controls based on the anthropometric measurements, we 

believe that bias risk was minimal since we would expect sick neonates to 

present with known underlying risk factors of infection, such as prematurity. 

K. oxytoca and P. aeruginosa were identified in large numbers in both cases and

controls. This could be due to environmental contamination of laboratory

materials or reagents, which has been widely reported for K. oxytoca53,

contamination of the specimen by gut flora or skin commensals post-delivery54,

as was reported in SANISA27, or true subclinical detection of circulating non-

viable genetic material, or low copies of organisms insufficient to cause disease.

Overall causal attribution increased with exclusion of K. oxytoca and P.

aeruginosa, suggesting non-significance of these bacteria in EONS. Cord blood

sample contamination has been reported in studies evaluating the diagnostic

use of cord blood cultures, by comparing results obtained to peripheral venous

blood cultures29 33 35. Although cord blood provides a non-invasive alternative to

peripheral blood sampling with better culture yields30 55, the risk of
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contamination cannot be ignored. Careful aseptic techniques and training of 

clinical staff are imperative to optimize sample collection and may improve the 

validity of results. Aseptic techniques were used during cord blood sample 

collection to minimise sample contamination, since identification of pathogens 

associated with adverse maternal and perinatal outcomes was planned36, 

including a recently published study on the association of flavivirus exposure 

with congenital microcephaly56. In addition, cord blood analysis using PCR has 

mostly focused on vertically transmitted viruses57-59, and more research on cord 

blood testing using molecular diagnostics is needed to better understand the 

clinical significance of detected organisms. Detection of organisms known to 

cause permanent neurodevelopmental sequelae in asymptomatic congenital 

infection such as CMV60 (eight healthy controls in our study) may inform 

management. However, we did not follow up these infants for post-discharge 

outcomes in this retrospective analysis. Nonetheless, the PCR detections for E. 

coli/Shigella spp., E. faecalis, K. pneumoniae, N. meningitidis, S. agalactiae, 

Ureaplasma spp., and Plasmodium spp. had clear directional association across 

controls, surviving cases, and cases who died. 

A limitation of this study was that we could not rigorously compare cord blood 

PCR to cord blood culture since we did not have paired specimens. However, 

studies such as ANISA28 and SANISA27 which performed blood TAC PCR and 

culture in parallel reported discordance of results between the two tests. In our 

study, blood culture was performed on later specimens at ward admission. 

Although blood culture is the gold standard test for sepsis, culture-negative 

neonatal sepsis is common19, and this is evident in the low positivity rate among 

the pSBI cases in our study. In addition, the tests differed in the volumes of 

blood used for processing (0.1 ml equivalent per PCR reaction versus ~2ml for 

culture61) and timing of testing (immediately for culture, stored for ~5 years for 

TAC).  Low burden of infection at the limit of detection, different sampling 

timepoints, and decreased S. agalactiae sampling sensitivity due to antisepsis 

measures associated with caesarean section delivery14, may have contributed 

to failure to detect S. agalactiae by cord blood TAC, in a pSBI case from whom 

S. agalactiae was isolated from admission blood culture five hours after

delivery. In addition, some of the pathogens were fastidious/unculturable and

were only detected by TAC. Low aetiological attribution by culture among pSBI

cases underscores the need for better diagnostics as bacteraemia was

associated with an increased likelihood of case fatality. Sensitivity analysis of

neonates excluded in our study despite having available cord blood samples,



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

Pathogens associated with early onset neonatal sepsis 

77

some of which were of low volumes would have been useful in checking for 

selection bias in our case-control selection, and in comparing our PCR results. 

Maternal variables at delivery can aid prompt initiation of antimicrobials. 

Intrapartum fever (temperature ≥38°C), chorioamnionitis, pre-labour rupture of 

membranes ≥18 hours, preterm pre-labour rupture of membranes, PROM ≥18 

hours, maternal GBS colonization or bacteriuria, multiparity, and poor 

intrapartum and postpartum infection control practices have previously been 

shown to predispose neonates to infection5 62 63. We lacked complete data on 

intrapartum antibiotic use and were unable to assess its impact on pathogen 

identification. In addition to an immunological immaturity64, prematurity, low 

birth weight, complicated or instrument-assisted delivery, and low APGAR 

scores, contribute to an increased risk of admission with EONS. Although not 

the primary aim of our study, we observed that being identified as very preterm 

(<32 weeks) as well as head circumference and MUAC, which are associated 

with maturity65, were associated with EONS. However, low birth weight was not 

associated with EONS in our study.  

Although TAC provided epidemiological data on potential causes of EONS in our 

setting, including the role of nonculturable organisms such as Ureaplasma spp. 

and Enterovirus, 90% of pSBI cases lacked epidemiological attribution. The 

presence of presumed contaminants in both cases and controls was only 

discernible on a population basis rather than from an individual’s results. Thus, 

despite allowing for customization of a panel of pathogen targets, requirement 

of small blood volumes, and rapid pathogen detection, TAC in its current form 

may have a limited role in individual diagnosis in clinical practice, particularly in 

settings like ours where associated costs of setting up and using this platform 

will be prohibitive. Further research using this technology alongside highly 

specific diagnostic methods is needed to better understand the aetiology, 

distribution and determinants of disease. In addition, our study was limited by 

use of archived samples and retrospective analysis of data. Future prospective 

studies using specific definitions of EONS alongside paired cord blood and 

peripheral blood cultures are needed to better understand the performance of 

TAC in detection of pathogens associated with EONS. 

In conclusion, we were able to identify organisms associated with subsequent 

EONS and death using cord blood at birth and an identically sampled 

comparator group of healthy neonates in sub-Saharan Africa. Further 

prospective research on the clinical utility of cord blood in our setting is needed 
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alongside development and use of rapid and specific point-of-care diagnostics, 

that will guide prompt management in seriously ill neonates. Robust evidence 

of the causes of EONS is vital, given the potential for prevention and targeted 

treatment strategies such as maternal immunization and intrapartum antibiotic 

prophylaxis66, including oral azithromycin for reduction of bacterial carriage and 

risk of EONS67. Coverage for Ureaplasma spp. in at-risk neonates should be 

considered when updating antimicrobial guidelines given the strength of 

combined data from three studies (ours, SANISA and ANISA) and the potential 

adverse outcomes associated with this organism68. 

Data availability 

Underlying data 

Harvard Dataverse:Replication Data for: Detection of pathogens associated with 

early-onset neonatal sepsis in cord blood at birth using quantitative PCR, 

https://doi.org/10.7910/DVN/FXKGRB (Obiero et al., 2021)69 

This project contains the following underlying data: 

- Maternal variables-1.tab
- Neonatal variables-1.tab
- PCR Ct values-1.tab

Extended data 

Harvard Dataverse:Replication Data for: Detection of pathogens associated with 

early-onset neonatal sepsis in cord blood at birth using quantitative PCR, 

https://doi.org/10.7910/DVN/FXKGRB (Obiero et al., 2021)69 

This project contains the following extended data: 

- CObiero_Detection of pathogens in cord blood_Codebook.pdf
- CObiero_Detection of pathogens in cord blood_readme.txt
- Detection of pathogens at birth_Extended data.pdf

Data are available under the terms of the Creative Commons Attribution 4.0 

International license (CC-BY 4.0). 
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Supplementary Tables 

Supplementary Table 1. Annual distribution of KCH deliveries included in this analysis 

Year All (n=903) Controls 
(n=300) 

Cases survived 
(n=502) 

Cases died 
(n=101) 

2011 115 (13) 47 (16) 68 (11) 12 (12) 

2012 173 (19) 59 (20) 114 (19) 19 (19) 

2013 146 (16) 51 (17) 95 (16) 14 (14) 

2014 191(21) 53 (18) 138 (23) 24 (24) 

2015 186 (21) 59 (20) 127 (21) 26 (26) 

2016 92 (10) 31 (10) 61 (10) 6 (5.9) 

Data are n (%) 
Study period was March 2011 to March 2016 
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Supplementary Table 2. Proportional odds (parallel regression) assumption 

Controls 
(n=300) 

Cases survived 
(n=502) 

Cases died 
(n=101) 

P value* 

Bacteria 

Acinetobacter baumanii 1 (0.3) 3 (0.6) 0 (0) - 

Escherichia coli/Shigella 
spp. 

4 (1.3) 27 (5.4) 7 (6.9) 0.1319 

Enterococcus faecalis 0 (0) 3 (0.6) 1 (1.0) 0.2667 

Haemophilus influenzae 0 (0) 0 (0) 1 (1.0) - 

Klebsiella oxytoca 39 (13) 47 (9.4) 11 (11) 0.3190 

Klebsiella pneumoniae 1 (0.3) 7 (1.4) 2 (2.0) 0.4633 

Listeria monocytogenes 0 (0) 0 (0) 0 (0) - 

Mycobacterium 
tuberculosis 

0 (0) 0 (0) 0 (0) - 

Neisseria meningitidis 0 (0) 2 (0.4) 1 (1.0) 0.4100 

Pseudomonas 
aeruginosa 

21 (7.0) 24 (4.8) 8 (7.9) 0.1281 

Streptococcus agalactiae 0 (0) 5 (1.0) 2 (2.0) 0.1702 

Staphylococcus aureus 1 (0.3) 1 (0.2) 0 (0) - 

Streptococcus 
pneumoniae 

1 (0.3) 3 (0.6) 0 (0) - 

Streptococcus pyogenes 9 (3.0) 20 (4.0) 0 (0) - 

Salmonella enterica 1 (0.3) 2 (0.4) 1 (1.0) 0.6859 

Ureaplasma spp. 2 (0.7) 12 (2.4) 4 (4.0) 0.4883 

Any bacteria 72 (24) 123 (25) 33 (33) 0.2024 

Any bacteria excluding K. 
oxytoca and P. 
aeruginosa 

20 (6.7) 70 (14) 19 (19) 0.3946 

Viruses 

Cytomegalovirus 8 (2.7) 15 (3.0) 4 (4.0) 0.7901 

Enterovirus 0 (0) 3 (0.6) 3 (3.0) 0.3918 

Herpes Simplex Virus 1 1 (0.3) 1 (0.2) 0 (0) - 

Herpes Simplex Virus 2 1 (0.3) 1 (0.2) 0 (0) - 

Any viruses 10 3.3) 20 (4.0) 7 (6.9) 0.4934 

Protozoa 

Plasmodium spp. 0 (0) 6 (1.2) 1 (1.0) 0.0684 

Any bacteria, viruses and 
protozoa 

79 (26) 141 (28) 38 (38) 0.2039 

Any bacteria (excluding K. 
oxytoca and P. aeruginosa), 
viruses and protozoa 

30 (10) 91 (18) 24 (24) 0.5136 

*Proportional odds (parallel regression) assumption tested using omodel or oparallel
commands on Stata software. An insignificant likelihood ratio chi-square value suggests that
the proportional odds assumption is met. A significant likelihood ratio chi-square value 
provides evidence that the proportional odds assumption has been violated. Absent p values 
are due to perfect prediction hence full models not estimated.
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Part II 
Which clinical features predict serious 

bacterial infection (sepsis and/or meningitis) 

and mortality in newborns and young children 

following changes in disease epidemiology and 

patient profile? 
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Clinical features to distinguish meningitis 
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ABSTRACT 

Background Detection of meningitis is essential to optimize the duration and 

choice of antimicrobial agents to limit mortality and sequelae. In developing 

countries most health facilities lack laboratory capacity and rely on clinical 

features to empirically treat meningitis.  

Objective We conducted a diagnostic validation study to investigate the 

performance of clinical features (fever, convulsions, irritability, bulging fontanel 

and temperature ≥39⁰C) and WHO-recommended signs (drowsiness, lethargy, 

unconsciousness, convulsions, bulging fontanel, irritability, or a high-pitched 

cry) in discriminating meningitis in young infants.  

Design Retrospective cohort study. 

Setting Kilifi County Hospital.  

Patients Infants aged <60 days hospitalised between 2012-2016. 

Main outcome measure Definite meningitis defined as positive cerebrospinal 

fluid (CSF) culture, microscopy or antigen test, or leukocytes ≥50/µL.  

Results Of 4,809 infants aged <60 days included, 81(1.7%) had definite 

meningitis. WHO-recommended signs had sensitivity of 58% (95%CI: 47-69) and 

specificity of 57% (95%CI: 56-59) for definite meningitis. Addition of history of 

fever improved sensitivity to 89% (95% CI: 80-95) but reduced specificity to 26% 

(95%CI: 25-27). Presence of 1 of five previously identified signs had sensitivity 

of 79% (95%CI: 69-87) and specificity of 51% (95%CI: 50-53). 

Conclusions 

Despite a lower prevalence of definite meningitis, the performance of 

previously identified signs at admission in predicting meningitis was unchanged. 

Presence of history of fever improves the sensitivity of WHO-recommended 

signs but loses specificity. Careful evaluation, repeated assessment and capacity 

for lumbar puncture and CSF microscopy to exclude meningitis in most young 

infants with potential signs are essential to management in this age group. 
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INTRODUCTION 

Meningitis is a life-threatening disease associated with significant mortality and 

disabling neuropsychological sequelae.1-4 Disease burden is highest in 

developing countries where about a quarter of children who survive vaccine-

preventable meningitis develop post-discharge complications.5 6 Prompt 

recognition and treatment with appropriate antimicrobial coverage and 

cerebrospinal fluid (CSF) penetration for an adequate duration is critical to 

optimize outcomes.   

CSF culture is the gold standard diagnostic test for meningitis, however, it has 

limited sensitivity7, is compromised by prior antibiotic exposure8 and is 

frequently unavailable or unreliable in resource-limited hospitals. Changes in 

CSF cytological and biochemical parameters have diagnostic utility but rarely 

CSF may be normal in the presence of meningitis.9 10 Most health facilities in 

developing countries lack CSF diagnostic capacity and so management decisions 

are based on clinical presentation only.  

Young infants typically present to hospital with subtle symptoms and signs,1 11 

making it challenging for clinicians to decide when to perform a lumbar 

puncture (LP) (if laboratory facilities exist) or continue empiric antibiotics. The 

World Health Organization (WHO) advises suspecting meningitis if an infant: i) 

is drowsy, lethargic or unconscious; ii) has convulsions; iii) has a bulging 

fontanel; iv) is irritable, or; v) has a high-pitched cry.12 These guidelines are 

based on limited evidence collected prior to widespread use of conjugate 

vaccines,13 14 including a study that reported clinical signs not specific to 

meningitis.14 

Between 2001 and 2007, we conducted a study of clinical features associated 

with meningitis among infants aged <60 days at Kilifi County Hospital (KCH) and 

found history of fever, convulsions, irritability, bulging fontanel or temperature 

≥39⁰C to be useful indicators of meningitis.15 These results, including the WHO 

recommendation, were incorporated into Kenyan national guidelines.16 

However, since the introduction of conjugate Haemophilus influenzae type b 

(Hib) vaccine in 2001, an 89% reduction in Hib meningitis in Kenyan children has 

been observed.17 Similarly, 10-valent pneumococcal conjugate vaccine (PCV-10) 

was introduced in 2011 and was associated with significant reduction in 

nasopharyngeal carriage of vaccine serotypes18, and incidence and mortality 

from pneumococcal meningitis.19-21 Additionally, the introduction of a voucher 

scheme and free maternity care in 2013 in Kenya has resulted in a greatly 
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increased number of hospital deliveries and admissions directly to paediatric 

care.22 Although intrapartum antibiotic prophylaxis is recommended in the 

presence of risk factors for infection such as prolonged rapture of membranes 

≥18 hours, maternal screening for Group B Streptococci (GBS) is not included in 

the Kenya national guidelines,23 despite high incidence of early-onset neonatal 

infection secondary to GBS.24 

Thus, changes in both epidemiology and patient profile, may have altered the 

associations between clinical features and meningitis, hence clinical decision 

rules derived from earlier studies may no longer be optimal. We therefore 

performed a revalidation study of clinical features at admission to hospital in 

infants aged <60 days, examining those identified in the previous study at our 

centre and those recommended by the WHO.   

METHODS 

Location and Participants 

KCH is a government hospital located on the Kenyan coast serving a mostly rural 

population. Routine vaccination with Hib and PCV-10 vaccines are provided free 

of charge at government health facilities as a three-dose primary series without 

a booster dose at 6, 10, and 14 weeks of age. All infants <60 days old 

hospitalized at KCH between 1st January 2012 and 31st December 2016 were 

included in this retrospective cohort study. 

Procedures 

All infants were systematically assessed by trained clinicians at admission and 

standardized demographic and clinical data were prospectively collected and 

entered on a surveillance database in real time. Laboratory investigations done 

at admission on all infants included hemogram, blood slide for malaria 

parasites, and blood culture. Infants presenting with signs suggestive of 

meningitis underwent LP and were started on broad-spectrum antibiotics 

according to WHO25 and Kenyan national guidelines.26 LP was deferred in infants 

with cardiorespiratory compromise or signs of raised intracranial pressure.27 

Infants were assessed daily by clinicians and an LP performed once stable if LP 

had been delayed at admission, or if an infant developed new clinical features 

suggestive of meningitis during hospitalization. Collection of surveillance data 

(KEMRI SSC 1433) and this retrospective analysis (KEMRI SSC 3001) were 
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reviewed and approved by the Kenya Medical Research Institute Scientific 

Steering Committee. 

Laboratory Analysis 

CSF examination included leukocyte count, Gram and/or Indian ink staining and 

latex antigen agglutination tests (Wellcogen™ Bacterial Antigen kit for S. 

pneumoniae, H. influenzae, N. meningitidis, and CrAg Lateral Flow Assay kit Ref 

CR2003 for Cryptococcus neoformans). All CSF and blood samples were cultured 

as previously described and pathogens identified using standard methods, 

including antimicrobial susceptibility testing.15 28 Known commensals including 

coagulase-negative Staphylococci were considered non-significant. CSF protein 

and glucose and concurrent blood glucose were measured on an Instrument 

Laboratory Aries analyzer (Werfen, Germany). 

Sample processing and analysis was performed at the KEMRI Centre for 

Geographic Medicine (Coast) laboratory which is externally monitored for 

quality assurance by the United Kingdom (UK) External Quality Assessment 

Service and accredited in Good Clinical Laboratory Practice by Qualogy, UK. 

Definitions 

For this analysis, we defined definite meningitis according to the criteria used in 

our previous study:15 1) positive CSF culture for a known pathogen; or 2) 

organisms observed on CSF Gram stain microscopy; or 3) positive CSF antigen 

test; or 4) CSF leukocytes  ≥50 cells/µL. Possible meningitis was defined in 

infants without definite meningitis as: CSF leukocytes ≥20/µL in infants age 0-

28 days, and CSF leukocytes ≥10/µL in infants age 28-59 days. Infants not 

meeting either criterion were defined as no meningitis. Possible meningitis and 

the narrow microbiological criteria for definite meningitis (positive CSF culture, 

antigen test or microscopy, or CSF leukocytes ≥50/µL plus positive blood 

culture) were used for sensitivity analysis. 

Statistical analysis 

We extracted data from the surveillance database. Infants who died before an 

LP had been performed were then excluded as we could not ascertain their 

meningitis status. We analysed data from all infants and then separately 

examined those 0-6 days and 7-59 days because of potential differences in 

aetiology and clinical presentation.15  
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We calculated the prevalence of meningitis and tabulated the frequency 

distribution of CSF findings, including pathogens identified and the highest CSF 

criterion for definite meningitis attained in the order of the four criteria given 

above.   

We examined the performance of the previously identified clinical features 

(history of fever, convulsions, irritability, bulging fontanel and temperature 

≥39⁰C)15 and the WHO-recommended signs25 by calculating their sensitivity, 

specificity, positive predictive value (PPV), negative predictive value (NPV) and 

area under receiver operating characteristic (ROC) curve for definite meningitis 

versus no meningitis.  

We calculated the number of LPs needed to identify one case of definite 

meningitis using each combination of features as the inverse of the risk 

difference obtained by subtracting the risk of meningitis in the group with 

indicator(s) of interest from risk of meningitis in the group without indicator(s) 

of interest. As a sensitivity analysis we then repeated these analyses for possible 

or definite meningitis versus no meningitis. 

Proportions were compared using the chi-squared test or Fishers exact test, 

while continuous variables were compared using Wilcoxon rank-sum test. We 

performed analyses using Stata version 15 (Stata Corp, USA).  

RESULTS 

During the study period, 5,591 infants were admitted, of which 4,196 (75%) 

were aged 0-6 days. Three thousand two hundred and fifty-three (58%) infants 

were born at KCH, including 2,747 (65%) of those aged 0-6 days of whom 2,476 

(90%) were hospitalized within the first 72 hours of life. Overall, 853/5,591 

(15%) infants died during hospitalization and 640/853 (75%) deaths occurred 

during the first day of life. Seven hundred and eighty-two (92%) of 853 deaths 

occurred before an LP had been performed and were excluded from this 

analysis (Figure 1). Thus, 4,809 infants of which 3,508 (73%) were aged 0-6 days 

were included in the analysis. 
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Figure 1. Flow Chart of Study Participants 

Eighty-one (1.7%) infants had definite meningitis; 39/3,508 (1.1%) aged 0-6 days 

and 42/1,301 (3.2%) aged 7-59 days (P<0.001). Eighteen (22%) infants had 

positive CSF culture (Table 1) of which 8 had a positive blood culture and 6 grew 

similar organisms [4 GBS, 1 Group A Streptococcus (GAS) and 1 Escherichia coli] 

in blood and CSF. GBS was the commonest CSF isolate followed by E. coli and 

Klebsiella pneumoniae. Two infants had Hib and one had pneumococcal 

meningitis; none had positive CSF or blood cultures. Twenty-seven (33%) of the 

81 definite meningitis cases had visibly turbid CSF. Three of 11 infants with 

positive blood culture had CSF leukocytes ≥50/µL. Seven (8.6%) infants with 

definite meningitis died during admission compared with 64 (1.4%) in the non-

meningitis group, P<0.001. Table S1 shows meningitis cases and number of LPs 

during our study period versus our previous analysis. 

Total eligible admissions (n=5,591) 

Age 0-6 days (n=4,196) Age 7-59 days (n=1,395) 

Died before 

LP (n=688) 

LP 

performed 

(n=1,560) 

No LP and 

alive 

(n=1,948) 

Included in the analysis 

(n=3,508) 

Died before 

LP (n=94) 

LP 

performed 

(n=495) 

No LP and 

alive (n=806) 

Included in the analysis 

(n=1,301) 
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Table 1. Diagnostic Criteria for Meningitis and Bacterial Species Detected 

Diagnostic Criteria Age 0-6d 
(3,508/4,809, 

73%) 

Age 7-59d 
(1,301/4,809, 

27%) 

Total 
Positives 

Highest 
criteria for 
Meningitis 

CSF Culture 

Gram positive 

  Group B Streptococci 0 7 7a 7 

  Group A Streptococci 0 1 1b 1 

Gram negative 

  Escherichia coli 2 3 5c 5 

  Klebsiella pneumonia 1 1 2d 2 

  Klebsiella oxytoca 0 1 1 1 

  Enterobacter 
aerogenes 

0 1 1 1 

  Citrobacter species 1 0 1e 1 

Total 4 14 18 18 

Latex antigen test 

  Streptococcus 
pneumoniae 

0 1 1f 1 

  Haemophilus 
influenzae 

1 1 2g 2 

  Cryptococcus 
neoformans 

1 0 1 1 

Total positive antigen 
test 

2 2 4 4 

Gram-stain 

  Gram-positive cocci 0 6 6 0 

  Gram-negative rods 5 1 6 2 

Total 5 7 12h 2 

Indian Ink 1 0 1 1 

CSF WCC ≥50 cells/µl 33 37 70 56 

Total 81 
a6/7 had WCC ≥50 cells/µl and 5/7 had positive Gram stain. 
b Had WCC ≥50 cells/µl and positive Gram stain. 
c 1/5 Had Streptococcus species isolated as well; 3/5 had WCC≥50 cells/µl; 2/5 had positive 
Gram stain.   
d 1/2 had WC C≥50 cells/µl; 1 had positive Gram stain. 
e Had WCC ≥50 cells/µl and positive Gram stain. 
f Had WCC ≥50 cells/µl. 
g 1/2 Had WCC ≥50 cells/µl. 
h 10/12 had positive CSF culture; 9/10 had WCC ≥50 cells/µl. 
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Clinical features at admission 

History of fever, bulging fontanel, axillary temperature ≥39⁰C, and irritability 

were associated with definite meningitis among infants aged 0-6 days (Table 2). 

Bulging fontanel, convulsions and irritability were associated with definite 

meningitis in older infants. A bulging fontanel, stiff neck and inability to 

breastfeed were each observed in only 5% of meningitis cases. 

Performance of clinical features in all infants 

Previously identified signs  

Sixty-four (2.7%) of 2,377 infants presenting with one or more of: history of 

fever, irritability, axillary temperature ≥39⁰C, convulsions or bulging fontanel, 

had definite meningitis compared with 17/2,432 (0.7%) infants lacking these 

features (P<0.001): sensitivity 79% (95%CI: 69-87), specificity 51% (95%CI: 50-

53), PPV 2.7% (95%CI: 2.1-3.4), NPV 99% (95%CI: 99-100). Fifty infants (95%CI: 

37-79) presenting with one or more of these clinical features would need to 

undergo an LP for each case of meningitis to be identified (Table 3). 

WHO-recommended signs or a history of fever 

Forty-seven (2.3%) of 2,072 infants presenting with one or more of WHO-

recommended signs had definite meningitis compared with 34/2,737 (1%) 

infants lacking these signs (P=0.006): sensitivity 58% (95%CI: 47-69), specificity 

57% (95%CI: 56-59), PPV 2.3% (95%CI: 1.7-3), and NPV 99% (95%CI: 98-99). 

Ninety-eight infants (95%CI: 56-381) presenting with one or more of WHO-

recommended signs would need to undergo an LP for each meningitis case to 

be identified (Table 3). Addition of history of fever to these WHO signs resulted 

in sensitivity 89% (95%CI: 80-95), specificity 26% (95%CI: 25-27), PPV 2% (95%CI: 

1.6-2.5), and NPV 99% (95%CI: 99-100). 
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Clinical features in infants 0-6 days old compared to infants 7-59 days old 

Previously identified signs were less sensitive but more specific in detecting 

meningitis in infants in the first week of life than among infants 7-59 days old 

(Tables S2 and S3). WHO-recommended signs had similar sensitivity and 

specificity in both age groups. History of fever markedly improved the sensitivity 

of WHO-recommended signs but resulted in low specificity in both age groups.  

The overall area under the ROC curve for previously identified signs was 0.72 

(95%CI: 0.66-0.78) and there was no evidence that this differed between infants 

age 0-6 days and age 7-59 days (p=0.19) (Figure 2). 

Figure 2. Area under ROC curve for previously identified signs and WHO-recommended 

signs of meningitis 

Figure showing the area under ROC curve for previously identified signs and WHO-

recommended signs or history of fever in infants aged 0-59 days. A. Bulging fontanel; B. 

Convulsions; C. Axillary temperature ≥39⁰C; D. Agitation/irritability; E. History of fever; F. 

WHO-recommended signs; G. WHO-recommended signs or history of fever 
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Sensitivity analysis 

One hundred and twenty-six infants had possible or definite meningitis. Fewer 

LPs were needed to identify a single case of possible or definite meningitis 

compared to a cut-off ≥50/µL in all infants (Table S4). The overall area under the 

ROC curve for previously identified signs was 0.69 (95%CI: 0.64-0.74) and there 

was no evidence that this differed between infants aged 0-6 days and age 7-59 

days (P=0.17). 

For the 28 (0.6%) infants with definite meningitis based on microbiological 

criteria, point estimates for sensitivity and specificity for previously identified 

signs, and WHO-recommended signs or a history of fever respectively were 

similar to the main analysis and more LPs were needed to identify a single case 

of meningitis (Table S5).  

DISCUSSION 

This study aimed to determine if clinical features at admission to hospital that 

were found to discriminate young infants with meningitis before widespread 

use of conjugate vaccines in developing countries are still applicable for decision 

making. Overall, 1.7% infants included in our study had definite meningitis, 

lower than 4.2% in 2006-2007 and 4.1% in 2001-2005 previously at our centre 

using the same definition and inclusion criteria.15 The number of infants 

hospitalized at KCH has increased, predominantly due to increased admissions 

on the first day of life related to uptake of free maternity care.15 22 Meningitis 

cases decreased with time despite an increase in the number of LPs performed. 

Comparing the present study (2012-2016) to our previous study (1994-1998)29, 

there were 1 versus 24 cases of S. pneumoniae and 2 versus 11 cases of H. 

influenzae meningitis demonstrating an effect of herd immunity from conjugate 

vaccination on caseload. 

In addition to limited CSF diagnostic capacity, ancillary tests that may be helpful 

in stratifying infants at risk of meningitis such as peripheral blood leukopaenia,30 

absolute neutrophilia,31 and biomarkers e.g. procalcitonin32 are usually 

unavailable and have not been validated in our setting. This further underscores 

the need to optimise clinical guidelines to identify infants needing urgent 

treatment.  

Whilst the presence of one or more of the previously identified signs missed less 

cases than WHO-recommended signs alone (21% versus 42%), history of fever 
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improved the performance of WHO signs. Our results were similar to those 

reported by our previous study15 suggesting that although meningitis is now less 

common, performance of these signs, including those recommended by WHO 

has not significantly changed over time. Of importance, none of these signs 

were highly specific in discriminating meningitis at admission, hence careful 

clinical review and LP are essential, especially in consideration of duration of 

antibiotics once started.  

Capacity for CSF analysis is often unavailable in resource-limited settings33 and 

more LPs are now needed to identify a single meningitis case than previously, 

especially with the narrowest meningitis case definition.15 There are limited 

data on the ‘acceptable’ number of LPs needed to diagnose a single case of 

meningitis in young infants, with most studies focusing on the clinical utility of 

LPs in older children with seizures.34  

Typically, about 50% meningitis deaths occur within the first 24 hours of 

admission and post-mortem LP may be useful for surveillance and studies of 

aetiology,29 but undertaking LP promptly is vital for diagnosis. The low specificity 

of clinical signs leads to overdiagnosis. However, given the high risk of morbidity 

and mortality associated with bacterial meningitis and the contribution to 

development of antimicrobial resistance of overtreatment, any reluctance to 

perform LPs, even where full laboratory support is unavailable, needs to be 

addressed as failing to do so will miss 10-40% cases and/or overtreat the vast 

majority of infants with indicator signs (Table S4). Meningitis is now less 

common, and more difficult to exclude purely on clinical grounds and clinicians 

should maintain a low threshold for doing LPs, such as in all infants with fever 

in addition to more specific signs, especially in 0-6-day olds.  

Thirty seven percent of meningitis cases in our study had turbid CSF, similar to 

28% cases in 2001-2005 (P=0.18). CSF leukocyte count may fail to discriminate 

infants with culture-proven meningitis from those without,10 but together with 

visual turbidity would have identified 71 (88%) of definite cases and 118 (94%) 

of possible cases. Sensitivity analysis done in our study with a lower cut-off 

(≥20/µL), which has been shown to provide sufficient diagnostic precision for 

culture-proven meningitis7 did not alter our results. Support to establish basic 

CSF cell counting and Gram stain in resource-limited settings to optimize 

antimicrobial treatment is essential to providing inpatient paediatric services. 
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Limitations 

We lacked data on pre-hospital antibiotic exposure which has been shown to 

lower CSF culture yield.8 35 Potential misclassification of infants with negative 

CSF findings or asymptomatic infants may have diminished the validity of clinical 

features studied. Infants who died prior to an LP were excluded from this 

analysis, however, we did not aim to estimate the overall burden of meningitis, 

rather to address the challenges faced in clinical practice among infants in 

whom a decision to admit to hospital had been made. Delays in presentation to 

hospital36 and rapid disease progression may have led to early mortality before 

LP. This may have a pathogen-specific impact on our findings as, for example, 

GBS mortality commonly occurs in the first few hours of life.24 

Conclusions 

Meningitis is an uncommon but important diagnosis in young infants. Despite 

declining incidence, clinical features of meningitis do not perform less well now 

than in the pre-conjugate vaccine era.  However, clinicians and policymakers 

should be aware of the number of LPs or empirical treatments needed for each 

case of definite meningitis identified. The clinical signs currently recommended 

by WHO to guide decisions to perform an LP and initiate antibiotics poorly 

discriminate infants with meningitis, particularly in neonates age <1 week. 

History of fever is an important indicator and clinicians should not rely on 

‘classical’ signs such as neck stiffness or bulging fontanel only. Even the best 

performing clinical decision rule fails to identify all cases when applied at 

admission and has poor specificity, hence it is important that all young infants 

hospitalized with serious illness undergo an LP.  

What is already known on this topic 

Meningitis is associated with significant mortality and long-term neurological 

impairment, particularly in developing countries where disease burden is 

highest and diagnostic resources are constrained.  

We previously independently identified simple predictors of meningitis (fever, 

convulsions, irritability, bulging fontanel or temperature ≥39⁰C) in young infants 

at our centre. 

Current management guidelines are based on limited evidence obtained prior 

to use of conjugate vaccines and may not be optimal given changes in disease 

epidemiology. 
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What this study adds 

This study investigated the performance of previously identified clinical features 

and WHO-recommended signs in discriminating meningitis in young infants 

hospitalised at a rural hospital. 

Meningitis is less common than previously found but performance of clinical 

features in discriminating meningitis has not changed since the introduction of 

conjugate vaccines.  

Low specificity of clinical features means that the capacity for basic 

cerebrospinal fluid analysis is essential to avoid unnecessary treatment. 

Acknowledgement 

This study is published with the permission of the Director of Kenya Medical 

Research Institute. Surveillance at KCH was undertaken at the KWTRP by 

members of the KWTRP medical, nursing, laboratory and computing team who 

participated in patient care, data collection and data storage. We thank all 

KWTRP staff and KCH patients whose data was included in this analysis. 

Authors’ contributions 

CWO, MN, CRN, MBH, and JAB contributed to the conception and design of the 

study. CWO, NM and JAB contributed to inpatient care and data collection. SM 

was responsible for laboratory analysis. CWO, NM, SM, MN, CRN, MBH, and JAB 

contributed to the analysis and interpretation of the data. CWO, MBH, and JAB 

contributed to the drafting of the article. The views expressed in this manuscript 

are those of the authors and not necessarily those of the KEMRI, or the 

Wellcome Trust. All authors read and approved the final manuscript. 

Funding 

This work was supported by the Wellcome Trust, UK core grant to KEMRI-

Wellcome Trust Research Programme (grant 203077/Z/16/Z). CWO is 

supported by the Drugs for Neglected Diseases initiative (grant OXF-DND02). 

JAB is supported by the Bill & Melinda Gates Foundation within the Childhood 

Acute Illness and Nutrition (CHAIN) Network (grant OPP1131320) and by the 

MRC/DFID/Wellcome Trust Joint Global Health Trials scheme (grant 

MR/M007367/1). The funders had no role in the design or conduct of the study; 

collection, management, analysis, and interpretation of the data; and 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 105PDF page: 105PDF page: 105PDF page: 105

Clinical predictors of meningitis among young infants 

105

preparation, review, or approval of the manuscript; and decision to submit the 

manuscript for publication.  

Competing interests 

None declared. 

Ethical approval  

Collection of surveillance data included in this analysis was reviewed and 

approved by the Kenya Medical Research Institute Scientific Steering 

Committee (KEMRI SSC 1433). This retrospective analysis was reviewed and 

approved by the KEMRI SSC (KEMRI SSC 3001). 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 106PDF page: 106PDF page: 106PDF page: 106

Chapter 4 

106

REFERENCES 

1. Mann K, Jackson MA. Meningitis. Pediatrics in review 2008;29(12):417-29; quiz 30. doi:
10.1542/pir.29-12-417 [published Online First: 2008/12/03] 

2. Khowaja AR, Mohiuddin S, Cohen AL, et al. Mortality and neurodevelopmental
outcomes of acute bacterial meningitis in children aged <5 years in Pakistan. 
The Journal of pediatrics 2013;163(1 Suppl):S86-S91 e1. doi: 
10.1016/j.jpeds.2013.03.035 [published Online First: 2013/06/21] 

3. Christie D, Rashid H, El-Bashir H, et al. Impact of meningitis on intelligence and
development: A systematic review and meta-analysis. PLoS One 
2017;12(8):e0175024. doi: 10.1371/journal.pone.0175024 [published Online 
First: 2017/08/25] 

4. Hudson LD, Viner RM, Christie D. Long-term sequelae of childhood bacterial meningitis.
Current infectious disease reports 2013;15(3):236-41. doi: 10.1007/s11908-013-
0332-6 [published Online First: 2013/03/30] 

5. Ramakrishnan M, Ulland AJ, Steinhardt LC, et al. Sequelae due to bacterial meningitis
among African children: a systematic literature review. BMC medicine 2009;7:47. 
doi: 10.1186/1741-7015-7-47 [published Online First: 2009/09/16] 

6. Edmond K, Clark A, Korczak VS, et al. Global and regional risk of disabling sequelae
from bacterial meningitis: a systematic review and meta-analysis. The Lancet 
Infectious diseases 2010;10(5):317-28. doi: 10.1016/S1473-3099(10)70048-7 
[published Online First: 2010/04/27] 

7. Manning L, Laman M, Mare T, et al. Accuracy of cerebrospinal leucocyte count, protein
and culture for the diagnosis of acute bacterial meningitis: a comparative study 
using Bayesian latent class analysis. Tropical medicine & international health : 
TM & IH 2014;19(12):1520-4. doi: 10.1111/tmi.12400 [published Online First: 
2014/10/16] 

8. Kanegaye JT, Soliemanzadeh P, Bradley JS. Lumbar puncture in pediatric bacterial
meningitis: defining the time interval for recovery of cerebrospinal fluid 
pathogens after parenteral antibiotic pretreatment. Pediatrics 2001;108(5):1169-
74. [published Online First: 2001/11/06]

9. Polk DB, Steele RW. Bacterial meningitis presenting with normal cerebrospinal fluid.
The Pediatric infectious disease journal 1987;6(11):1040-2. [published Online 
First: 1987/11/01] 

10. Garges HP, Moody MA, Cotten CM, et al. Neonatal meningitis: what is the correlation
among cerebrospinal fluid cultures, blood cultures, and cerebrospinal fluid 
parameters? Pediatrics 2006;117(4):1094-100. doi: 10.1542/peds.2005-1132 
[published Online First: 2006/04/06] 

11. Ku LC, Boggess KA, Cohen-Wolkowiez M. Bacterial meningitis in infants. Clinics in
perinatology 2015;42(1):29-45, vii-viii. doi: 10.1016/j.clp.2014.10.004 [published 
Online First: 2015/02/14] 

12. Group WTYIS. Clinical signs that predict severe illness in children under age 2 months:
a multicentre study. The Lancet 2008;371(9607):135-42. 

13. Clinical prediction of serious bacterial infections in young infants in developing
countries. The WHO Young Infants Study Group. The Pediatric infectious 
disease journal 1999;18(10 Suppl):S23-31. [published Online First: 1999/10/26] 

14. Young Infants Clinical Signs Study G. Clinical signs that predict severe illness in
children under age 2 months: a multicentre study. Lancet 2008;371(9607):135-
42. doi: 10.1016/S0140-6736(08)60106-3 [published Online First: 2008/01/15]

15. Mwaniki MK, Talbert AW, Njuguna P, et al. Clinical indicators of bacterial meningitis
among neonates and young infants in rural Kenya. BMC infectious diseases 
2011;11:301. doi: 10.1186/1471-2334-11-301 [published Online First: 
2011/11/03] 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

Clinical predictors of meningitis among young infants 

107

16. MOH. Basic Paediatric Protocols for ages up to 5 years. Fourth  ed, February 2016.
17. Cowgill KD, Ndiritu M, Nyiro J, et al. Effectiveness of Haemophilus influenzae type b

Conjugate vaccine introduction into routine childhood immunization in Kenya. 
Jama 2006;296(6):671-8. doi: 10.1001/jama.296.6.671 [published Online First: 
2006/08/10] 

18. Hammitt LL, Akech DO, Morpeth SC, et al. Population effect of 10-valent
pneumococcal conjugate vaccine on nasopharyngeal carriage of Streptococcus 
pneumoniae and non-typeable Haemophilus influenzae in Kilifi, Kenya: findings 
from cross-sectional carriage studies. The Lancet Global health 2014;2(7):e397-
405. doi: 10.1016/S2214-109X(14)70224-4

19. Gessner BD, Adegbola RA. The impact of vaccines on pneumonia: key lessons from
Haemophilus influenzae type b conjugate vaccines. Vaccine 2008;26 Suppl 
2:B3-8. doi: 10.1016/j.vaccine.2008.04.013 [published Online First: 2008/09/20] 

20. Collaborators GBDCM. Global, regional, national, and selected subnational levels of
stillbirths, neonatal, infant, and under-5 mortality, 1980-2015: a systematic 
analysis for the Global Burden of Disease Study 2015. Lancet 
2016;388(10053):1725-74. doi: 10.1016/S0140-6736(16)31575-6 [published 
Online First: 2016/10/14] 

21. Wahl B, O'Brien KL, Greenbaum A, et al. Burden of Streptococcus pneumoniae and
Haemophilus influenzae type b disease in children in the era of conjugate 
vaccines: global, regional, and national estimates for 2000-15. The Lancet 
Global health 2018;6(7):e744-e57. doi: 10.1016/S2214-109X(18)30247-X 
[published Online First: 2018/06/16] 

22. Wamalwa EW. Implementation challenges of free maternity services policy in Kenya:
the health workers' perspective. Pan Afr Med J 2015;22(1):375. doi: 
10.11604/pamj.2015.22.375.6708 

23. Okola VO. Effectiveness of a Group B Streptococcus (Gbs) Protocol on Gbs Screening
and Intrapartum Antibiotic Prophylaxis at Kenyatta National Hospital. University 
of Nairobi, 2017. 

24. Seale AC, Koech AC, Sheppard AE, et al. Maternal colonization with Streptococcus
agalactiae and associated stillbirth and neonatal disease in coastal Kenya. Nat 
Microbiol 2016;1(7):16067. doi: 10.1038/nmicrobiol.2016.67 [published Online 
First: 2016/08/31] 

25. WHO. Pocket book of hospital care for children: Guidelines for the management of
common childhood illnesses. Second ed, 2013:412. 

26. MOH. Basic Paediatric Protocols for ages up to 5 years. Fourth  ed, . February 2016.
27. Srinivasan L, Harris MC, Shah SS. Lumbar puncture in the neonate: challenges in

decision making and interpretation. Seminars in perinatology 2012;36(6):445-53. 
doi: 10.1053/j.semperi.2012.06.007 [published Online First: 2012/11/28] 

28. Berkley JA, Mwangi I, Mellington F, et al. Cerebral malaria versus bacterial meningitis
in children with impaired consciousness. QJM : monthly journal of the 
Association of Physicians 1999;92(3):151-7. [published Online First: 1999/05/18] 

29. Mwangi I, Berkley J, Lowe B, et al. Acute bacterial meningitis in children admitted to
a rural Kenyan hospital: increasing antibiotic resistance and outcome. The 
Pediatric infectious disease journal 2002;21(11):1042-8. doi: 10.1097/00006454-
200211000-00013 [published Online First: 2002/11/21] 

30. Bonsu BK, Harper MB. A low peripheral blood white blood cell count in infants younger
than 90 days increases the odds of acute bacterial meningitis relative to 
bacteremia. Acad Emerg Med 2004;11(12):1297-301. doi: 
10.1197/j.aem.2004.06.012 [published Online First: 2004/12/04] 

31. Nigrovic LE, Malley R, Kuppermann N. Meta-analysis of bacterial meningitis score
validation studies. Archives of disease in childhood 2012;97(9):799-805. doi: 
10.1136/archdischild-2012-301798 [published Online First: 2012/07/06] 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 108PDF page: 108PDF page: 108PDF page: 108

Chapter 4 

108

32. Kuppermann N, Dayan PS, Levine DA, et al. A Clinical Prediction Rule to Identify
Febrile Infants 60 Days and Younger at Low Risk for Serious Bacterial Infections. 
JAMA pediatrics 2019;173(4):342-51. doi: 10.1001/jamapediatrics.2018.5501 
[published Online First: 2019/02/19] 

33. English M, Gathara D, Mwinga S, et al. Adoption of recommended practices and basic
technologies in a low-income setting. Archives of disease in childhood 
2014;99(5):452-6. doi: 10.1136/archdischild-2013-305561 [published Online 
First: 2014/02/01] 

34. Najaf-Zadeh A, Dubos F, Hue V, et al. Risk of bacterial meningitis in young children
with a first seizure in the context of fever: a systematic review and meta-analysis. 
PLoS One 2013;8(1):e55270. doi: 10.1371/journal.pone.0055270 

35. Saez-Llorens X, McCracken GH, Jr. Bacterial meningitis in children. Lancet
2003;361(9375):2139-48. doi: 10.1016/S0140-6736(03)13693-8 [published 
Online First: 2003/06/27] 

36. Molyneux E, Walsh A, Phiri A, et al. Acute bacterial meningitis in children admitted to
the Queen Elizabeth Central Hospital, Blantyre, Malawi in 1996-97. Tropical 
medicine & international health : TM & IH 1998;3(8):610-8. [published Online 
First: 1998/09/15] 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 109PDF page: 109PDF page: 109PDF page: 109

Clinical predictors of meningitis among young infants 

109

Supplementary Tables 

Supplementary Table 1. Comparison of annual admissions, lumbar punctures and 

meningitis cases during our study period and our previous analysis 

Study period 2012-2016 2006-2007 2001-2005 

Admissions/year 1,118 839 690 

Lumbar 
punctures/year 

411 517 210 

Meningitis 
cases/year 

16 32 20 

Data are N 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 110PDF page: 110PDF page: 110PDF page: 110

S
u

p
p

le
m

e
n

ta
ry

 T
a

b
le

 2
. 

P
e

rf
o

rm
a

n
c
e

 o
f 

in
d

ic
a

to
rs

 o
f 

m
e

n
in

g
it
is

 a
m

o
n
g

 n
e
o

n
a

te
s
 0

-6
 d

a
y
s
 o

ld
 

In
d

ic
at

o
rs

 
N

u
m

b
e

r 
w

it
h

 
in

d
ic

at
o

r 

N
u

m
b

e
r 

w
it

h
 

m
e

n
in

gi
ti

s 

Se
n

si
ti

vi
ty

 
(9

5
%

 C
I)

 
Sp

e
ci

fi
ci

ty
 

(9
5

%
 C

I)
 

P
P

V
 

(9
5

%
 C

I)
 

N
P

V
 

(9
5

%
 C

I)
 

N
N

LP
 

(9
5

%
 C

I)
 

B
u

lg
in

g 
fo

n
ta

n
el

 
1

7
 

2
 

5
.1

 (
0

.6
-1

7
.3

) 
9

9
.6

 (
9

9
.3

-9
9

.8
) 

1
1

.8
 (

1
.5

-3
6

.4
) 

9
8

.9
 (

9
8

.5
-9

9
.2

) 
9

 (
4

 -
 -

2
2

) 

C
o

n
vu

ls
io

n
s 

o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

1
8

4
 

7
 

1
7

.9
 (

7
.5

-3
3

.5
) 

9
4

.9
 (

9
4

.1
-9

5
.6

) 
3

.8
 (

1
.5

-7
.7

) 
9

9
.0

 (
9

8
.6

-9
9

.3
) 

3
5

 (
1

8
-1

,7
3

4
) 

A
xi

lla
ry

 t
em

p
 ≥

3
9

⁰C
 o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
3

6
5

 
1

1
 

2
8

.2
 (

1
5

.0
-4

4
.9

) 
8

9
.8

 (
8

8
.7

-9
0

.8
) 

3
.0

 (
1

.5
 (

5
.3

) 
9

9
.1

 (
9

8
.7

-9
9

.4
) 

4
7

 (
2

6
-2

9
6

) 

A
gi

ta
ti

o
n

/i
rr

it
ab

ili
ty

 o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

4
1

4
 

1
5

 
3

8
.5

 (
2

3
.4

-5
5

.4
) 

8
8

.5
 (

8
7

.4
-8

9
.5

) 
3

.6
 (

2
.0

-5
.9

) 
9

9
.2

 (
9

8
.8

-9
9

.5
) 

3
5

 (
2

1
-9

8
) 

H
is

to
ry

 o
f 

fe
ve

r 
o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
1

,5
0

9
 

2
6

 
6

6
.7

 (
4

9
.8

-8
0

.9
) 

5
7

.2
 (

5
5

.6
-5

8
.9

) 
1

.7
 (

1
.1

-2
.5

) 
9

9
.3

 (
9

8
.9

-9
9

.7
) 

9
3

 (
5

5
-3

0
5

) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
1

,5
9

8
 

2
2

 
5

6
.4

 (
3

9
.6

-7
2

.2
) 

5
4

.6
 (

5
2

.9
-7

2
.2

) 
1

.4
 (

0
.9

-2
.1

) 
9

9
.1

 (
9

8
.6

-9
9

.5
) 

2
0

6
 (

8
4

- 
-4

4
8

) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
o

r 
h

is
to

ry
 o

f 
fe

ve
r 

2
,5

7
3

 
3

1
 

7
9

.5
 (

6
3

.5
-9

0
.7

) 
2

6
.7

 (
2

5
.3

-2
8

.2
) 

1
.2

 (
0

.8
-1

.7
) 

9
9

.1
 (

9
8

.3
-9

9
.6

) 
2

8
6

 (
9

3
- 

-2
6

6
) 

A
b

b
re

vi
at

io
n

s:
 C

I,
 c

o
n

fi
d

e
n

ce
 in

te
rv

al
; P

P
V

, p
o

si
ti

ve
 p

re
d

ic
ti

ve
 v

al
u

e;
 N

P
V

, n
e

ga
ti

ve
 p

re
d

ic
ti

ve
 v

al
u

e;
 N

N
LP

, n
u

m
b

er
 n

e
ed

e
d

 t
o

 lu
m

b
ar

 p
u

n
ct

u
re

 

Chapter 4

110



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 111PDF page: 111PDF page: 111PDF page: 111

S
u

p
p

le
m

e
n

ta
ry

 T
a

b
le

 3
. 

P
e

rf
o

rm
a

n
c
e

 o
f 

in
d

ic
a

to
rs

 o
f 

m
e

n
in

g
it
is

 a
m

o
n
g

 n
e
o

n
a

te
s
 7

-5
9

 d
a

y
s
 o

ld
 

In
d

ic
at

o
rs

 
N

u
m

b
e

r 
w

it
h

 
in

d
ic

at
o

r 

N
u

m
b

e
r 

w
it

h
 

m
e

n
in

gi
ti

s 

Se
n

si
ti

vi
ty

 
(9

5
%

 C
I)

 
Sp

e
ci

fi
ci

ty
 

(9
5

%
 C

I)
 

P
P

V
 

(9
5

%
 C

I)
 

N
P

V
 

(9
5

%
 C

I)
 

N
N

LP
 

(9
5

%
 C

I)
 

B
u

lg
in

g 
fo

n
ta

n
el

 
2

0
 

9
 

2
1

.4
 (

1
0

.3
-3

6
.8

) 
9

9
.1

 (
9

8
.4

-9
9

.6
) 

4
5

.0
 (

2
3

.1
-6

8
.5

) 
9

7
.4

 (
9

6
.4

-9
8

.2
) 

2
 (

2
-5

) 

C
o

n
vu

ls
io

n
s 

o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

1
0

8
 

1
7

 
4

0
.5

 (
2

5
.6

-5
6

.7
) 

9
2

.8
 (

9
1

.2
-9

4
.1

) 
1

5
.7

 (
9

.5
-2

4
.0

) 
9

7
.9

 (
9

6
.9

-9
8

.6
) 

7
 (

5
-1

5
) 

A
xi

lla
ry

 t
em

p
 ≥

3
9

⁰C
 o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
1

9
0

 
2

1
 

5
0

.0
 (

3
4

.2
-6

5
.8

) 
8

6
.6

 (
8

4
.6

-8
8

.4
) 

1
1

.1
 (

7
.0

-1
6

.4
) 

9
8

.1
 (

9
7

.1
-9

8
.8

) 
1

1
 (

7
-2

2
) 

A
gi

ta
ti

o
n

/i
rr

it
ab

ili
ty

 o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

2
2

6
 

2
2

 
5

2
.4

 (
3

6
.4

-6
8

.0
) 

8
3

.8
 (

8
1

.6
-8

5
.8

) 
9

.7
 (

6
.2

-1
4

.4
) 

9
8

.1
 (

9
7

.1
-9

8
.9

) 
1

3
 (

9
-2

6
) 

H
is

to
ry

 o
f 

fe
ve

r 
o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
8

6
8

 
3

8
 

9
0

.5
 (

7
7

.4
-9

7
.3

) 
3

4
.1

(3
1

.5
-3

6
.8

) 
4

.4
 (

3
.1

-6
.0

) 
9

9
.1

 (
9

7
.7

-9
9

.7
) 

2
9

 (
2

0
-5

5
) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
4

7
4

 
2

5
 

5
9

.5
 (

4
3

.3
-7

4
.4

) 
6

4
.3

 (
6

1
.6

-6
7

.0
) 

5
.3

 (
3

.4
-7

.7
) 

9
7

.9
 (

9
6

.7
-9

8
.8

) 
3

1
 (

1
8

-1
0

1
) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
o

r 
h

is
to

ry
 o

f 
fe

ve
r 

9
9

3
 

4
1

 
9

7
.6

 (
8

7
.4

-9
9

.9
) 

2
4

.4
 (

2
2

.0
-2

6
.9

) 
4

.1
 (

3
.0

-5
.6

) 
9

9
.7

 (
9

8
.2

-1
0

0
) 

2
6

 (
1

9
-4

1
) 

A
b

b
re

vi
at

io
n

s:
 C

I,
 c

o
n

fi
d

e
n

ce
 in

te
rv

al
; P

P
V

, p
o

si
ti

ve
 p

re
d

ic
ti

ve
 v

al
u

e;
 N

P
V

, n
eg

at
iv

e 
p

re
d

ic
ti

ve
 v

al
u

e;
 N

N
LP

, n
u

m
b

er
 n

e
ed

e
d

 t
o

 lu
m

b
ar

 p
u

n
ct

u
re

 

Clinical predictors of meningitis among young infants

111



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

S
u

p
p

le
m

e
n

ta
ry

 T
a

b
le

 4
. 

P
e

rf
o

rm
a

n
c
e

 o
f 

in
d

ic
a

to
rs

 o
f 

m
e

n
in

g
it
is

 a
m

o
n
g

 a
ll 

in
fa

n
ts

 0
-5

9
 d

a
y
s
 o

ld
, 

in
c
lu

d
in

g
 p

o
s
s
ib

le
 m

e
n

in
g
it
is

a
 

In
d

ic
at

o
rs

 
N

u
m

b
e

r 
w

it
h

 
in

d
ic

at
o

r 

N
u

m
b

e
r 

w
it

h
 

m
e

n
in

gi
ti

s 

Se
n

si
ti

vi
ty

 
(9

5
%

 C
I)

 
Sp

e
ci

fi
ci

ty
 

(9
5

%
 C

I)
 

P
P

V
 

(9
5

%
 C

I)
 

N
P

V
 

(9
5

%
C

I)
 

N
N

LP
 

(9
5

%
 C

I)
 

B
u

lg
in

g 
fo

n
ta

n
el

 
3

7
 

1
4

 
1

1
.1

 (
6

.2
-1

7
.9

) 
9

9
.5

 (
9

9
.3

-9
9

.7
) 

3
7

.8
 (

2
2

.5
-

5
5

.2
) 

9
7

.6
 (

9
7

.2
-9

8
.0

) 
3

 (
2

-5
) 

C
o

n
vu

ls
io

n
s 

o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

2
9

2
 

3
6

 
2

8
.6

 (
2

0
.9

-3
7

.3
) 

9
4

.5
 (

9
3

.8
-9

5
.2

) 
1

2
.3

 (
8

.8
-1

6
.7

) 
9

8
.0

 (
9

7
.6

-9
8

.4
) 

1
0

 (
7

-1
5

) 

A
xi

lla
ry

 t
em

p
 ≥

3
9

⁰C
 o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
5

5
5

 
4

6
 

3
6

.5
 (

2
8

.1
-4

5
.6

) 
8

9
.1

 (
8

8
.2

-9
0

.0
) 

8
.3

 (
6

.1
-1

0
.9

) 
9

8
.1

 (
9

7
.7

-9
8

.5
) 

1
6

 (
1

1
-2

5
) 

A
gi

ta
ti

o
n

/i
rr

it
ab

ili
ty

 o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

6
4

0
 

5
2

 
4

1
.3

 (
3

2
.6

-5
0

.4
) 

8
7

.4
 (

8
6

.5
-8

8
.4

) 
8

.1
 (

6
.1

-1
0

.5
) 

9
8

.2
 (

9
7

.8
-9

8
.6

) 
1

6
 (

1
2

-2
4

) 

H
is

to
ry

 o
f 

fe
ve

r 
o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
2

,3
7

7
 

9
4

 
7

4
.6

 (
6

6
.1

-8
1

.9
) 

5
1

.2
 (

4
9

.8
-5

2
.7

) 
4

.0
 (

3
.2

-4
.8

) 
9

8
.7

 (
9

8
.1

-9
9

.1
) 

3
8

 (
2

8
-5

8
) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
2

,0
7

2
 

7
7

 
6

1
.1

 (
5

2
.0

-6
9

.7
) 

5
7

.4
 (

5
6

.0
-5

8
.8

) 
3

.7
 (

2
.9

-4
.6

) 
9

8
.2

 (
9

7
.6

-9
8

.7
) 

5
2

 (
3

5
-1

0
3

) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
o

r 
h

is
to

ry
 o

f 
fe

ve
r 

3
,5

6
6

 
1

1
3

 
8

9
.7

 (
8

3
.0

-9
4

.4
) 

2
6

.3
 (

2
5

.0
-2

7
.6

) 
3

.2
 (

2
.6

-3
.8

) 
9

9
.0

 (
9

8
.2

-9
9

.4
) 

4
7

 (
3

4
-7

6
) 

A
b

b
re

vi
at

io
n

s:
 C

I,
 c

o
n

fi
d

e
n

ce
 in

te
rv

al
; P

P
V

, p
o

si
ti

ve
 p

re
d

ic
ti

ve
 v

al
u

e;
 N

P
V

, n
eg

at
iv

e 
p

re
d

ic
ti

ve
 v

al
u

e;
 N

N
LP

, n
u

m
b

er
 n

e
ed

e
d

 t
o

 lu
m

b
ar

 p
u

n
ct

u
re

 
a  

P
o

ss
ib

le
 m

e
n

in
gi

ti
s 

d
ef

in
ed

 in
 in

fa
n

ts
 w

it
h

o
u

t 
d

ef
in

it
e 

m
e

n
in

gi
ti

s 
as

 C
SF

 W
B

C
 ≥

2
0

/µ
L 

an
d

 <
5

0
/µ

L 
in

 in
fa

n
ts

 a
ge

 0
-2

8
 d

ay
s,

 o
r 

C
SF

 W
B

C
 ≥

1
0

/µ
L 

an
d

 
<5

0
/µ

L 
in

 in
fa

n
ts

 a
ge

 2
9

-5
9

 d
ay

s.
 

Chapter 4

112



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

S
u

p
p

le
m

e
n

ta
ry

 T
a

b
le

 5
. 

P
e

rf
o

rm
a

n
c
e

 o
f 

in
d

ic
a

to
rs

 o
f 

m
e

n
in

g
it
is

 a
m

o
n
g

 a
ll 

in
fa

n
ts

 0
-5

9
 d

a
y
s
 o

ld
 u

s
in

g
 m

ic
ro

b
io

lo
g

ic
a

lly
 c

o
n

fi
rm

e
d

 d
e

fi
n
it
e

 

m
e

n
in

g
it
is

a
 

In
d

ic
at

o
rs

 
N

u
m

b
e

r 
w

it
h

 
in

d
ic

at
o

r 

N
u

m
b

e
r 

w
it

h
 

m
e

n
in

gi
ti

s 

Se
n

si
ti

vi
ty

 
(9

5
%

 C
I)

 
Sp

e
ci

fi
ci

ty
 

(9
5

%
 C

I)
 

P
P

V
 

(9
5

%
 C

I)
 

N
P

V
 

(9
5

%
C

I)
 

N
N

LP
 

(9
5

%
 C

I)
 

P
re

vi
o

u
sl

y 
id

e
n

ti
fi

e
d

 

B
u

lg
in

g 
fo

n
ta

n
el

 
3

7
 

6
 

2
1

.4
 (

8
.3

-4
1

.0
) 

9
9

.3
 (

9
9

.1
-9

9
.6

) 
1

6
.2

 (
6

.2
-3

2
.0

) 
9

9
.5

 (
9

9
.3

-9
9

.7
) 

6
 (

4
-2

6
) 

C
o

n
vu

ls
io

n
s 

o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

2
9

2
 

8
 

2
8

.6
 (

1
3

.2
-4

8
.7

) 
9

4
.1

 (
9

3
.4

-9
4

.7
) 

2
.7

 (
1

.2
-5

.3
) 

9
9

.6
 (

9
9

.3
-9

9
.7

) 
4

4
 (

2
4

-2
4

1
) 

A
xi

lla
ry

 t
em

p
 ≥

3
9

⁰C
 

o
r 

an
y 

o
f 

th
e 

ab
o

ve
 

5
5

5
 

1
4

 
5

0
.0

 (
3

0
.6

-6
9

.4
) 

8
8

.7
 (

8
7

.8
-8

9
.6

) 
2

.5
 (

1
.4

-4
.2

) 
9

9
.7

 (
9

9
.4

-9
9

.8
) 

4
6

 (
2

8
-1

1
4

) 

A
gi

ta
ti

o
n

/i
rr

it
ab

ili
ty

 
o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
6

4
0

 
1

5
 

5
3

.6
 (

3
3

.9
-7

2
.5

) 
8

6
.9

 (
8

5
.9

-8
7

.9
) 

2
.3

 (
1

.3
-3

.8
) 

9
9

.7
 (

9
9

.5
-9

9
.8

) 
4

9
 (

3
1

-1
1

8
) 

H
is

to
ry

 o
f 

fe
ve

r 
o

r 
an

y 
o

f 
th

e 
ab

o
ve

 
2

,3
7

7
 

2
4

 
8

5
.7

 (
6

7
.3

-9
6

.0
) 

5
0

.8
 (

4
9

.4
-5

2
.2

) 
1

.0
 (

0
.6

-1
.5

) 
9

9
.8

 (
9

9
.6

-1
0

0
.0

) 
1

1
8

 (
7

8
-2

4
3

) 

W
H

O
 r

e
co

m
m

e
n

d
e

d
 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
2

,0
7

2
 

1
5

 
5

3
.6

 (
3

3
.9

-7
2

.5
) 

5
7

.0
 (

5
5

.6
-5

8
.4

) 
0

.7
 (

0
.4

-1
.2

) 
9

9
.5

 (
9

9
.2

-9
9

.7
) 

4
0

2
 (

1
4

4
-5

0
6

) 

O
n

e 
o

r 
m

o
re

 o
f 

th
e 

W
H

O
 s

u
gg

es
te

d
 s

ig
n

s 
o

r 
h

is
to

ry
 o

f 
fe

ve
r 

3
,5

6
6

 
2

4
 

8
5

.7
 (

6
7

.3
-9

6
.0

) 
2

5
.9

(2
4

.7
-2

7
.2

) 
0

.7
 (

0
.4

-1
.0

) 
9

9
.7

 (
9

9
.2

-9
9

.9
) 

2
8

5
 (

1
3

1
-1

,6
0

1
) 

A
b

b
re

vi
at

io
n

s:
 C

I,
 c

o
n

fi
d

e
n

ce
 in

te
rv

al
; P

P
V

, p
o

si
ti

ve
 p

re
d

ic
ti

ve
 v

al
u

e;
 N

P
V

, n
eg

at
iv

e 
p

re
d

ic
ti

ve
 v

al
u

e;
 N

N
LP

, n
u

m
b

er
 n

e
ed

e
d

 t
o

 lu
m

b
ar

 p
u

n
ct

u
re

 t
o

 
id

en
ti

fy
 o

n
e 

ca
se

 o
f 

d
ef

in
it

e 
m

e
n

in
gi

ti
s 

a I
n

cl
u

d
e

s 
p

o
si

ti
ve

 C
SF

 c
u

lt
u

re
, p

o
si

ti
ve

 la
te

x 
ag

gl
u

ti
n

at
io

n
 t

es
t,

 p
o

si
ti

ve
 m

ic
ro

sc
o

p
y,

 o
r 

C
SF

 le
u

ko
cy

te
 c

o
u

n
t 

≥5
0

 c
el

ls
/µ

L 
p

lu
s 

p
o

si
ti

ve
 b

lo
o

d
 c

u
lt

u
re

 

Clinical predictors of meningitis among young infants

113



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 114PDF page: 114PDF page: 114PDF page: 114



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 115PDF page: 115PDF page: 115PDF page: 115

Chapter 5 
Clinical features of bacterial meningitis among 

hospitalised children in Kenya  

Christina W Obiero, Neema Mturi, Salim Mwarumba, Moses Ngari, 

Charles R Newton, Michaël Boele van Hensbroek, and James A Berkley 

BMC medicine 2021;19(1):122.



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 116PDF page: 116PDF page: 116PDF page: 116

Chapter 5 

116

ABSTRACT 

Background Diagnosing bacterial meningitis is essential to optimise the type 

and duration of antimicrobial therapy to limit mortality and sequelae. In sub-

Saharan Africa, many public hospitals lack laboratory capacity, relying on clinical 

features to empirically treat or not treat meningitis. We investigated whether 

clinical features of bacterial meningitis identified prior to the introduction of 

conjugate vaccines still discriminate meningitis in children aged ≥60 days. 

Methods We conducted a retrospective cohort study to validate seven clinical 

features identified in 2002 (KCH-2002): bulging fontanel, neck stiffness, 

cyanosis, seizures outside the febrile convulsion age range, focal seizures, 

impaired consciousness, or fever without malaria parasitaemia; and Integrated 

Management of Childhood Illness (IMCI) signs: neck stiffness, lethargy, impaired 

consciousness or seizures, and assessed at admission in discriminating bacterial 

meningitis after the introduction of conjugate vaccines. Children aged ≥60 days 

hospitalised between 2012 and 2016 at Kilifi County Hospital were included in 

this analysis. Meningitis was defined as positive cerebrospinal fluid (CSF) 

culture, organism observed on CSF microscopy, positive CSF antigen test, 

leukocytes ≥50/µL, or CSF to blood glucose ratio <0.1.  

Results Among 12,837 admissions, 98 (0.8%) had meningitis. The presence of 

KCH-2002 signs had a sensitivity of 86% (95%CI 77-92) and specificity of 38% 

(95%CI 37-38). Exclusion of ‘fever without malaria parasitaemia’ reduced 

sensitivity to 58% (95%CI 48-68) and increased specificity to 80% (95%CI 79-80). 

IMCI signs had a sensitivity of 80% (95%CI 70-87) and specificity of 62% (95%CI 

61-63). 

Conclusions A lower prevalence of bacterial meningitis and less typical signs 

than in 2002 meant the lower performance of KCH-2002 signs. Clinicians and 

policymakers should be aware of the number of lumbar punctures (LPs) or 

empirical treatments needed for each case of meningitis. Establishing basic 

capacity for CSF analysis is essential to exclude bacterial meningitis in children 

with potential signs.
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BACKGROUND 

Childhood bacterial meningitis is associated with significant mortality and 

neurocognitive sequelae.1 2 The disease burden is highest in low- and middle-

income countries (LMICs) where a quarter of children who survive vaccine-

preventable meningitis develop post-discharge complications.2 3 Prompt 

recognition and antimicrobial treatment with cerebrospinal fluid (CSF) 

penetration for an adequate duration are critical. 

CSF culture is the gold standard for bacterial meningitis but has limited 

sensitivity4 as it may be compromised by prior administration of antimicrobials5 

and is usually unavailable or unreliable in public hospitals in sub-Saharan Africa. 

Public hospitals also often lack adequate CSF microscopy capacity, and lumbar 

puncture (LP) may be commonly ordered but not done.6 7 Thus, antimicrobial 

management decisions are often based on clinical features only. 

The World Health Organization (WHO) advises suspecting bacterial meningitis if 

one or more of the following are present: convulsions, inability to drink, 

irritability, lethargy, impaired consciousness, a bulging fontanel, or neck 

stiffness.8 However, this recommendation is based on limited evidence 

collected prior to the introduction of Haemophilus influenzae type b (Hib) and 

Streptococcus pneumoniae conjugate vaccines targeting the leading causes of 

bacterial meningitis. 

In the Gambia ~20 years ago, a set of Integrated Management of Childhood 

Illness (IMCI) signs (lethargy, impaired consciousness, convulsions, or a stiff 

neck)9 had 98% sensitivity and 72% specificity in predicting bacterial 

meningitis.10 Concurrently, among children aged ≥60 days at Kilifi County 

Hospital (KCH), Kenya, a bulging fontanel, neck stiffness, cyanosis, seizures 

outside the febrile convulsions age range, focal seizures, and impaired 

consciousness were identified as indicators of bacterial meningitis (KCH-

2002).11 These findings were incorporated into Kenyan national paediatric 

guidelines.12 

Hib and 10-valent pneumococcal conjugate vaccines at 6, 10, and 14 weeks of 

age without booster were introduced in Kenya in 2001 and 2011, respectively, 

resulting in a markedly reduced incidence and mortality from bacterial 

meningitis.13-17 Since the early 2000’s severe malaria, which may mimic bacterial 

meningitis 18, has declined, with changes in age and disease profile reported at 

several centres in Africa.19-21 
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Changes in epidemiology, patient profile and differential diagnoses may have 

altered associations between clinical features and bacterial meningitis. We 

therefore performed a revalidation study of the KCH-2002 and IMCI signs 

among children aged ≥60 days. 

METHODS 

Location and participants 

KCH is a public hospital serving a mostly rural population. Paediatric care is 

supported by the KEMRI/Wellcome Trust Research Programme. Children aged 

60 days to 13 years hospitalised at KCH between January 1, 2012, and December 

31, 2016, were included in this analysis. 

Procedures 

All children admitted were systematically assessed using standardised 

demographic and clinical proforma by trained clinicians at admission, and data 

were entered on a database in real-time. All admissions had a complete blood 

count, malaria slide, and blood culture. LP was performed at admission if 

suggestive signs were present, or if a child developed new clinical features of 

meningitis according to the WHO8 and Kenyan guidelines12 detected through 

daily clinical reviews until discharge. LP was deferred in children with 

cardiorespiratory compromise or suspicion of raised intracranial pressure.22 

Children with suspected meningitis were treated empirically with penicillin plus 

chloramphenicol or ceftriaxone (as per national and WHO guidelines8 12) while 

awaiting LP results. Once available, treatment was modified based on culture 

and susceptibility profile as needed. Data collection (SSC1433) and this analysis 

(SSC3001) were approved by the KEMRI Scientific and Ethics Review Unit. 

Laboratory analysis 

CSF examination included leukocyte and red blood cell (RBC) count using the 

Neubauer counting chamber method, and if leukocyte count >10 cells/µl, 

differential leukocyte count, Gram and Indian ink staining, latex antigen 

agglutination tests (Wellcogen™ Bacterial Antigen kit for S. pneumoniae, H. 

influenzae, N. meningitidis, and CrAg Lateral Flow Assay kit Ref CR2003 for 

Cryptococcus neoformans) were done. CSF and blood samples were cultured, 

and pathogens identified using standard methods as previously described.11 18 

Coagulase-negative Staphylococci were considered non-significant.23 CSF 

protein, glucose, and concurrent blood glucose were measured on an ILab Aries 
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analyser (Werfen, Germany). External quality assurance was by the United 

Kingdom External Quality Assessment Service, and Good Clinical Laboratory 

Practice was accredited by Qualogy, UK.11 

Definitions 

For this analysis, we used the KCH-200211 definition of bacterial meningitis:(i) 

positive CSF culture for a known pathogen, (ii) positive CSF antigen test, (iii) an 

organism observed on CSF microscopy (Gram stain or Indian Ink), (iv) CSF 

leucocyte count ≥50 cells/µL, or (v) CSF to blood glucose ratio <0.1. We also 

defined possible meningitis as CSF leucocyte count >10-49 cells/µL in the 

absence of the above criteria.  

Statistical analysis 

For the primary analysis, children who underwent LP not meeting meningitis 

criteria or without an LP were classified as not having meningitis, as was 

assumed in KCH-2002. We initially excluded children with possible meningitis11,

and calculated the highest criterion for meningitis in the order given above.  

We examined the performance of KCH-200211 and IMCI signs (neck stiffness, 

lethargy, impaired consciousness, or seizures)9 at admission by calculating their 

sensitivity, specificity, positive predictive value (PPV), and negative predictive 

value (NPV) for meningitis diagnosed by LP either at admission or at any time 

during hospitalisation versus no meningitis, defined as negative CSF analysis or 

no clinical suspicion of meningitis until discharge from hospital. We calculated 

the number of LPs needed to identify one case of meningitis as the inverse of 

the risk difference obtained by subtracting the prevalence of meningitis in each 

group from that in the group without the indicators of interest. As sensitivity 

analyses, we (i) included possible meningitis cases, (ii) excluded those who died 

before LP, and (iii) used a narrow microbiological definition of meningitis 

(positive CSF culture for a known pathogen, positive CSF antigen test, an 

organism observed on CSF microscopy (Gram stain or Indian Ink), or CSF 

leucocyte count >10 cells/µL plus a positive blood culture). 

Proportions were compared using the chi-squared test or Fisher’s exact test. 

Continuous variables were compared using Wilcoxon rank-sum test. All analyses 

used Stata version 15 (Stata Corp, USA). 
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RESULTS 

There were 12,986 admissions aged 60 days to 13 years: 2,975 (23%) <1 year, 

6,248 (48%) 1-4 years, and 3,763 (29%) ≥5 years old; 463 (3.6%) were HIV 

antibody positive. Two thousand six hundred and two (20%) children had an LP, 

of which 409 (16%) were aged <1 year. LPs were more commonly done among 

children aged 1-5 years [1,484/6,248 (24%)] than in children aged >5 years 

[709/3,763 (19%)] or <1 year [409/2,975 (14%)], P<0.001.  A positive malaria 

smear was present in 1,189 (46%) children who had an LP. Of 10,384 children 

who did not have an LP, 565 died before an LP (193 (34%) <1 year, 230 (41%) 1-

5 years and 142 (25%) ≥5 years) while 9,819 survived (2,373 (24%) <1 year, 4,534 

(46%) 1-5 years and, 2,912 (30%) ≥5 years) (P<0.001). Median [interquartile 

range (IQR)] age of 565 children who died before an LP was 21 months (8.0-60) 

compared to 20 months (9.5-59) in 88 children who died after an LP (P=0.874). 

Meningitis cases 

Ninety-eight children had meningitis (Figure 1, Group C): 0.8% of 12,986 

admissions and 3.8% of 2,602 children with an LP. Fifty-one (0.4%) children had 

possible meningitis (Group D) and were excluded from the primary analysis. 

Median (IQR) ages of children with meningitis, possible meningitis, or no 

meningitis were 25 (7.4-77), 40 (11-83) and 29 (12-67) months respectively 

(P=0.167). Fifteen (15%) meningitis cases died during hospitalisation; 2.3% 

(15/653) of all inpatient deaths. 

Figure 1. Flow chart of study participants 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 121PDF page: 121PDF page: 121PDF page: 121

Clinical features of meningitis among hospitalised children 

121

Leading CSF pathogens were S. pneumoniae (16 culture-positive and 4 antigen-

positive) and H. influenzae (5 culture-positive and 3 antigen-positive) (Table 1). 

Fifty (51%) meningitis cases had CSF leukocyte count ≥50/µl only. One hundred 

and twenty (4.8%) of 2,521 children had differential leukocyte count done of 

which 118 (98%) had polymorphonuclear cell predominance (≥60%) and 77 had 

meningitis. Five (2.0%) of 249 children with CSF RBC count ≥500 cells/µL had 

positive CSF cultures while 4 (1.6%) children missed leukocyte counting due to 

grossly blood-stained CSF. Thirty-three (34%) children with meningitis had 

positive blood culture; 23 matched CSF isolates (13 S. pneumoniae, 4 H. 

influenzae, 2 Salmonella spp., and 1 each of E. coli, K. pneumoniae, P. 

aeruginosa and C. neoformans). Forty-one (42%) meningitis cases had turbid 

CSF. 

Admission clinical features 

Two thousand three hundred and thirty (79%), 3,762 (60%) and 2,007 (54%) 

children aged <1, 1-5 and ≥5 years respectively presented with KCH-2002 signs 

(P<0.001), while 899 (30%), 2,661 (43%) and 1,391 (37%) had IMCI signs 

(P<0.001). Bulging fontanel, neck stiffness, impaired consciousness, seizures 

outside the febrile convulsion age range, focal seizures, history of fever and 

axillary temperature ≥39⁰C were more common among children with meningitis 

than without, and malaria was less common (Table 2). Of 8,099 children with 

KCH-2002 signs, 485 (6.0%) died before LP (277 (57%) within 24 hours of 

admission). Of 4,951 children with IMCI signs, 359 (7.3%) died before LP (240 

(67%) within 24 hours of admission). 
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Table 1. Diagnostic criteria for meningitis and organisms detected 

Diagnostic criteria Age 
<1year 
(n=33) 

Age 1-
4years 
(n=35) 

Age 
≥5years 
(n=30) 

Total 
positives 

Highest 
criteria for 
meningitisa

CSF culture 

Gram positive 

Streptococcus pneumoniae 5 5 6 16b 16 

Haemophilus influenzae 3 2 0 5c 5 

Staphylococcus aureus 1 0 0 1d 1 

Gram negative 

Escherichia coli 0 1 0 1 1 

Klebsiella pneumonia 1 1 0 2e 2 

Non-typhoidal Salmonella sp. 2 0 0 2f 2 

Pseudomonas aeruginosa 1 0 0 1g 1 

Proteus mirabilis 1 0 0 1h 1 

Cryptococcus neoformans 0 0 2 2i 2 

Total 14 9 8 31 31 

Latex antigen test 

Streptococcus pneumoniae 7 5 6 18 4j

Haemophilus influenzae 2 3 0 5 3k

Cryptococcus neoformans 0 0 2 2 1 

Total 9 8 8 25 8 

Gram-stain 

Gram-positive cocci 8 8 5 21 4 

Gram-negative rods 4 3 0 7 0 

Total 12 11 5 28 4 

Indian ink 0 0 1 1 0 

CSF WCC ≥50 cells/µl 29 29 27 85 52l

CSF/blood glucose ratio <0.1 7 5 3 15 3 

Total 98 
aHierarchical order of criteria for meningitis:(i) positive CSF culture for a known pathogen, (ii) 
positive CSF antigen test, (iii) an organism observed on CSF microscopy (Gram stain or Indian 
Ink), (iv) CSF leucocyte count ≥50 cells/µL, and (v) CSF to blood glucose ratio <0.1 
b14/16 had WCC ≥50 cells/µl, 14/16 had positive S. pneumoniae antigen test, 14/16 had 
positive Gram stain, and 5/16 had CSF/blood glucose ratio <0.1 
c5/5 had WCC ≥50 cells/µl, 2/5 had positive H. influenzae antigen test, 3/5 had positive Gram 
stain, 3/5 had CSF/blood glucose ratio <0.1 
dHad WCC ≥50 cells/µl and positive Gram stain 
e1/2 had WCC ≥50 cells/µl and positive Gram stain 
f1/2 had WCC ≥50 cells/µl and positive Gram stain. 1/2 had CSF/blood glucose ratio <0.1 
gHad WCC ≥50 cells/µl and positive Gram stain 
hHad WCC ≥50 cells/µl, positive Gram stain and CSF/blood glucose ratio <0.1 
i1/2 had WCC ≥50 cells/µl, positive Indian Ink stain and positive Cryptococcal antigen test 
j2/4 had WCC ≥50 cells/µl and positive Gram stain 
k3/3 had WCC ≥50 cells/µl, 2/3 had positive Gram stain, and 1/3 had CSF/blood glucose <0.1 
l2/52 had CSF/Blood glucose ratio <0.1 
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Table 2. Clinical features at admission 

No meningitis 
(n=12,837) 

Meningitis 
(n=98) 

P 
valuea 

Bulging fontanelleb 

Absent 4,490 (98) 37 (82) <0.001 

Present 51 (1.1) 8 (18) 

Missing 29 (0.6) 0 (0) 

Neck stiffness 

Absent 12,652 (99) 79 (81) <0.001 

Present 96 (0.8) 19 (19) 

Missing 89 (0.7) 0 (0) 

Cyanosis 

Absent 12,702 (99) 98 (100) 0.594 

Present 46 (0.3) 0 (0) 

Missing 89 (0.7) 0 (0) 

History of seizures within febrile convulsion age rangec

No seizures 9,990 (78) 48 (49) <0.001 

Seizures within febrile convulsion age range 2,187 (17) 34 (35) 

Seizures outside febrile convulsion age range 573 (4.5) 16 (16) 

Missing 87 (0.7) 0 (0) 

Type of convulsion at any age 

No seizures 9,990 (78) 48 (49) <0.001 

Unknown type 81 (0.6) 2 (2.0) 

Generalisedd 2,354 (18) 40 (41) 

Focale 325 (2.5) 8 (8.2) 

Missing 87 (0.7) 0 (0) 

Conscious level 

Normal 9,338 (73) 46 (47) <0.001 

Lethargic 1,444 (11) 16 (16) 

Agitated 159 (1.2) 2 (2.0) 

Impaired consciousnessf 1,807 (14) 34 (35) 

Missing 89 (0.7) 0 (0) 

History of fever 

Absent 4,070 (32) 10 (10) <0.001 

Present 8,681 (68) 88 (90) 

Missing 86 (0.7) 0 (0) 

Axillary temperature, ⁰C 

<36 717 (5.6) 4 (4.1) 0.032 

36-38.9 10,080 (79) 68 (69) 

≥39 2,016 (16) 26 (27) 

Missing 24 (0.2) 0 (0) 

Malaria 

Negative 10,346 (81) 84 (86) 0.201 

Positive 2,491 (19) 14 (14) 
aCompares children with definite meningitis (Group B, n=98) to children with no meningitis [Group A 
(n=10,384) + Group D (n=2,453)]. Excludes children with possible meningitis (Group C, n=51) 
bCut-off age for assessment of fontanel closure was 18 months. Analysis of bulging fontanel was limited 
to 4,615 children aged ≤18 months (45 with meningitis and 4,570 without meningitis) hence column 
totals are less than those of other variables on the table; cFebrile convulsions occurring in children age 
between 6 months and 6 years; dInvolving both sides of the body with associated loss of consciousness 
eFocal, involving one side of the body, and may or may not become generalised 
fBlantyre Coma Score (BCS) <4 up to 9 months and <5 at ≥9 months (Eyes: 1=watches/follows, 0=none; 
Cry: 2=normal, 1=moan/weak, 0=none; Motor: 2=localises stimulus, 1=withdraws, 0=other/none) 
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Performance of clinical features 

KCH-2002 

One or more KCH-2002 signs were present in 8,099 children, of whom 84 (1.0%) 

had meningitis compared with 14/4,836 (0.3%) without KCH-2002 signs: 

sensitivity 86% (95%CI 77-92), specificity 38% (95%CI 37-38), PPV 1.0% (95%CI 

0.8-1.3), and NPV 100% (95%CI 99-100). One hundred and thirty-four children 

(95%CI 99-208) presenting with ≥1 KCH-2002 signs would need to undergo an 

LP for each case of meningitis identified (Table 3).  

IMCI 

One or more IMCI signs were present in 4,951 children, of whom 78 (1.6%) had 

meningitis compared with 20/7,984 (0.3%) without IMCI signs: sensitivity 80% 

(95%CI 70-87), specificity 62% (95%CI 61-63), PPV 1.6% (95%CI 1.3-2.0), and 

NPV 100% (99%CI 99-100). Seventy-six children (95%CI: 59-104) presenting with 

≥1 IMCI signs would need to undergo an LP for each case of meningitis identified 

(Table 3). 

Admission versus later LP 

Thirty-three (34%) meningitis cases had their LP after admission, of which 6/33 

(18%) and 8/33 (24%) were not identified by KCH-2002 signs and IMCI signs, 

respectively, at admission. Seven (7.1%) meningitis cases were not identified by 

either KCH-2002 signs or IMCI signs at admission (Figure 2). 

Sensitivity analysis 

Excluding 565 who died before an LP (Group G) and including 51 cases with 

possible meningitis (Group D) as ‘meningitis’ gave similar results for KCH-2002 

and IMCI signs (Supplementary Table 2). Fifty children   with microbiologically 

confirmed meningitis fulfilled criteria as follows: 31 positive CSF cultures only 

(of which 23 had positive blood culture), 7 positive antigen tests only (of which 

2 had positive blood culture), 5 positive microscopies (of which 2 had CSF 

leukocyte count >10), and 7 CSF leukocyte counts >10 cells/µL plus positive 

blood culture. For microbiologically confirmed meningitis, KCH-2002 signs had 

a sensitivity of 90% (95%CI 78-97) and specificity of 39% (95%CI 38-39). IMCI 

signs had a sensitivity 76% (95%CI 62-87) and specificity 63% (95%CI 62-64).  
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Figure 2. Clinical features of meningitis in 98 children with definite meningitis 

DISCUSSION 

Misdiagnosis of bacterial meningitis based on the clinical signs only may result 

in overtreatment with prolonged courses of antimicrobials, or undertreatment 

of missed cases,24 both contributing to mortality and selection of resistant 

organisms. 

We studied a large cohort of hospitalised children to validate clinical features of 

bacterial meningitis. Using the same definitions and inclusion criteria as in 2002, 

we observed a reduction in the prevalence of bacterial meningitis among 

paediatric admissions at our centre from 2% in 2001-200211 to 0.8% in 2012-

2016. There was also a decline in annual paediatric admissions and number of 

LPs done. However, we observed an increase in the prevalence of KCH-2002 

signs (55% in 2001-2002 vs 63% in 2012-2016, P<0.001) and a decrease in the 

prevalence of IMCI signs (42% in 2001-2002 vs 38% in 2012-2016, P<0.001) 11. 

Although S. pneumoniae and H. influenzae remained the leading causes of 

bacterial meningitis, cases arising from these organisms declined over time (57 

vs 20 pneumococcal, and 66 vs 8 H. influenzae cases, comparing 1994-199825 to 

2012-2016). These changes may be attributed to conjugate vaccination and 

herd immunity in older children. Our study excluded infants aged <60 days who 

typically have bacterial meningitis due to different pathogens,17 different 

clinical presentation26 and alternative diagnoses such as birth asphyxia,27 and 

associated higher risk of neurological disability and mortality.17
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Clinical guidelines for limited-resource settings should comprise 

straightforward features, easily identifiable by clinicians.28 Overall, we found 

that the clinical signs at admission had lower sensitivity and PPV in 

discriminating children with bacterial meningitis than in 2002.11 KCH-2002 and 

IMCI signs did not statistically significantly differ in the proportions of meningitis 

cases missed (14% vs 20%, P=0.258), although numbers were limited for this 

comparison. Results did not appear to be altered by the exclusion of children 

who died before LP or using a narrower microbiological case definition.  

History of fever was common with (90%) or without meningitis (68%) and nearly 

half of the LPs were done in children with malaria since signs overlap. The 

previous KCH-2002 analysis found that exclusion of fever without malaria 

parasitaemia from the screening rule had lower sensitivity but higher specificity 

(sensitivity 79%, specificity 80%, PPV 8.0%) than when it was included 

(sensitivity 97%, specificity 44%, PPV 3.5%).11 The present analysis also shows 

that although the specificity of KCH-2002 signs excluding fever without malaria 

parasitaemia has not changed, sensitivity was again markedly reduced (to 58% 

from 86%). Malaria parasitaemia has been shown to augment predictive models 

for bacterial meningitis;11 29 however, the significant morbidity and mortality 

associated with meningitis means a screening rule with higher sensitivity may 

be favourable despite lower specificity. 

Although conjugate vaccination has resulted in a reduction in bacterial 

meningitis cases, antimicrobial resistance to penicillin30 and chloramphenicol31 

32 is reported. Ceftriaxone as a first-line treatment for bacterial meningitis has 

been associated with lower resistance rates, and reduction in mortality and 

neurological complications compared to chloramphenicol.32 33 Thus, clinical 

decision rules with optimal performance in predicting bacterial meningitis 

contribute to antimicrobial stewardship by guiding initiation of treatment and 

minimising selection of resistant microorganisms. 

Limitations 

An inescapable limitation is that a selective group of children underwent an LP 

based on clinical suspicion at admission or later during admission. It is possible 

that a number of bacterial meningitis cases may have been missed due to 

apparent recovery and discharge. However, we believe that the higher than 

usual clinical staffing, training oversight, and availability of laboratory resources 

due to the presence of the research programme helped limit the chances of 

missed meningitis cases. Although performing LPs in all children is diagnostically 
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optimal and would provide an understanding of the true prevalence of 

meningitis, this is not possible due to the risks involved and would not be 

ethically justified.22 Our dataset may not be perfect, but it addresses research 

gaps in similar settings. Of 2,602 LPs done, 1,026 (39%) were performed after 

admission; 33/98 (34%) meningitis cases were diagnosed after admission, 

underscoring the importance of daily clinical reviews following standard 

guidelines. Our assumption of true negatives in children who did not develop 

signs suggestive of meningitis during hospitalisation and were discharged home 

alive is valid. The highest proportion of children having an LP was in those aged 

1-5 years. KCH-2002 signs were most frequent among children aged <1 year,

fewer LPs done in this age group may be attributed to early deaths or more LPs

being deferred due to contraindications since most deaths occurred in young

infants (7.4%, 4.3%, and 4.4% deaths in children aged <1, 1-5, and ≥5 years,

respectively, P<0.001). However, age bias in LPs may have affected our findings.

Importantly, our aim was to inform clinical guidelines for empiric treatment and

indications for LP rather than describe the epidemiology of meningitis for which

post-mortem LPs would have been necessary.

Molecular tests for bacterial and viral causes were not routinely done, 

potentially missing true bacterial meningitis cases and falsely including viral 

meningitis cases. Although differential leukocyte count was done in some CSF 

samples, it was not included in our standard definition of meningitis. 

Polymorphonuclear cell predominance can occur in both bacterial and aseptic 

meningitis.34 We lacked data on pre-hospital antibiotic exposure which may be 

common and has been shown to alter CSF leukocyte count and biochemical 

profile and impede detection of bacterial pathogens.5 35 Diagnostic delay may 

decrease survival36 and increase neurological sequelae in Hib meningitis,37 and 

may be more of a problem in settings without advanced diagnostic resources 

such as CSF polymerase chain reaction (PCR).38   

Low LP rates reported in settings like ours have raised concerns regarding 

missing meningitis cases.6 7 Knowing that a large number of LPs is needed in 

order to diagnose each case of bacterial meningitis is important in this regard. 

The KCH-2002 or IMCI signs at admission suggest an LP may be needed in ~40 

to 60% of children presenting to the hospital with these signs to achieve >80% 

sensitivity. There are no studies evaluating the additional discriminatory value 

of a structured repeated evaluation of signs that develop later during admission, 

or of biomarkers in this context. Although traumatic LPs are common and may 

complicate CSF leukocyte interpretation, adjustment of CSF leukocyte count has 
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been shown to lack additional value in predicting meningitis.39 In our study, only 

5 children with CSF RBC ≥500 cells/µL met our laboratory meningitis criteria. 

Our results provided important guidance for performing LPs in LMICs settings 

where there is a paucity of comprehensive data on this important question. 

Conclusions 

Bacterial meningitis is an uncommon but important diagnosis in children. 

Declining incidence is welcome but identifying children with meningitis has 

become more difficult. Clinicians and policymakers should be aware of the 

number of LPs or empirical treatments needed for each case of bacterial 

meningitis to be identified, and this may vary with malaria endemicity. The IMCI 

criteria offer a balance between the more specific KCH-2002 signs (impaired 

consciousness or any one of: bulging fontanel, neck stiffness, cyanosis, seizures 

outside 6 months to 6 years, or focal seizures) and non-malarial fever. While the 

IMCI criteria will continue to be used, the number of LPs needed to identify a 

single case of bacterial meningitis has increased 3-fold from 24 to 76. Clinicians 

should continue to have a high index of suspicion while assessing children 

during daily reviews. Support to establish accurate CSF cell counting, Gram 

stain, and glucose measurement as a minimum in resource-poor settings to 

optimise antimicrobial treatment is essential to providing effective inpatient 

paediatric services. 

List of abbreviations 

LMICs: low- and middle-income countries; CSF: cerebrospinal fluid; LP: lumbar 

puncture; WHO: World Health Organization; Hib: Haemophilus influenzae type 

b; IMCI: Integrated Management of Childhood Illness; KCH: Kilifi County 

Hospital; PPV: positive predictive value; NPV: negative predictive value. 
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Supplementary Tables 

Supplementary Table 1. Comparison of annual admissions, lumbar punctures and 

meningitis cases during our study period and our previous analysis 

Study period 2012-2016 2001-2002 

Admissions/year 2,597 4,616 

Lumbar punctures/year 520 999 

Meningitis cases/year 20 91 

Data are N 
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ABSTRACT 

Background Serious bacterial infection (SBI) is associated with significant 

mortality in young infants in low- and middle-income countries (LMICs). 

However, diagnostic capacity and clinical decision tools to guide empiric 

antibiotics are limited. We aimed to validate a new neonatal severity score (NSS) 

in predicting mortality among young infants hospitalised with SBI.  

Methods We performed a retrospective cohort study of infants aged <60 days 

hospitalised at Kilifi County Hospital (KCH), February 2017 - January 2020. NSS 

was derived from the infants with suspected SBI meeting the NeoOBS study 

inclusion criteria (NSIC). We estimated the performance of NSS by area under 

the receiver operating characteristic curve (AUC) and investigated potential 

screening rules for mortality risk.  

Results 621/3746 (17%) infants died, of which 63 (10%) had SBI. Among all 3746 

admissions and 2804 infants fulfilling NSIC, the NSS AUC for mortality was 0.82 

(95% CI 0.80-0.84) and 0.80 (95% CI 0.78-0.82) respectively. NSIC had sensitivity 

89% (95%CI 84-93%), specificity 21% (95%CI 19-22%), PPV 5.2% (95%CI 4.4-

6.1%), and NPV 98% (95%CI 96-99%) for confirmed SBI. 522/1708 (31%) infants 

with NSS ≥4 died compared with 99/2038 (4.9%) for NSS <4 (P<0.001); 

sensitivity 84% (95%CI 81-87), specificity 62% (95%CI 60-64), PPV 31% (95%CI 

28-33), and NPV 95% (95%CI 94-96). 

Conclusion NSIC can support clinicians to identify infants likely to have SBI in 

the absence of confirmatory cultures. NSS is prognostic for mortality risk in 

young infants, may guide prioritization of resources and antibiotic use and can 

inform selection of high-risk infants for clinical trials. 
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INTRODUCTION 

Serious bacterial infection (SBI) causes significant mortality, morbidity and long-

term neurodevelopmental sequelae among young infants in low- and middle-

income countries (LMICs).1-4 Staphylococcus aureus, Klebsiella spp., Escherichia 

coli, Streptococcus pneumoniae, and Salmonella spp. cause the majority of 

culture positive bacteraemia and sepsis,5 6 while S. pneumoniae, S. aureus, and 

Group B Streptococcus are predominant causes of meningitis.5 Although blood 

and cerebrospinal fluid (CSF) cultures remain the gold standard tests for SBI, 

they are often not available in public health facilities in LMICs.7 Where available, 

inadequate sample volumes and pre-treatment with antibiotics contribute to 

low sensitivity.8 Thus, empiric antibiotic use is based on clinical guidelines and 

judgement, usually in the absence of confirmatory cultures or biomarker tests, 

and influenced by the perceived risk of mortality associated with failure to treat. 

However, this may also result in unnecessary treatment. 

The World Health Organization (WHO) recommends ampicillin/penicillin plus 

gentamicin as first-line antibiotics in all infants presenting with signs of possible 

SBI (pSBI).9 10 These guidelines are based on limited evidence recommending 

hospitalization in infants presenting with signs of pSBI11 or severe illness12 in 

first-level or referral hospitals in LMICs, and have not been recently updated 

despite changes in disease epidemiology and increasing antimicrobial 

resistance (AMR).13 Consequently, hospitals commonly employ other antibiotic 

combinations, sometimes informed by local susceptibility patterns or literature. 

Most studies of clinical predictors of severe illness and mortality in LMICs, 

including SBI, have not evaluated their utility against confirmatory cultures as 

‘gold standard’ diagnostic references,12 14 limiting their value in identifying 

infants who may benefit from prompt initiation of antibiotics. In addition, there 

are limited data to guide clinicians on when to stop antibiotics in infants 

suspected to have SBI.14 Clinical signs may be useful in identifying and stratifying 

infants with presumed infection at risk of mortality. Existing mortality prediction 

scores developed and validated in high-income countries with different disease 

and patient profiles, and better resource capacity than LMICs frequently include 

laboratory parameters not routinely available in LMICs, and may not be 

applicable in these settings.15-20 It is likely that clinical decision making will 

benefit from scores tailored to their specific setting. 

The Neonatal Antimicrobial (NeoAMR) Global Neonatal Sepsis Observational 

Study (NeoOBS [ClinicalTrial.gov ID. NCT03721302]) is a multisite prospective 
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observational study that aimed to help generate robust evidence for managing 

sepsis in settings with high AMR rates. Hospitalized infants aged <60 days were 

enrolled in a clinical sepsis cohort (CSC) based on the NeoOBS study inclusion 

criteria (NSIC) comprising clinical and laboratory criteria (derived from the 

European Medicines Agency (EMA)21 22 and WHO pSBI12 criteria). NeoOBS data 

were used to develop and internally validate a neonatal severity score (NSS) to 

predict 28-day mortality among infants meeting the NSIC.  

At the Kenyan NeoOBS study site, infants not fulfilling NSIC were not enrolled in 

NeoOBS, but comprehensive data at admission on all infants hospitalised were 

collected as part of routine surveillance.2 We therefore conducted a broader 

analysis including all admissions at Kilifi County Hospital (KCH) aged <60 days to 

validate the prognostic utility of the NSS for inhospital death among i) infants 

who met NSIC but were not enrolled in NeoOBS, and ii) all young infants 

admitted. We also examined how the NSIC performed in discriminating 

confirmed SBI.  

METHODS 

Location and participants 

KCH is a public hospital located on the Kenyan coast serving a mostly rural 

population. Paediatric care is supported by the KEMRI/Wellcome Trust 

Research Programme. The NeoOBS study was conducted between February 1, 

2019, and January 31, 2020. For this analysis, data from all infants aged <60 days 

and hospitalised at KCH between February 1, 2017, and January 31, 2020, 

collected for a long-term disease surveillance study were included in this 

retrospective analysis (including infants enrolled in NeoOBS). 

Procedures 

All young infants admitted to KCH are routinely systematically assessed using 

standardised demographic and clinical proforma by trained clinicians at 

admission. Data are prospectively entered on a database in real-time. All 

admissions have a complete blood count (CBC), malaria slide and blood culture. 

Blood gas analysis is done in seriously ill infants requiring high dependency unit 

(HDU) care. Lumbar puncture (LP) is performed at admission or later in infants 

with signs suggestive of meningitis according to WHO9 and Kenya paediatric 

guidelines.23 A repeat blood culture is done in case of clinical deterioration as 

part of a septic screen. Blood and CSF cultures are processed as previously 
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described.2 24 Infants with suspected SBI are treated empirically with 

ampicillin/penicillin plus gentamicin as first-line antibiotics.9 23 Surveillance data 

collection including consent for use of data for future research (SSC1433), 

NeoOBS (SERU 3758) and this analysis (SERU 3853) were approved by the KEMRI 

Scientific and Ethical Review Unit. 

Definitions 

The NSIC and NSS are shown in Supplementary Table 1 and 2 respectively. C-

reactive protein and immature-to-total polymorph ratio were not routine 

admission tests at our site and were not included in our NSIC assessment. 

Confirmed SBI was defined as the presence of bacteraemia and/or bacterial 

meningitis. Blood and CSF culture isolates were classified as presumed 

pathogens (known true pathogens), likely pathogenic (not common isolates but 

observed to cause significant infection in young infants25-28) or likely non-

pathogenic (potentially contaminants e.g. Coagulase-negative Staphylococci 

are considered clinically non-significant in our setting29 30). Bacteraemia was 

defined as the growth of presumed pathogens or likely pathogenic bacteria on 

blood culture. Bacterial meningitis was defined as: i) isolation of presumed 

pathogens or likely-pathogenic bacteria from CSF; or ii) bacteraemia plus CSF 

pleocytosis (≥20 cells /µL for infants 0-28 days of age and ≥10 cells/µL for infants 

29-59 days of age); or iii) positive CSF latex agglutination test. 

Statistical analysis 

We used data from February 2017 to January 2019 and compared baseline 

characteristics of survivors and non-survivors hospitalised during these 3 years. 

To assess the predictive accuracy for mortality of the NSS, we calculated the 

area under the receiver operating characteristic curve (AUC) for: i) all infants 

who met NSIC but were not enrolled NeoOBS study, and ii) all infants 

hospitalised during the 3 years. All 10 NSS factors (Supplementary Table 2) that 

predicted mortality in the NeoObs study were available in our surveillance 

dataset. However, 67% of infants were missing birth weight, while only 0.1% 

infants missed admission weight. We performed the primary analysis using 

admission weight and undertook a sensitivity analysis for birth weight using 

multiple imputation by chained equations (MICE) for all missing values. We then 

validated screening rules incorporating different NSS score values by calculating 

their sensitivity, specificity, positive predictive value (PPV), and negative 

predictive value (NPV). 
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Since the NSS was derived from a cohort of infants who met NSIC and 

participated in the NeoOBS study, we determined the performance of the NSIC 

for SBI by calculating their sensitivity, specificity, PPV and NPV among all 

admissions and by age categories (≤48h, >48h-7d, and >7d-59d). This analysis 

included all admissions in the study period, and we compared baseline 

characteristics of infants hospitalised before NeoOBS (February 2017-January 

2019) to all infants hospitalised during NeoOBS (February 2019-January 2020) 

to assess potential differences. In addition, we calculated the proportion of 

infants meeting NSIC and compared prevalence of SBI among infants who were 

eligible and ineligible for the NeoOBS study. We used logistic regression to 

determine the association of NSIC with mortality. 

Categorical variables were presented as proportions and compared using the 

chi-squared or Fishers exact test as appropriate. Continuous variables were 

summarised using median and interquartile range (IQR) and compared using 

Wilcoxon rank-sum test. P <0.05 was threshold for statistical significance. All 

analyses used Stata version 15 (Stata Corp, USA). 

RESULTS 

Patients 

Three thousand, seven hundred and forty-six infants were hospitalised between 

February 1, 2017, and January 31, 2020. Median (IQR) age, weight and length 

were 1 (0-5) day, 2.7 (1.8-3.2) kg, and 48 (43-50) cm (Table 1). Sixty-eight 

percent of all infants were hospitalised within the first 48 hours of life and half 

of all infants were born at KCH. Six hundred and twenty-one (17%) infants died 

during hospitalization. Non-survivors were younger and smaller than survivors 

(Table 1). Gram-negative bacteria predominated blood and CSF culture isolates 

(Supplementary Table 3). Of 23 infants with bacterial meningitis, 12 had 

bacteraemia and CSF pleocytosis, 6 had similar CSF and blood culture isolates, 

and 4 (2 with positive blood and CSF cultures each) had positive CSF H. 

influenzae type b and S. pneumoniae antigen tests. Overall, 175/3746 (4.7%) 

infants had SBI of which 152 (87%) had bacteraemia only, 10 (5.7%) had 

bacterial meningitis only, and 13 (7.4%) had bacteraemia and bacterial 

meningitis. Ninety-nine (57%) infants with SBI were aged ≤48 hours compared 

to 27 (15%) aged >48 hours-7days and 49 (28%) aged >7d-59d (p=0.004). Sixty-

three (10%) of 621 non-survivors had SBI compared to 112/3125 (3.6%) 

survivors, p<0.001. 
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Table 1. Baseline characteristics of all infants at admission 

Infant characteristics All 
(n=3746) 

Alive 
(n=3125) 

Died 
(n=621) 

P value 

Age, days 1 (0-5) 1 (0-6) 0 (0-1) <0.001 

Age categories 

≤48 h 2542 (68) 2035 (65) 507 (82) <0.001 

>48 h – 7 d 397 (11) 355 (11) 42 (6.8) 

>7 d – 59 d 807 (22) 735 (24) 72 (12) 

Weight, kg 2.7 (1.8-
3.2) 

2.8 (2.0-
3.3) 

2.1 (1.2-
2.9) 

<0.001 

Length, cm 48 (43-50) 48 (44-45) 45 (37-49) <0.001 

MUAC, cm 9.5 (8.0-11) 9.6 (8.3-11) 8.5 (7.0-10) <0.001 

Head circumference, cm 34 (31-36) 35 (32-36) 32 (27-35) <0.001 

Male 2159 (58) 1805 (58) 354 (57) 0.322 

Born at KCH 1861 (50) 1626 (52) 235 (38) <0.001 

Serious bacterial infection 175 (4.7) 112 (3.6) 63 (10) <0.001 

Bacteraemia only 152 (4.1) 94 (3.0) 58 (9.3) <0.001 

Meningitis only 10 (0.3) 8 (0.3) 2 (0.3) 0.675 

Bacteraemia and 
meningitis  

13 (0.4) 10 (0.3) 3 (0.5) 0.463 

Met NSIC 2994 (80) 2378 (76) 616 (99) <0.001 

Had ≥1 NSS factors 3694 (99) 3078 (99) 616 (99) 0.174 

Data are median (IQR), n (%) 
Abbreviations: h, hour; d, day; kg, kilogram; cm, centimetre; MUAC, mid-upper arm 
circumference; KCH, Kilifi County Hospital. 

Performance of NeoOBS study inclusion criteria (NSIC) 

Baseline characteristics among 2284/3746 (61%) infants hospitalised before the 

NeoOBS study period appeared similar to those among 1462/3746 (39%) infants 

hospitalised during the NeoObs study period (Supplementary Table 4). The 

distribution of individual NSIC signs is shown in Supplementary Table 5. Eighty 

percent (2994/3746) infants fulfilled NSIC; 156/175 (89%) and 2838/3571 (79%) 

among those with and without confirmed SBI respectively, p=0.002 (Table 2). 

Overall, NSIC had sensitivity 89% (95%CI 84-93%), specificity 21% (95%CI 19-

22%), PPV 5.2% (95%CI 4.4-6.1%), and NPV 98% (95%CI 96-99%) for confirmed 

SBI. Performance of NSIC by age is shown on Table 2 and Supplementary Table 

6. 

Of 2994 infants who fulfilled NSIC, 616 (21%) died compared to 5/752 (0.7%) of 

infants not meeting NSIC, p<0.001. NSIC was associated with increased odds of 

mortality both in univariable (OR 39; 95%CI 16-94, p<0.001) and multivariable 
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logistic regression (adjusted OR 32; 95%CI 13-77, p<0.001) (Supplementary 

Table 7). 

Table 2. Performance of the NeoOBS study inclusion criteria 

NSIC SBIa No SBI P 
value 

Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV 
(95% CI) 

NPV 
(95% CI) 

Overall 
(n=3746) 

n=175 n=3571 

No 19 
(11) 

733 
(21) 

0.002 89 
(84-93) 

21 
(19-22) 

5.2 
(4.4-6.1) 

98 
(96-99) 

Yes 156 
(89) 

2838 
(79) 

≤48 hr 
(n=2542) 

n=99 n=2443 

No 10 
(10) 

420 
(17) 

0.065 90 
(82-95) 

17 
(16-19) 

4.2 
(3.4-5.2) 

98 
(96-99) 

Yes 89 
(90) 

2023 
(83) 

>48h-7d 
(n=397)

n=27 n=370 

No 4 
(15) 

141 
(38) 

0.021 85 
(66-96) 

38 
(33-43) 

9.1 
(5.9-13) 

97 
(93-99) 

Yes 23 
(85) 

229 
(62) 

>7d-59d 
(n=807)

n=49 n=758 

No 5 
(10) 

172 
(23) 

0.048 90 
(78-97) 

23 
(20-26) 

7.0 
(5.1-9.3) 

97 
(94-99) 

Yes 44 
(90) 

586 
(77) 

Abbreviations:   SBI, serious bacterial infection; CI, confidence interval. 

Validation of NeoSEP severity score (NSS) 

Table 3 shows proportions of infants with factors included in the NSS, including 

those with missing values. In the primary analysis, using admission weight as 

part of NSS, the AUC for mortality in the complete case analysis was 0.79 (95% 

CI 0.77-0.82) among 2804 infants who fulfilled NSIC excluding the 197 enrolled 

in NeoOBS, and 0.82 (95% CI 0.80-0.84) among all 3746 admissions. When 

missing NSS values were imputed, the AUC for mortality was 0.80 (95% CI 0.78-

0.82) among 2804 infants who fulfilled NSIC, excluding the 197 enrolled in 

NeoOBS, and 0.82 (95% CI 0.80-0.84) among all 3746 admissions. Performance 

at different NSS cutoffs is shown on Table 4 and Figure 1. Six hundred and 

sixteen (17%) of 3694 infants with NSS ≥1 died compared with 5 (9.6%) of 52 
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infants with NSS <1; sensitivity 99% (95%CI 98-100), specificity 1.5% (95%CI 1.1-

2.0), PPV 17% (95%CI 16-18), and NPV 90% (95%CI 79-97). Five hundred and 

twenty-two (31%) of 1708 infants with NSS ≥4 died compared with 99 (4.9%) of 

2038 infants with NSS <4; sensitivity 84% (95%CI 81-87), specificity 62% (95%CI 

60-64), PPV 31% (95%CI 28-33), and NPV 95% (95%CI 94-96). 

Table 3. Distribution of the NeoSEP severity score factors at admission 

Factor Score value 
if present 

Maximum 
possible 

score value 
per factora 

Infants 
with 

factor 
n (%) 

Missing 
values 
n (%) 

Time in hospital: ≤10 days 1 1 2936 (78) 45 (1.2) 

Gestational age: <37 weeks 1 1 1198 (32) 234 (6.3) 

Birth weight: 

• >2 kg

• 1-2 kg

• <1 kg

0 
1 
2 

2 
912 (24) 
292 (7.8) 
35 (0.9) 

2507 (67) 

Congenital anomalies 2 2 196 (5.2) 105 (2.8) 

Temperature: 

• <35.5⁰C

• 35.5-37.9⁰C

• 38-38.9⁰C

• ≥39⁰C

1 
0 
1 
2 

2 
842 (22) 

2079 (56) 
617 (16) 
204 (5.4) 

4 (0.1) 

Maximum respiratory support: 

• None

• Oxygen supplementation

• CPAP, BiPAP, HFNC

• Invasive ventilation

0 
2 
3 
3 

3 
2,633 
(70) 

1,109 
(30) 
0 (0) 
0 (0) 

4 (0.1) 

Abdominal distension 1 1 81 (2.2) 40 (1.1) 

Difficulty in feeding 1 1 253 (6.8) 40 (1.1) 

Evidence of shockb 1 1 428 (11) 40 (1.1) 

Lethargy/no or reduced 
movement: 

• Lethargy only

• No movement or

movement only on

stimulation +/- lethargy

1 
2 

2 
49 (1.3) 

1442 (39) 

40 (1.1) 

Abbreviations: Kg, kilogram; ⁰C, degree Celsius; CPAP, continuous positive airway pressure; 
BiPAP, bilevel positive airway pressure; HFNC, high flow nasal canula. 
aPossible maximum score, 16 
bIncluding capillary refill time >3seconds, mottled skin, cold peripheries or other signs of 
shock 
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Sensitivity analysis using birth weight 

In the complete case analysis, AUC for mortality was 0.78 (95% CI 0.74-0.82) 

among 2804 infants who fulfilled NSIC excluding 197 enrolled in NeoOBS, and 

0.82 (95% CI 0.78-0.85) among all 3746 admissions. Using MICE, the AUC for 

mortality was 0.81 (95% CI 0.78-0.83) among 2804 infants who fulfilled NSIC, 

excluding the 197 enrolled in NeoOBS, and 0.83 (95% CI 0.81-0.85) among all 

3746 admissions. Performance of different NSS cutoffs is shown on 

Supplementary Table 8 and Supplementary Figure 1. 

Figure 1. Performance of the NeoSEP severity score (using admission weight) 

Area under receiver operating characteristic curve for NSS for mortality. Scores: (A) ≥1, 

(B) ≥2, (C) ≥3, (D) ≥4, (E) ≥5, (F) ≥6, (G) ≥7, (H) ≥8, (I) ≥9, (J) ≥10, (K) ≥11.



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 149PDF page: 149PDF page: 149PDF page: 149

T
a

b
le

 4
. 

V
a

lid
a
ti
o

n
 o

f 
th

e
 N

e
o
S

e
p

 s
e
v
e

ri
ty

 s
c
o

re
 a

m
o
n

g
 a

ll 
a

d
m

is
s
io

n
s
 (

u
s
in

g
 a

d
m

is
s
io

n
 w

e
ig

h
t)

 

Sc
o

re
 

M
e

e
ti

n
g 

cr
it

e
ri

a 
N

=3
7

4
6

 
n

 (
%

) 

D
e

at
h

s 
N

=6
2

1
 

n
 (

%
) 

Se
n

si
ti

vi
ty

 
(9

5
%

 C
I)

 
Sp

e
ci

fi
ci

ty
 

(9
5

%
 C

I)
 

P
P

V
 

(9
5

%
 C

I)
 

N
P

V
 

(9
5

%
 C

I)
 

P
LR

 (
9

5
%

 C
I)

 
N

LR
 (

9
5

%
C

I)
 

≥1
 

3
6

9
4

 (
9

9
) 

6
1

6
 (

9
9

) 
9

9
 (

9
8

-1
0

0
) 

1
.5

 (
1

.1
-2

.0
) 

1
7

 (
1

6
-1

8
) 

9
0

 (
7

9
-9

7
) 

1
.0

 (
1

.0
-1

.0
) 

0
.5

 (
0

.2
-1

.3
) 

≥2
 

3
0

3
7

 (
8

1
) 

6
0

7
 (

9
8

) 
9

8
 (

9
6

-9
9

) 
2

2
 (

2
1

-2
4

) 
2

0
 (

1
9

-2
2

) 
9

8
 (

9
7

-9
9

) 
1

.3
 (

1
.2

-1
.3

) 
0

.1
 (

0
.1

-0
.2

) 

≥3
 

2
4

2
8

 (
6

5
) 

5
8

4
 (

9
4

) 
9

4
 (

9
2

-9
6

) 
4

1
 (

3
9

-4
3

) 
2

4
 (

2
2

-2
6

) 
9

7
 (

9
6

-9
8

) 
1

.6
 (

1
.5

-1
.7

) 
0

.1
 (

0
.1

-0
.2

) 

≥4
 

1
7

0
8

 (
4

6
) 

5
2

2
 (

8
4

) 
8

4
 (

8
1

-8
7

) 
6

2
 (

6
0

-6
4

) 
3

1
 (

2
8

-3
3

) 
9

5
 (

9
4

-9
6

) 
2

.2
 (

2
.1

-2
.3

) 
0

.3
 (

0
.2

-0
.3

) 

≥5
 

1
2

1
3

 (
3

2
) 

4
3

9
 (

7
1

) 
7

1
 (

6
7

-7
4

) 
7

5
 (

7
4

-7
7

) 
3

6
 (

3
4

-3
9

) 
9

3
 (

9
2

-9
4

) 
2

.9
 (

2
.6

-3
.1

) 
0

.4
 (

0
.3

-0
.4

) 

≥6
 

7
3

8
 (

2
0

) 
3

4
3

 (
5

5
) 

5
5

 (
5

1
-5

9
) 

8
7

 (
8

6
-8

9
) 

4
7

 (
4

3
-5

0
) 

9
1

 (
9

0
-9

2
) 

4
.4

 (
3

.9
-4

.9
) 

0
.5

 (
0

.5
-0

.6
) 

≥7
 

3
9

5
 (

1
1

) 
2

2
4

 (
3

6
) 

3
6

 (
3

2
-4

0
) 

9
5

 (
9

4
-9

5
) 

5
7

 (
5

2
-6

2
) 

8
8

 (
8

7
-8

9
) 

6
.6

 (
5

.5
-7

.9
) 

0
.7

 (
0

.6
-0

.7
) 

≥8
 

1
9

6
 (

5
.2

) 
1

3
5

 (
2

2
) 

2
2

 (
1

9
-2

5
) 

9
8

 (
9

8
-9

9
) 

6
9

 (
6

2
-7

5
) 

8
6

 (
8

5
-8

7
) 

1
1

 (
8

.3
-1

5
) 

0
.8

 (
0

.8
-0

.8
) 

≥9
 

9
4

 (
2

.5
) 

7
6

 (
1

2
) 

1
2

 (
9

.8
-1

5
) 

9
9

 (
9

9
-1

0
0

) 
8

1
 (

7
1

-8
8

) 
8

5
 (

8
4

-8
6

) 
2

1
 (

1
3

-3
5

) 
0

.9
 (

0
.9

-0
.9

) 

≥1
0

 
3

5
 (

0
.9

) 
3

3
 (

5
.3

) 
5

.3
 (

3
.7

-7
.4

) 
1

0
0

 (
1

0
0

-1
0

0
) 

9
4

 (
8

1
-9

9
) 

8
4

 (
8

3
-8

5
) 

8
3

 (
2

0
-3

4
5

) 
0

.9
 (

0
.9

-1
.0

) 

≥1
1

 
3

 (
0

.1
) 

3
 (

0
.5

) 
0

.5
 (

0
.1

-1
.4

) 
1

0
0

 (
1

0
0

-1
0

0
) 

1
0

0
 (

2
9

-1
0

0
) 

8
4

 (
8

2
-8

5
) 

- 
1

.0
 (

1
.0

-1
.0

) 

D
at

a 
ar

e 
n

 (
%

) 
A

b
b

re
vi

at
io

n
s:

 C
I,

 c
o

n
fi

d
e

n
ce

 in
te

rv
al

; P
P

V
, p

o
si

ti
ve

 p
re

d
ic

ti
ve

 v
al

u
e;

 N
P

V
, n

eg
at

iv
e 

p
re

d
ic

ti
ve

 v
al

u
e;

 P
LR

, p
o

si
ti

ve
 li

ke
lih

o
o

d
 r

at
io

; N
LR

, n
eg

at
iv

e 
lik

el
ih

o
o

d
 r

at
io

. 

Clinical predictors of mortality

149



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 150PDF page: 150PDF page: 150PDF page: 150

Chapter 6 

150

DISCUSSION 

The NSS was derived from a large, prospective, multi-country cohort study to 

inform enrolment of infants in clinical trials. It also has potential to help in 

identification of infants needing urgent care. We validated this tool in predicting 

mortality in an external population of 3746 young infants of whom 17% died 

during hospitalisation. The NSS demonstrated fair discrimination for mortality 

among hospitalised infants, including those who were likely to have SBI based 

on the presence of NSIC. Presence of ≥1 of the NSS signs had 99% sensitivity for 

mortality, thereby demonstrating the tool’s utility in identifying infants at risk 

of death. A potential screening rule for high-risk infants requiring prioritization 

in clinical care would require the presence of ≥4 NSS factors at admission, given 

that this cutoff had the best performance (sensitivity 84%, specificity 62%) in 

discriminating mortality at admission. 

Young infants now comprise majority of admissions and deaths among children 

in LMICs31 and reduction of mortality in this age group, particularly during the 

perinatal period, has lagged behind that in older children.32 Delayed treatment, 

overtreatment, or failure to treat with appropriate antibiotics is associated with 

clinical deterioration, organ dysfunction, prolonged hospitalization,33 

antimicrobial resistance,13 increased healthcare costs,34 and mortality.33 Several 

studies have identified individual clinical signs that predict severe disease and 

mortality in young infants in LMICs,14 35 including a recently published analysis 

of data from the African Neonatal Sepsis Trial conducted in 5 sites in the 

Democratic Republic of Congo, Kenya and Nigeria that included 7129 infants 

aged <60 days presenting at first-level health facilities with possible serious 

infection.36 Infants with signs of critical illness (convulsions, inability to feed or 

no movement at all) had the highest case fatality ratio (17%) compared to 

infants with fast breathing (0.2% and 2.0% in infants age 7-59 days and 0-6 days 

respectively) or clinical severe infection (2.3%; severe chest indrawing, axillary 

temperature ≥38⁰C or <35.5⁰C, poor feeding or movement only when 

stimulated). In addition, the risk of mortality was higher in infants presenting 

with signs of critical illness but managed as outpatients compared to infants 

who were hospitalised, underscoring the importance of appropriate medical 

care of seriously ill infants. Despite knowledge of signs associated with mortality 

in young infants, identification of infants needing urgent individualised care in 

LMICs remains challenging, and there is need of context-specific criteria or tools 

that can reliably guide clinical decision making in these settings. 
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The NSS was derived from a model based on characteristics and clinical 

parameters of infants enrolled in NeoObs and clinically suspected to have SBI at 

study enrolment, and internally validated in 15% of infants enrolled. We 

demonstrated fair discrimination ability of the score for mortality among infants 

meeting NSIC, similar to NeoOBS study results (AUC 0.76 [0.69-0.8]) in its 

validation set). Similar results were obtained among all admissions, including 

those not meeting NSIC, hence supporting applicability of this tool in the general 

population of hospitalised infants who often present with nonspecific signs. 

Importantly, the score had similar performance when admission weight or birth 

weight was used. Missing birth weight is a common finding in hospitalised 

infants in our setting as this is influenced by factors such as place of birth or 

poor documentation of health records within health facilities. The high 

proportion of missing birth weights may result in bias, and we therefore used 

admission weight for our primary analysis. Seventy-eight percent of infants in 

our study were hospitalised within the first week of life hence it is likely that 

admission weight was a valid proxy measure for birth weight.37 Our cut-off of 

≥4 NSS factors was different from that of ≥5 NSS factors proposed by the 

NeoObs study (submitted for publication). This difference may be due to 

different population characteristics and follow-up (28-days in NeoObs versus 

duration of hospitalisation in our study) since the population in Kilifi is rural and 

smaller than that of most of the hospitals that participated in NeoObs. In 

addition, respiratory support at KCH is limited to oxygen supplementation, with 

no capacity for positive airway pressure therapy or invasive ventilation. 

The NSS is the first mortality prediction rule in young infants developed and 

validated in the LMICs. Paediatric prognostic scores developed in high-income 

countries such as the paediatric Sequential Organ Failure Assessment (pSOFA) 

score have limited applicability in LMICs as they mostly included older children 

age >60 days in emergency departments or intensive care settings and 

incorporated variables not routinely available in LMICs e.g. regular 

measurement of mean arterial pressure.38 The Neonatal Sequential Organ 

Failure Assessment (nSOFA) score was developed15 and validated16 in preterm 

VLBW neonates in the USA. In a multicentre validation study of 20152 neonates 

admitted to neonatal intensive care units (NICU) between 2009-2020, nSOFA 

score had good to excellent discrimination with an AUC 0.88-0.89 in the first 24 

hours of admission and 0.93-0.95 by day 28 of all-cause mortality across all birth 

weights.39 In addition, similar to our study, nSOFA was also found to be useful 

in mortality risk stratification; neonates with a score >4 had higher mortality 
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than neonates with a score ≤4 at evaluation (13% vs 67%, p<0.001), +6 hours 

(15% vs 64%, p=0.002), and +12 hours (7% vs 71%, p<0.001).15 However, 

applicability of nSOFA in our setting is limited as its components (e.g. use of 

mechanical ventilation and inotropes) are unavailable in most public hospitals, 

and its performance among term neonates and infants aged 29-59 days needs 

further evaluation. The NSS relies on simple parameters that can be easily 

assessed by clinicians in LMICs without detailed maternal history (e.g., of 

potential risk factors), detailed clinical examination, or any laboratory tests. 

Since the NSS was derived from a cohort of infants with higher likelihood of SBI 

based on the presence of NSIC, we investigated performance in discriminating 

confirmed SBI. The NSIC had fair sensitivity with a high NPV for SBI, particularly 

in infants ≤48 hours old who comprised the majority of admissions and deaths 

in our study. However, the criteria had low specificity and PPV, and 11% of 

infants with SBI were misclassified as not having SBI. Current WHO9 and Kenya 

paediatric guidelines23 recommend empiric antibiotics in all infants presenting 

with signs suggestive of pSBI. Based on the performance of the NSIC, the criteria 

can be used to identify infants who have SBI and guide continuation of antibiotic 

treatment in the absence of confirmatory cultures. However, it is important to 

note that the signs were not 100% sensitive for SBI, hence clinical assessment 

of infants’ progress while undergoing treatment for suspected SBI is vital to 

minimise residual diagnostic uncertainty. Existing prediction rules for SBI were 

developed and validated in high-income countries to identify febrile infants at 

low risk of SBI thereby not requiring hospitalization or intravenous antibiotics.19 

20 For example, the Paediatric Emergency Care Applied Research Network 

(PECARN) rule (well-appearing, temperature ≥38⁰C, urinalysis negative, 

absolute neutrophil count ≤4.1 x103cells/µL, and procalcitonin ≤1.71 ng/mL) 

was derived and validated in a cohort of 1,821 infants age <60 days reviewed at 

26 emergency departments, and had 98% sensitivity, 60% specificity, 21% PPV, 

and 100% NPV.19 The PECARN rule excluded infants with antibiotic pre-

treatment or critically ill infants who form majority of admissions in our setting. 

We found 3% of infants lacking laboratory signs and meeting NSIC had SBI hence 

the criteria can be utilised to identify infants with IBI where laboratory tests are 

unavailable to clinicians, and support management of infants being treated for 

suspected SBI.  



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 153PDF page: 153PDF page: 153PDF page: 153

Clinical predictors of mortality 

153

Limitations 

Our retrospective study had several limitations. The NSS was derived from a 

population of infants who met NSIC and were followed up for 28-day mortality 

across a wide range of hospitals. Our analysis focused on inpatient fatalities with 

variable lengths of hospitalization. Missed laboratory results due to difficult 

venepuncture, clotted samples, or selective blood gas analysis measurement 

may have biased our assessment of the NSIC. Presence of clinical surrogates for 

missing laboratory signs e.g. signs of respiratory distress for acidosis,40 may have 

mitigated this bias. We were unable to assess the extent to which subjective 

assessment of clinical signs affected our results. Most deaths (94%) occurred 

prior to performing an LP hence this may have resulted in an underestimation 

of the prevalence of SBI. In addition, we lacked data on antibiotic pre-treatment 

which may influence culture positivity.  

Conclusion 

In this validation study, the NSS appeared to be a useful prognostic tool for 

inpatient mortality in young infants that can guide prioritization and allocation 

of treatment and resources, particularly among at-risk infants presenting with 

a score of ≥4. Compared to the NSIC, the NSS did not miss the infants it was 

designed to detect (those who died during hospitalisation) thereby showing 

promise in optimising clinical care and outcomes. While the NSS has potential 

for use in tailoring antibiotic treatment based on risk of mortality at admission, 

the NSIC can be used to support clinicians in identifying infants likely to have SBI 

in the absence of cultures. However, 11% of confirmed SBI cases were not 

detected by NSIC therefore clinicians need to maintain a high index of suspicion 

during initial treatment. Strengthening of laboratory capacity and training of 

clinicians in recognition of signs is important for improved infant care and 

survival. Our results support the use of the NSS in clinical practice and research 

alongside additional further external validation of the NSS in LMICs in different 

settings and sample frames with varying SBI prevalence. 
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Supplementary Tables 

Supplementary Table 1. NeoOBS study inclusion criteria 
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Supplementary Table 2. NeoSEP severity score 

Factor Score value if present Maximum possible 
score value per 

factora 

Time in hospital: ≤10 days 1 1 

Gestational age: <37 weeks 1 1 

Birth weight: 

• >2 kg

• 1-2 kg

• <1 kg

0 
1 
2 

2 

Congenital anomalies 2 2 

Temperature 

• <35.5⁰C

• 35.5-37.9⁰C

• 38-38.9⁰C

• ≥39⁰C

1 
0 
1 
2 

2 

Maximum respiratory support: 

• None

• Oxygen supplementation

• CPAP, BiPAP, HFNC

• Invasive ventilation

0 
2 
3 
3 

3 

Abdominal distension 1 1 

Difficulty in feeding 1 1 

Evidence of shockb 1 1 

Lethargy/no or reduced movement: 

• Lethargy only

• No movement or movement only on

stimulation +/- lethargy

1 
2 

2 

Abbreviations: Kg, kilogram; ⁰C, degree Celsius; CPAP, continuous positive airway pressure; 
BiPAP, bilevel positive airway pressure; HFNC, high flow nasal canula. 
aPossible maximum score, 16 
bIncluding capillary refill time >3seconds, mottled skin, cold peripheries or other signs of shock 
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Supplementary Table 3. Blood and cerebrospinal fluid culture isolates 

Blood culture 
(n=554 infants) 

CSF culture 
(n=23 infants) 

Presumed pathogens n=160 infants n=15 infants 

Gram positive 

Staphylococcus aureus 17 1 

Group B Streptococcus 12 4 

Enterococcus speciesa 6 0 

Streptococcus pneumoniae 3 1 

Streptococcus pyogenes 3 0 

Group D Streptococcus 2 0 

Paenibacillus thiaminolyticus 2 1 

Gram negative 

Klebsiella pneumoniae 57 5 

Escherichia coli 22 0 

Acinetobacter speciesb 15 0 

Enterobacter cloacea 14 1 

Pseudomonas aeruginosa 6 1 

Salmonella species 5 0 

Haemophilus influenzae 4 1 

Aeromonas hydrophila 2 0 

Stenotrophomonas maltophilia 2 0 

Morganella morganii 1 0 

Serratia marcescens 1 0 

Total isolates 174 15c 

Likely pathogenic n=5 infants n=0 infants 

Gram positive 

Bacillus cereus 4 0 

Gram negative 

Chryseobacterium indologenes 1 0 

Total isolates 5 0 

Likely nonpathogenic n=389 infants n=5 infants 

Gram positive 

Coagulase negative Staphylococcusd 296 1 

Coryneforms 47 0 

Bacillus speciese 30 3 

Viridans Group Streptococcusf 10 1 

Micrococcus speciesg 6 0 

Othersh 13 0 

Gram negative 

Pseudomonas speciesi 7 0 

Othersj 10 0 

Total isolates 419 5 
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Supplementary Table 3. Blood and cerebrospinal fluid culture isolates (continued) 

Blood culture 
(n=554 infants) 

CSF culture 
(n=23 infants) 

aEnterococcus species (n=4), Enterococcus faecalis (n=1), Enterococcus faecium (n=1) 
bAcinetobacter species (n=7), Acinetobacter baumannii (n=6), Acinetobacter 
calcoaceticus/baumannii (n=2) 
cSix had similar CSF and blood culture isolates: Group B Streptococcus (n=3), Paenibacillus 
thiaminolyticus (n=1), Enterobacter cloacea (n=1) and Haemophilus influenzae n=1) 
dStaphylococcus epidermidis (n=148), Staphylococcus haemolyticus (n=76), Staphylococcus 
hominis (n=63), Staphylococcus capitis (n=4), Staphylococcus arlettae (n=2), Staphylococcus 
gallinarum (n=1), Staphylococcus pasteuri (n=1), Staphylococcus warneri (n=1), 
Staphylococcus xylosus (n=1) 
eBacillus species (n=30), Bacillus pumilus (n=2), Bacillus megaterium (n=1) 
fStreptococcus viridans (n=55), Streptococcus mitis (n=2), Streptococcus gallolyticus (n=1), 
Streptococcus milleri (n=1), Streptococcus oralis (n=1), Streptococcus vestibularis (n=1) 
gMicrococcus species (n=4), Micrococcus luteus (n=1), Micrococcus lylae (n=1) 
hOther Gram positive likely nonpathogenic: Brevibacterium paucivorans (n=1), 
Corynebacterium species (n=1), Corynebacterium amycolatum (n=1), Corynebacterium 
mucifaciens (n=1), Corynebacterium simulans (n=1), Group F Streptococcus (n=1), Kocuria 
palustris (n=1), Microbacterium oleivorans (n=1), Microbacterium trichothecenolyticum (n=1), 
Streptococcus species (n=4) 
iPseudomonas stutzeri (n=5), Pseudomonas oryzihabitans (n=2) 
jOther Gram negative, likely nonpathogenic: Arthrobacter globiformis (n=1), Comamonas 
kerstersii (n=1), Cupriavidus gilardii (n=1), Klebsiella oxytoca (n=1), Leclercia adecarboxylata 
(n=1), Pantoea species (n=2), Pantoea septica (n=1), Unidentified gram-negative fastidious 
rod (n=2)



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 161PDF page: 161PDF page: 161PDF page: 161

Clinical predictors of mortality 

161

Supplementary Table 4. Comparison of baseline characteristics before and during 

NeoOBS study 

All 
(n=3746) 

Before 
NeoOBS 
(n=2284) 

During 
NeoOBS 
(n=1462) 

P 
value 

Infant characteristics 

Age, days 1 (0-5) 1 (0-5) 1 (0-5) 0.097 

Age categories 

     ≤48 h 2542 (68) 1535 (67) 1007 (69) 0.547 

>48 h – 7 d 397 (11) 249 (11) 148 (10) 

>7 d – 59 d 807 (22) 500 (22) 307 (21) 

Weight, kg 2.7 (1.8-3.2) 2.7 (1.9-3.2) 2.7 (1.8-3.2) 0.427 

Length, cm 
48 (43-50) 48 (43-50) 47 (43-50) 0.305 

MUAC, cm 
9.5 (8.0-11) 9.5 (8.0-11) 9.5 (8.0-11) 0.183 

Head circumference, cm 34 (31-36) 34 (32-36) 34 (31-36) 0.247 

Male 2159 (58) 1315 (58) 844 (58) 0.772 

Born at KCH 1861 (50) 1099 (48) 762 (52) 0.026 

Clinical signs and symptoms 

Abnormal temperature (>37.5⁰C or 
<36.5⁰C) or temperature instabilitya 

2813 (75) 1752 (77) 1061 (73) 0.009 

Respiratory signsb 2582 (69) 1564 (69) 1018 (70) 0.601 

No or reduced movement 1442 (39) 858 (38) 584 (40) 0.229 

Lethargy or drowsiness 479 (13) 269 (12) 210 (14) 0.047 

Abnormal heart rate (>180/min or 
<100/min) 

472 (13) 304 (13) 168 (11) 0.192 

Evidence of shockc 428 (11) 263 (12) 165 (11) 0.726 

Convulsions 261 (7.0) 165 (7.2) 96 (6.6) 0.433 

Inability to feed 253 (6.8) 172 (7.5) 81 (5.5) 0.047 

Cyanosis 191 (5.1) 104 (4.6) 87 (6.0) 0.118 

Apnoea 122 (3.3) 81 (4.0) 41 (2.8) 0.345 

Irritability 90 (2.4) 66 (2.9) 24 (1.6) 0.039 

Abnormal posturing 86 (2.3) 58 (2.5) 28 (1.9) 0.346 

Abdominal distension 81 (2.2) 53 (2.3) 28 (1.9) 0.528 

Multiple or severe skin pustules 80 (2.1) 55 (2.4) 25 (1.7) 0.266 

Grunting 40 (1.1) 18 (0.8) 22 (1.5) 0.083 

Bulging fontanel 30 (0.8) 21 (0.9) 9 (0.6) 0.443 

Pus from umbilical stump 23 (0.6) 19 (0.8) 4 (0.3) 0.065 

Hypotonia or floppiness 20 (0.5) 17 (0.7) 3 (0.2) 0.060 

Petechial rash 0 (0) 0 (0) 0 (0) 0.436 
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Supplementary Table 4. Comparison of baseline characteristics before and during 

NeoOBS study (continued) 

All 
(n=3746) 

Before 
NeoOBS 
(n=2284) 

During 
NeoOBS 
(n=1462) 

P 
value 

Laboratory signs 

WBC <4 or >20 x109 cells/Ld 926 (25) 568 (25) 358 (24) 0.602 

ANC <1.5 x109 cells/Ld 257 (6.9) 156 (6.8) 101 (6.9) 0.556 

Acidosisd e 1,492 (40) 930 (41) 562 (38) 0.254 

Outcome 

Alive 3125 (83) 1914 (84) 1211 (83) 0.437 

Died 621 (17) 370 (16) 251 (17) 

Data are median (IQR), n (%) 
Abbreviations: kg, kilogram; cm, centimetre; MUAC, mid-upper arm circumference; KCH, Kilifi 
County Hospital; sec, second; min, minute; ⁰C, degree Celsius; WBC, white blood cells; ANC, 
absolute neutrophil count; mmol/L, millimoles per litre. 
a Includes temperature gradient. Overall. 1,645 (44%) infants had temperature <36.5⁰C, 
1,114 (30%) had temperature >37.5⁰C  
b Includes severe chest in-drawing, difficulty in breathing, irregular or deep respiration, 
abnormal respiratory rate (<30 or >60 breaths per minute), hypoxia (oxygen saturation 
≤90%), increased oxygen requirement or requirement for ventilation support 
c Evidence of shock include capillary refill time (CRT) > 3 sec, weak or bounding pulse, or 
mottled skin 
d Complete blood count was offered to all infants at admission, but 6% (219/3,746) had 
missing results due to difficult venepuncture or clotted samples. Blood gas analysis was 
selectively done in 1,797/3,746 (48%) seriously ill infants who were hospitalised in the high 
dependency unit. 
e Base excess <-10 mmol/L or blood lactate >2 mmol/L 
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Supplementary Table 5. Comparison of individual NeoOBS study inclusion criteria 

signs between infants with serious bacterial infection and infants without serious 

bacterial infection 

SBI (n=175) No SBI (n=3571) P value 

Clinical criteria 

Abnormal temperature (>37.5⁰C or 
<36.5⁰C) or temperature instabilitya

No 33 (19) 896 (25) 0.178 

Yes 142 (81) 2671 (75) 

Missing 0 (0) 4 (0.1) 

Respiratory signsb

No 53 (30) 1107 (31) 0.891 

Yes 122 (70) 2460 (69) 

Missing 0 (0) 4 (0.1) 

No or reduced movement 

No 96 (55) 2168 (61) 0.099 

Yes 79 (45) 1363 (38) 

Missing 0 (0) 40 (1.1) 

Lethargy or drowsiness 

No 152 (87) 3075 (86) 0.483 

Yes 23 (13) 456 (13) 

Missing 0 (0) 40 (1.1) 

Abnormal heart rate (>180/min or 
<100/min) 

No 128 (73) 3142 (88) <0.001 

Yes 47 (27) 425 (12) 

Missing 0 (0) 4 (0.1) 

Shockc 

No 145 (83) 3133 (88) 0.028 

Yes 30 (17) 398 (11) 

Missing 0 (0) 40 (1.1) 

Convulsions 

No 164 (94) 3283 (92) 0.528 

Yes 11 (6.3) 250 (7.0) 

Missing 0 (0) 38 (1.1) 

Inability to feed 

No 163 (93) 3290 (92) 0.474 

Yes 12 (6.9) 241 (6.8) 

Missing 0 (0) 40 (1.1) 

Cyanosis 

No 170 (97) 3345 (94) 0.168 

Yes 5 (2.9) 186 (5.2) 

Missing 0 (0) 40 (1.1) 

Apnoea 

No 161 (92) 3423 (96) 0.002 

Yes 14 (8.0) 108 (3.0) 

Missing 0 (0) 40 (1.1) 
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Supplementary Table 5. Comparison of individual NeoOBS study inclusion criteria 

signs between infants with serious bacterial infection and infants without serious 

bacterial infection (continued) 

SBI (n=175) No SBI (n=3571) P value 

Irritability 

No 170 (97) 3446 (97) 0.392 

Yes 5 (2.9) 85 (2.4) 

Missing 0 (0) 40 (1.1) 

Abnormal posturing 

No 164 (94) 3456 (97) 0.002 

Yes 11 (6.3) 75 (2.1) 

Missing 0 (0) 40 (1.1) 

Abdominal distension 

No 167 (95) 3458 (97) 0.038 

Yes 8 (4.6) 73 (2.0) 

Missing 0 (0) 40 (1.1) 

Multiple or severe skin pustules 

No 168 (96) 3458 (97) 0.111 

Yes 7 (4.0) 73 (2.0) 

Missing 0 (0) 40 (1.1) 

Grunting 

No 174 (99) 3492 (98) 0.482 

Yes 1 (0.6) 39 (1.1) 

Missing 0 (0) 40 (1.1) 

Bulging fontanel 

No 171 (98) 3505 (98) 0.034 

Yes 4 (2.3) 26 (0.7) 

Missing 0 (0) 40 (1.1) 

Pus from umbilical stump 

No 173 (99) 3510 (98) 0.224 

Yes 2 (1.1) 21 (0.6) 

Missing 0 (0) 40 (1.1) 

Hypotonia or floppiness 

No 175 (100) 3511 (98) 0.437 

Yes 0 (0) 20 (0.6) 

Missing 0 (0) 40 (1.1) 

Petechial rash 

No 175 (100) 3531 (99) 0.260 

Yes 0 (0) 0 (0) 

Missing 0 (0) 40 (1.1) 
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Supplementary Table 5. Comparison of individual NeoOBS study inclusion criteria 

signs between infants with serious bacterial infection and infants without serious 

bacterial infection (continued) 

SBI (n=175) No SBI (n=3571) P value 

Laboratory signs 

WBC <4 or >20 x109 cells/Ld 

No 120 (69) 2481 (69) 0.016 

Yes 52 (30) 874 (24) 

Missing 3 (1.7) 216 (6.1) 

ANC <1.5 x109 cells/Ld 

No 131 (75) 3136 (88) <0.001 

Yes 41 (23) 216 (6.1) 

Missing 3 (1.7) 219 (6.1) 

Acidosisd, e

No 17 (9.7) 294 (8.2) <0.001 

Yes 94 (54) 1398 (39) 

Missing 64 (37) 1879 (53) 

Data are median (IQR), n (%) 
Abbreviations: SBI, serious bacterial infection; kg, kilogram; cm, centimetre; MUAC, mid-
upper arm circumference; KCH, Kilifi County Hospital; sec, second; min, minute; ⁰C, degree 
Celcius; WBC, white blood cells; ANC, absolute neutrophil count; mmol/L, millimoles per litre. 
a Includes temperature gradient. Axillary temperature <36.5⁰C was recorded in 78/175 (45%) 
infants with SBI and 1567/3571 (44%) infants without SBI, while temperature >37.5⁰C was in 
61/175 (35%) infants with SBI and 1053/3571 (29%) infants without SBI.  
b Includes severe chest in-drawing, difficulty in breathing, irregular or deep respiration, 
abnormal respiratory rate (<30 or >60 breaths per minute), hypoxia (oxygen saturation 
≤90%), increased oxygen requirement or requirement for ventilation support 
Forty-seven (27%) infants with SBI had abnormal heart rate (>180/min [n=36] or <100/min 
[n=11]) compared to 425 (12%) infants without SBI (>180/min [n=342] or <100/min [n=83]), 
p<0.001. 
c Evidence of shock include capillary refill time (CRT) > 3 sec, weak or bounding pulse, or 
mottled skin 
d Complete blood count was offered to all infants at admission, but some had missing results 
due to clotted samples. Blood gas analysis was not done in all infants and was limited to 
those who were seriously ill hence this sample is biased. 
e Base excess <-10 mmol/L or blood lactate >2 mmol/L 
f ≥2 of above clinical and/or laboratory features of which 1 must be clinical 
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Supplementary Table 6. Performance of NeoOBS study inclusion criteria, comparing 

infants aged ≤48h with infants aged >48h-59d 

NSIC SBIa No SBI P 
value 

Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV 
(95% CI) 

NPV 
(95% CI) 

Overall 
(n=3746) 

n=175 n=3571 

     No 19 
(11) 

733 
(21) 

0.002 89 
(84-93) 

21 
(19-22) 

5.2 
(4.4-6.1) 

98 
(96-99) 

     Yes 156 
(89) 

2838 
(79) 

≤48 hr 
(n=2542) 

n=99 n=2443 

     No 10 
(10) 

420 
(17) 

0.065 90 
(82-95) 

17 
(16-19) 

4.2 
(3.4-5.2) 

98 
(96-99) 

     Yes 89 
(90) 

2023 
(83) 

>48h-59d 
(n=1204)

n=76 n=1128 

     No 9 
(12) 

313 
(28) 

0.002 88 
(79-94) 

28 
(25-31) 

7.6 
(6.0-10) 

97 
(95-99) 

     Yes 67 
(88) 

815 
(72) 

Abbreviations: SBI, serious bacterial infection; CI, confidence interval. 
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Supplementary Table 7. Association of NeoOBS study inclusion criteria with mortality 

Died 
(n=621) 

Survived 
(n=3125) 

Univariable 
Odds Ratio 

(95% CI) 

P 
value 

Multivariable 
Odds Ratio 

(95% CI) 

P 
value 

NSIC 

     No 5 
(0.8) 

747 
(24) 

1.0 - 1.0 - 

     Yes 616 
(99) 

2378 
(76) 

39 
(16-94) 

<0.001 32 
(13-77) 

<0001 

Age category 

     ≤48h 507 
(82) 

2035 
(65) 

1.0 - 1.0 - 

>48h-7d 42 
(6.8) 

355 
(11) 

0.5 
(0.3-0.7) 

<0.001 0.7 
(0.5-1.0) 

0.044 

>7-59d 72 
(12) 

735 
(24) 

0.4 
(0.3-0.5) 

<0.001 0.5 
(0.4-0.7) 

<0.001 

Weight, kg 2.1 
(1.2-
2.9) 

2.8 
(2.0-3.3) 

0.5 
(0.4-0.6) 

<0.001 1.4 
(1.0-1.9) 

0.082 

Length, cm 45 
(37-49) 

48 
(44-50) 

0.9 
(0.8-0.9) 

<0.001 0.9 
(0.9-1.0) 

0.006 

Head 
circumference, cm 

32 
(27-35) 

35 
(32-36) 

0.8 
(0.8-0.9) 

<0.001 1.0 
(0.9-1.0) 

0.078 

MUAC, cm 8.5 
(7.0-10) 

9.6 
(8.3-11) 

0.7 
(0.6-0.7) 

<0.001 0.8 
(0.7-0.9) 

0.004 

Sex 

     Female 262 
(42) 

1308 
(42) 

1.0 - - - 

     Male 354 
(57) 

1805 
(58) 

1.0 
(0.8-1.2) 

0.813 - - 

     Missing 5 
(0.8) 

12 
(0.4) 

2.1 
(0.7-6.0) 

0.172 - - 

SBI - - 

     No 558 
(90) 

3013 
(96) 

1.0 - 1.0 - 

     Yes 63 
(10) 

112 
(3.6) 

3.0 
(2.2-4.2) 

<0.001 2.5 
(1.7-3.5) 

<0.001 

Data are N (%) or median (IQR) 
Abbreviations: NSIC, NeoOBS study inclusion criteria; d, days; h, hours; CI, confidence 
interval; kg, kilogram; cm, centimetre; MUAC, mid-upper arm circumference; SBI, serious 
bacterial infection. 
*Univariable logistic model for infants who died vs. survived
†Multivariable logistic model for infants who died vs. survived, including variables with P<0.1
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Supplementary Figures 

Supplementary Figure 1. Performance of the NeoSEP severity score using birth weight 

Area under receiver operating characteristic curve for NSS for mortality. Scores: (A) ≥1, 

(B) ≥2, (C) ≥3, (D) ≥4, (E) ≥5, (F) ≥6, (G) ≥7, (H) ≥8, (I) ≥9, (J) ≥10, (K) ≥11.
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Part III 

Is fosfomycin a safe and potentially useful 

new antimicrobial treatment for neonatal 

sepsis in the context of antimicrobial 

resistance?
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Chapter 7 

Randomised controlled trial of fosfomycin 

in neonatal sepsis: pharmacokinetics and 

safety in relation to sodium overload 

Christina W Obiero, Phoebe Williams, Sheila Murunga, Johnstone Thitiri, 

Raymond Omollo, Ann Sarah Walker, Thaddaeus Egondi, Borna Nyaoke, 

Erika Correia, Zoe Kane, Silke Gastine, Karin Kipper, Joseph F Standing, 

Sally Ellis, Mike Sharland, James A Berkley for the NeoFosfo Study Group 

Archives of disease in childhood 2022:archdischild-2021-322483. 
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ABSTRACT 

Objective To assess pharmacokinetics and changes to sodium levels in addition 

to adverse events associated with fosfomycin among neonates with clinical 

sepsis.  

Design A single-centre open-label randomised controlled trial 

Setting Kilifi County Hospital, Kenya 

Patients 120 neonates aged ≤28 days admitted being treated with standard-

of-care (SOC) antibiotics for sepsis: ampicillin and gentamicin between March 

2018 and February 2019.  

Intervention We randomly assigned half the participants to receive additional 

intravenous then oral fosfomycin at 100mg/kg two times per day for up to 7 

days (SOC-F) and followed up for 28 days. 

Main outcome(s) and measure(s) Serum sodium, adverse events and 

fosfomycin pharmacokinetics. 

Results 61 and 59 infants aged 0-23 days were assigned to SOC-F and SOC 

respectively. There was no evidence of impact of fosfomycin on serum sodium 

or gastrointestinal side-effects. We observed 35 adverse events (AEs) among 25 

SOC-F participants and 50 AEs among 34 SOC participants during 1,560 and 

1,565 infant-days observation respectively (2.2 vs 3.2 events/100 infant-days; 

incidence rate difference -0.95 events/100 infant-days [95%CI -2.1 to 0.20]). 

Four SOC-F and 3 SOC participants died. From 238 pharmacokinetic samples, 

modelling suggests an intravenous dose of 150mg/kg two times per day is 

required for pharmacodynamic target attainment in most children, reduced to 

100mg/kg two times per day in neonates aged <7 days or weighing <1500g.  

Conclusion and relevance Fosfomycin offers potential as an affordable regimen 

with a simple dosing schedule for neonatal sepsis. Further research on its safety 

is needed in larger cohorts of hospitalised neonates, including very preterm 

neonates or those critically ill. Resistance suppression would only be achieved 

for the most sensitive of organisms so fosfomycin is recommended to be used 

in combination with another antimicrobial. 

Trial registration ClinicalTrials.gov: NCT03453177 
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INTRODUCTION 

Antimicrobial resistance (AMR) disproportionally impacts populations in low- 

and middle-income countries (LMICs). Reductions in mortality have been less in 

neonates than older children, and at least one-quarter of neonatal deaths are 

attributable to infection.1 AMR contributes to this burden, with multidrug-

resistant (MDR) pathogens accounting for ~30% of global neonatal sepsis 

deaths.2 

The World Health Organization (WHO) recommends ampicillin, penicillin or 

cloxacillin (if Staphylococcus aureus infection is suspected) plus gentamicin 

(first-line), and third-generation cephalosporins (second-line) for empiric 

treatment of neonatal sepsis.3 With spread of extended spectrum β-lactamase 

(ESBL) and carbapenemase enzymes,4 clinical isolates are commonly reported 

non-susceptible to this regimen.5 Carbapenem-sparing is important in 

controlling MDR,6 and reintroduction of legacy antibiotics has been advocated 

to address the lack of new affordable antibiotics.7 

Fosfomycin is an off-patent phosphonic acid derivative identified as ‘critically 

important’ by the WHO.8 Fosfomycin is bactericidal9 and exhibits activity against 

Gram-positive and -negative bacteria, including methicillin-resistant S. aureus, 

vancomycin-resistant Enterococcus spp., ESBL-producers, and may penetrate 

biofilms.10 Fosfomycin demonstrates in vitro synergy with aminoglycosides and 

carbapenems11 12 and is commonly used for MDR urinary tract infections in 

adults.13  

Current paediatric intravenous fosfomycin dosing recommendations are 

divergent, ranging between 100-400mg/kg/day, without published oral dosing 

regimens. Four neonatal studies estimate an elimination half-life of 2.4-7 hours 

following 25-50mg/kg intravenously.14 15 Protein binding was minimal and 

maximum concentration was in-line with adult data.16 17 Bactericidal effects are 

thought to correlate with either time above the minimum inhibitory 

concentration (MIC)16 or area under the curve (AUC) to MIC ratio.18 19 

Case reports totalling 84 neonates treated with intravenous fosfomycin 120-

200mg/kg/day suggest it is well-tolerated.20-24 Toxicity among adults and older 

children appears low.25 However, parenteral fosfomycin contains 

14.4mmol/330mg sodium per gram - a potential safety concern in neonates 
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whose sodium reabsorption is inversely proportional to gestational age (GA).26 

Furthermore, oral fosfomycin contains a high fructose load (~1600mg/kg/day), 

which may predispose to gastrointestinal side effects and impact fluid 

balance.27 28

We aimed to assess pharmacokinetics (PK) and changes to sodium levels in 

addition to adverse events (AEs) associated with intravenous followed by oral 

fosfomycin in neonates with clinical sepsis. 

METHODS 

Participants and study design 

We conducted an open-label randomised controlled trial of standard of care 

(SOC) antibiotics alone, versus SOC plus intravenous then oral fosfomycin, in 

neonates with clinical sepsis at Kilifi County Hospital (KCH), Kenya. 

Screening and eligibility 

All neonates admitted to KCH were screened. Inclusion criteria were: age ≤28 

days, weight >1500g, gestation >34 weeks and meeting criteria for intravenous 

antibiotics per WHO3 and Kenyan29 guidelines. Neonates were excluded if 

requiring cardiopulmonary resuscitation, grade 3 hypoxic ischemic 

encephalopathy,30 sodium ≥150mmol/L, creatinine ≥150µmol/L, jaundice 

requiring exchange transfusion, allergy or contraindication to fosfomycin, a 

specific indication for another antibiotic class, admitted from another hospital 

or not residing within Kilifi county (Figure 1). 

Participants were enrolled within 4 hours of the first dose of SOC antibiotics, 

until September 2018 when a protocol amendment extended this to within 24 

hours to include overnight admissions. Written informed consent was sought 

by trained field assistants in the carer’s preferred language. 

Enrolment and randomization 

A randomisation schedule with random block sizes was used to assign 

participants (1:1) to continue SOC antibiotics only or receive SOC plus (up to) 7-

days of fosfomycin (SOC-F) (Figure S1 in Supplement 2). Concealment was by 

sequentially numbered opaque sealed envelopes. 
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Figure 1. Trial Flowchart. 
CPR, cardiopulmonary resuscitation; HIE, hypoxic ischaemic encephalopathy; IV, 

intravenous; SOC, standard of care; SOC-F, standard of care plus fosfomycin. *Reasons 

include mother postcaesarean section (46) or seriously ill (6), absconded from hospital 

(3), discharged against advice (3), abandoned by mother (1) and already enrolled into 

another study (1). †One SOC-F participant died after completing follow-up (on day 106). 

This original figure was created by CWO for this manuscript. 
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Study treatment

SOC entailed ampicillin or cloxacillin (if Staphylococcal infection was suspected) 

plus gentamicin as first-line antibiotics, or third-generation cephalosporins (e.g. 

ceftriaxone) as second-line antibiotics according to WHO and Kenya paediatric 

guidelines.3 29 Participants randomised to SOC-F also received intravenous 

fosfomycin for at least 48 hours, switching to oral when tolerating feeds 

sufficiently to presume adequate absorption of oral medications. Fosfomycin 

(intravenous or oral) was administered for 7 days or until discharge, whichever 

occurred first. Fomicyt™ 40 mg/ml fosfomycin sodium solution for intravenous 

infusion (Infectopharm GmbH, Germany) and Fosfocina® 250mg/5ml 

fosfomycin calcium suspension for oral administration (Laboratorios ERN, 

Spain) were given at 100 mg/kg/dose two times per day.  

Follow-up, safety monitoring and outcomes 

Participants were followed-up for 28 days. All participants were cared for in the 

same high dependency unit to standardise AE monitoring. Complete blood 

count and biochemistry (including sodium) were done at admission, days 2 and 

7, and were repeated if clinically indicated. AEs were coded according to 

MedDRA v22.0. Severity was classified according to DAIDS v2.1. AEs were 

followed-up until clinical resolution or judged to be chronic and stable while 

receiving care. “Anticipated” AEs were defined a priori as those expected to 

occur commonly in this population, including likely deteriorations of conditions 

present at birth (Trial Protocol in Supplement 1). 

Pharmacokinetics 

Patients allocated to SOC-F were randomly assigned to one early (5, 30 or 60 

minutes) and one late (2, 4 or 8 hours) PK sample after both the first intravenous 

and first oral fosfomycin doses. A non-systematic fifth sample was collected for 

participants still hospitalised on day 7. Opportunistic cerebrospinal fluid (CSF) 

samples were collected from clinically indicated lumbar punctures (LP). Sample 

processing and fosfomycin measurement are described in Supplement 2. 

Statistical methods 

We reviewed admission data between 2015-2016 and calculated a mean 

sodium of 139 mmol/L (standard deviation [SD] 7.6, range 106-198) among 
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1,785 neonates weighing >1500g. Excluding 132 neonates who had serum 

sodium of >150mmol/L (our exclusion criteria) resulted in a mean sodium of 137 

mmol/L (SD 5.2) among the remaining 1,653 neonates. A sample size of 45 per 

arm was subsequently calculated to ensure a 5mmol/L difference in plasma 

sodium at day 2 could be determined with >85% power based on local prior 

sodium distribution data.  

For PK, a sample size of 45 provided >85% power to estimate PK parameters for 

clearance, volume of distribution and bioavailability with 95% confidence 

intervals (95%CI) with precision of ≥20% using simulation-estimation. For this, 

an adult disposition model, with age and size scaling to neonates with added 

first-order absorption and assumed bioavailability was used.32 To allow for 

missed samples, we aimed to recruit 60 neonates per arm. 

Differences in baseline parameters were tested using Chi-squared test, 

Student’s t-test or Wilcoxon rank-sum test. Differences in sodium, potassium, 

creatinine and alanine aminotransferase (ALT) at day 2 and 7 were tested using 

analysis of covariance (ANCOVA) adjusting for baseline values. For AEs, serious 

adverse events (SAEs) and adverse drug reactions (ADRs), we estimated 

incidence rate ratios (IRR) and rate differences (IRD) between arms with two-

sided exact CIs using STATA version 15.1 (StataCorp, College Station, TX, USA). 

Model-based estimation of PK parameters was undertaken using first-order 

conditional estimation with interaction in NONMEM v7.4.31 Full details of PK 

model development and simulations are provided elsewhere.31  

Ethical review and oversight 

The protocol was approved by KEMRI Scientific and Ethical Review Unit 

(KEMRI/SERU/CGMRC/097/3513), Kenya Pharmacy and Poisons Board 

(PPB/ECCT/17/10/01/2017(200)) and Oxford Tropical Research Ethics 

Committee (26-17). The trial was registered (NCT03453177). DNDi/GARDP 

undertook on-site monitoring and an independent Data Safety and Monitoring 

Board provided oversight. 
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RESULTS 

Enrolment 

Between March 19, 2018, and February 6, 2019, 120 neonates (61 SOC-F, 59 

SOC) were enrolled (Figure 1), 42 (35%) before the protocol amendment. 

Median (IQR) age, weight and GA were 1 day (IQR 0-3), 2,750g (2,370-3,215) 

and 39 weeks (38-40) respectively. Baseline characteristics and laboratory 

parameters are presented in Table 1 and Table S1 in Supplement 2.  

Two neonates had detected bacteraemia (Table S2 in Supplement 2). Two of 55 

neonates who underwent an LP had laboratory-confirmed meningitis 

(Streptococcus agalactiae bacteraemia with CSF leukocytes ≥20 cells/µL [SOC-

F]; positive CSF antigen test for Streptococcus pneumoniae and CSF leukocytes 

≥20 cells/µL [SOC]). 

Treatment fidelity and follow-up 

One SOC-F neonate erroneously received only SOC antimicrobials and was 

excluded from PK analyses. Two SOC-F and one SOC neonate withdrew consent 

- data are included up to withdrawal. All except two SOC participants (cloxacillin

plus gentamicin [n=1] and ceftriaxone [n=1]) received ampicillin plus gentamicin

at admission. Table S3 in Supplement 2 shows antibiotic combinations

administered in participants who received antibiotics other than ampicillin plus

gentamicin at admission or following change of treatment. Ten SOC-F

participants switched to second-line therapy due to clinical deterioration or

meningitis, five prior to the fourth PK sample (Table S3 in Supplement 2).

Overall, 60 participants received at least one intravenous fosfomycin dose and

58 at least one oral dose.

Six (4 SOC-F, 2 SOC) participants died in hospital (Figure 1). One SOC participant 

died three days post-discharge (day 22). One SOC-F participant missed follow-

up and was later found to have died on day 106 (outside the study follow-up 

period); data were included up to day 28. Three SOC-F infants were lost to 

follow-up. Total infant/days of observation were 1,560 and 1,565 for SOC-F and 

SOC respectively, of which 422 and 314 were in hospital. 
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Table 1. Baseline characteristics 

SOC (n=59) SOC-F (n=61) All (n=120) SOC vs 
SOC-F  

P value 

Age (days) 1 (0-4) 1 (0-3) 1 (0-3) 
Gestational age (weeks) 38 (37-40) 40 (38-40) 39 (38-40) 0.079 
Sex 
Female 24 (41) 24 (39) 48 (40) 0.881 
Male 35 (59) 37 (61) 72 (60) 
Anthropometry 
Weight (g) 2700 

(2080-3200) 
2800 

(2500-3230) 
2750 

(2370-3215) 
0.154 

Head circumference (cm) 34.0 
(32.5-36.0) 

34.7 
(33.6-36.0) 

34.6 
(33.0-36.0) 

0.173 

Length (cm) 48.0 
(44.4-49.5) 

48.0 
(46.0-49.5) 

48.0 
(45.0-49.5) 

0.371 

Admitted from 
KCH maternity 24 (41) 28 (46) 52 (43) 0.846 
Other health facility 20 (34) 19 (31) 39 (33) 
Home 15 (25) 14 (23) 29 (24) 
Clinical symptoms 
Fever 21 (36) 22 (36) 43 (36) 0.957 
Difficulty in breathing 39 (66) 40 (66) 79 (66) 0.951 
Difficulty feeding 10 (17) 11 (18) 21 (18) 0.876 
Seizures 8 (14) 11 (18) 19 (16) 0.502 
Vomiting 1 (1.7) 1 (1.6) 2 (1.7) 0.981 
Clinical signs 
Axillary temperature (°C) 36.8 

(36.3-37.4) 
37 

(35.7-37.6) 
36.9 

(35.9-37.5) 
0.580 

Heart rate (bpm) 147 (136-161) 147 (138-158) 147 (138-159) 0.471 
Respiratory rate (bpm) 54 (45-68) 56 (48-68) 56 (48-68) 0.953 
Oxygen saturation (%) 96 (86-97) 95 (88-98) 96 (88-98) 0.484 
Capillary refill ≥2 sec 12 (20) 14 (23) 26 (22) 0.728 
Respiratory distressa 43 (73) 37 (61) 80 (67) 0.156 
Jaundice 6 (10) 11 (18) 17 (14) 0.217 
Skin lesionsb 4 (6.8) 3 (4.9) 7 (5.8) 0.664 
Abdominal distension 5 (8.5) 1 (1.6) 6 (5.0) 0.086 
Impaired consciousnessc 2 (3.4) 9 (15) 11 (9.2) 0.031 
Abnormal posture 1 (1.7) 3 (4.9) 4 (3.3) 0.223 
Abnormal tone 8 (14) 13 (21) 21 (18) 0.264 
Bulging fontanel 
Agitated 9 (15) 11 (18) 20 (17) 0.683 
Lethargic 10 (17) 17 (28) 27 (23) 0.152 

Data are n (%) or median (q25 – q75). Abbreviations: g, gram; cm, centimetre; bpm, beats per 
minute or breaths per minute. a Nasal flaring, lower chest wall indrawing and/or grunting.  
b Pustules, vesicles, petechiae and/or cellulitis.  
c Responsive to pain only or unresponsive.  
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Biochemical Safety 

On day 2, the mean (SD) plasma sodium values were 137mmol/L (4.6) in SOC-F 

vs 136mmol/L (3.7) in SOC participants; mean difference +0.7mmol/L (95%CI -

1.0 to +2.4). On day 7, mean (SD) sodium values were and 136mmol/L (4.2) vs 

139mmol/L (3.3); mean difference -2.9mmol/L (95% CI -7.5 to +1.8) (Table 2). 

On day 2, mean (SD) potassium concentration was marginally (yet not clinically 

significantly) lower in SOC-F than SOC infants: 3.5mmol/L (0.7) vs 3.9mmol/L 

(0.7), difference -0.4mmol/L (95%CI -0.7 to -0.1). There was no evidence of 

difference between arms in other laboratory parameters (Table 2). 

Adverse events 

We observed 35 AEs in 25 SOC-F participants and 50 AEs in 34 SOC participants; 

2.2 events/100 infant and 3.2 events/100 infant-days respectively: IRR 0.7 

[95%CI 0.4 to 1.1], IRD -0.9 events/100 infant-days [95%CI -2.1 to +0.2, p=0.11]. 

Twelve SAEs occurred among 11 SOC-F participants and 14 SAEs among 12 SOC 

participants (0.8 events/100 infant-days in SOC versus 1.0 events/100 infant-

days; IRR 0.8 [95%CI 0.4 to 1.8], IRD -0.2 events/100 infant-days [95%CI -0.9 to 

+0.5, p=0.59]. Hypoglycaemia was the most common AE (5 SOC-F and 6 SOC); 4

cases in each arm were Grade 3 or 4 (Table S4 in Supplement 2). Three SOC-F

and 4 SOC participants had moderate or severe thrombocytopenia and were

well at day 28 without platelet transfusion. AEs classified as “anticipated”

occurred in 13 SOC-F and 13 SOC participants (Table S5 in Supplement 2). Three

SOC participants were re-admitted to hospital (pneumonia [n=2] and febrile

illness of unknown origin [n=1]); all were discharged home alive. One SOC-F

participant had a mild perineal rash and another SOC-F participant experienced

moderate diarrhoea 13 days post-discharge; both resolved without sequelae.

Excluding mortality, 50 AEs resolved while 27 were either resolving, had not

changed, or had resolved with sequelae (Table S6 in Supplement 2). No AEs

were related to study medication.
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Pharmacokinetics 

Sixty participants had at least one intravenous PK sample collected. Fifty-five 

participants contributed complete sets of 4 samples, and 5 participants had 

partial sets. Six participants had a sample collected on day 7. Overall, 238 

plasma (119 for intravenous and 119 for oral fosfomycin) and 15 CSF samples 

were analysed. No sample had fosfomycin levels below the limit of 

quantification.31 

Population PK model development and simulation results are described in detail 

elsewhere.31 Briefly, a 2-compartment PK disposition model with an additional 

CSF compartment provided a good fit to the data, with clearance and volume at 

steady-state for a typical participant (weight [WT] 2805g, postnatal age [PNA] 1 

day, postmenstrual age [PMA] 40 weeks) being 0.14L/h (0.05L/h/kg) and 1.07L 

(0.38L/kg) respectively. In addition to fixed allometric and expected PMA 

maturation based on renal function,32 PNA was associated with increasing 

clearance over the first week of life. The model-based population estimate of 

oral bioavailability was 0.48 (95%CI 0.35 to 0.78) and CSF/plasma ratio was 0.32 

(95%CI 0.27 to 0.41). 

Simulated steady state plasma concentration-time curves are illustrated in 

Figure S2 in Supplement 2. Probability of target attainment (PTA) for AUC:MIC 

thresholds for bacteriostasis, 1-log kill and resistance suppression are given in 

Figures 2 & 3 for the studied population (weight >1500g), and extrapolated 

using data from smaller neonates. Given the rapid increase in clearance over 

the first week of life, simulations were further stratified by PNA (Table S7 in 

Supplement 2). 

Resistance suppression could not be consistently achieved with any simulated 

dosing regimens for organisms with MIC >0.5mg/L (Figures 2 & 3). For 100mg/kg 

two times per day intravenously, bacteriostasis could be achieved with 100% 

PTA for an MIC of 32mg/L in all four simulated strata (Figure 2). Regarding 1-log 

kill, PTA for 100mg/kg two times per day intravenously for an MIC of 32mg/L 

was 0.84 and 0.96 for Groups 1 and 3 with PNA ≤7days, but PTA was lower at 

0.19 and 0.60 for Groups 2 and 4 with PNA >7 days. At 150 and 200mg/kg two 

times per day intravenously, PTA for 1-log kill was 0.64 and 0.90 in Group 2, and 

0.91 and 0.98 in Group 4 respectively. 
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Oral dosing with 100mg/kg two times per day in Groups 2 and 4 yielded PTA 

values for bacteriostasis of 0.85 and 0.96 respectively (Figure 3), and PTAs for 

Groups 1-4 were 0.15, 0.004, 0.41 and 0.05 respectively for 1-log kill at an MIC 

of 32mg/L. 

Figure 2: Probability Target Attainment for intravenous fosfomycin dosing. 

Neonatal Sub-Populations. Group 1: WT>1.5kg+PNA<=7days (n=4391), Group 2: 

WT>1.5kg+PNA>7days (n=2798), Group 3: WT<=1.5kg+PNA<=7days (n=1534), Group 

4: WT<=1.5kg+PNA>7days (n=1277). Groups 1 and 2 represent patients similar to those 

fitting our inclusion criteria. Groups 3 and 4 represent an extrapolation to pre-term 

neonates that were not studied in our population. This original figure was created by ZK 

for this manuscript. BID, two times per day; IV, intravenous; MIC, minimum inhibitory 

concentration; PNA, postnatal age; WT, weight. 
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Figure 3: Probability Target Attainment for oral fosfomycin dosing. 

Neonatal Sub-Populations. Group 1: WT>1.5kg+PNA<=7days (n=4391), Group 2: 

WT>1.5kg+PNA>7days (n=2798), Group 3: WT<=1.5kg+PNA<=7days (n=1534), Group 

4: WT<=1.5kg+PNA>7days (n=1277). Groups 1 and 2 represent patients similar to those 

fitting our inclusion criteria. Groups 3 and 4 represent an extrapolation to pre-term 

neonates using external data that were not studied in our population. This original figure 

was created by ZK for this manuscript. BID, two times per day; MIC, minimum inhibitory 

concentration; PNA, postnatal age; PO, oral; WT, weight. 
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DISCUSSION 

We provide evidence for the use of fosfomycin in infants at 100mg/kg/dose two 

times per day, without evidence of plasma sodium disturbance (intravenous) or 

osmotic diarrhoea (oral) when compared to SOC. Our primary safety objective, 

to detect differences in plasma sodium levels between the two treatment arms 

on day 2, was adequately powered. Although our sample size was too small to 

determine group differences for other safety events, all neonates were closely 

monitored, and events reported contribute towards evidence supporting the 

potential use of fosfomycin as an alternative empiric treatment for sepsis in this 

vulnerable group. However, confirmation of these results in larger and sicker 

cohorts will be important. 

We aimed to enrol neonates aged ≤28 days and did not selectively include 

suspected early onset sepsis. However, 86% neonates were hospitalised within 

the first week of life, confirming the high burden of early neonatal morbidity 

reported in similar LMICs.33-36 High levels of resistance of pathogens causing 

early- and late-onset sepsis (including ESBL Escherichia coli and Klebsiella 

pneumoniae) to empiric antimicrobials have been observed,37-39 potentially 

acquired in the maternity department. Broad-spectrum antimicrobial coverage 

that includes fosfomycin as first-line treatment in such settings may improve 

outcomes and spare the use of carbapenems. 

In common with many antimicrobials,40 PNA was a key covariate in describing 

fosfomycin clearance. This effect was distinct from GA and weight and 

represents rapid glomerular filtration maturation postnatally. Locally, 90% of 

invasive Enterobacterales had fosfomycin MIC ≤32μg/ml15 and for neonates 

aged >7 days it is likely that >100mg/kg/dose intravenously is required for 

bactericidal activity (Figure 2). For a 32μg/ml target, 150mg/kg two times per 

day is suggested for intravenous treatment if PNA >7 days. Once stabilised and 

if there is a requirement to move to oral fosfomycin, doses can be selected with 

consideration of a neonate’s WT, PMA, PNA and the likely pathogen MIC but 

should take account the bioavailability reported here. Studies are needed to 

further assess the safety profile and efficacy of this higher dose recommended 

by our PK model. 

Current guidance on neonatal parenteral fluid and electrolyte intake suggests 

limiting sodium supplementation to 2-3mmol/kg/day with PNA >3 days, with 
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preterm neonates requiring up to 5mmol/kg/day.41 The studied fosfomycin 

intravenous formulation, at 100mg/kg/dose two times per day, provides 2.8 

mmol/kg/day sodium. SOC-F neonates achieved median sodium levels 

<140mmol/L with only one neonate exceeding 145mmol/L (149mmol/L). 

Sodium intake using this fosfomycin formulation at 150mg/kg two times per day 

is calculated at 4.2mmol/kg/day. Thus, higher doses as per revised European 

Medicines Agency recommendations42 will require monitoring electrolytes to 

confirm safety. In addition, studies are needed in neonates with shock or renal 

failure who need close monitoring of electrolytes and fluid balance and will 

likely require dose adjustment. 

Since resistance suppression could only be achieved for the most sensitive of 

organisms, and fosfomycin-inactivating enzymes may exist in transferrable 

plasmids,43 fosfomycin is recommended to be used in combination with another 

antibiotic. The potential utility of fosfomycin plus amikacin for neonatal sepsis 

was recently studied by assessing in vitro activity and pharmacodynamic 

interactions using checkerboard assays and a 16-arm dose-ranged hollow-fibre 

infection model.44 This combination had enhanced bactericidal activity, 

prevented the emergence of resistance, and achieved sterility with lower 

combination exposures, compared to monotherapy with either antibiotic. This 

study concluded that fosfomycin plus amikacin combination is suitable for 

further clinical assessment. Simulation-based PK/pharmacodynamic (PD) 

assessments of ampicillin and gentamicin on 373 residual samples collected 

from 59 SOC-F participants suggested good Gram-positive cover (MIC ≤0.25 

mg/L) but poor coverage against Enterobacterales (MIC ≤2 mg/L), underscoring 

the need for alternative antibiotic combinations in settings with high resistant 

rates. Although analysis of fosfomycin interaction with ampicillin, gentamicin or 

ceftriaxone was not done in this study, previous studies have shown that it has 

synergistic activity with β-lactams, aminoglycosides, and cephalosporins.45 

Trials evaluating fosfomycin combinations in neonatal sepsis are urgently 

needed46 and our data provide the basis on which to evaluate efficacy within a 

combination in multiple settings compared to current SOC, either empirically or 

to treat microbiologically confirmed MDR infections. We are planning a 

multisite randomised clinical trial to assess novel antimicrobial combinations 

(including fosfomycin) for optimal treatment of sepsis in settings with high AMR 

rates and variable SOC antimicrobial choices.47 This trial will be preceded by a 
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run-in confirmatory PK study of fosfomycin at the higher dose identified in the 

current study and will generate further data on fosfomycin safety in a large 

population of neonates at moderate to high risk of mortality across different 

LMIC settings. Robust evidence of sepsis epidemiology and management in 

infants aged <60 days from a recently concluded observational study 

(NCT03721302) is contributing towards the design of this trial. 

Limitations include single-centre recruitment and exclusion of the sickest 

neonates at enrolment, which was judged important given the very limited prior 

information. Our narrow eligibility criteria excluded neonates at highest risk of 

poor outcomes, including very preterm neonates or those critically ill or with 

conditions likely to cause hypernatraemia such as severe hypoxic ischaemic 

encephalopathy. Future trials need to include these vulnerable groups that may 

benefit most from optimal antibiotic treatment.  

Our sample size was not intended to determine antimicrobial efficacy or 

comprehensively establish safety. Enrolment rate increased (42 enrolled/519 

screened versus 79/505) after extension of recruitment window from 4 to 24 

hours, based on guidelines on clinical evaluation of antimicrobial agents for 

AMR.48 We believe that this did not impact our results. Our study highlights 

challenges faced by researchers conducting early phase clinical trials in 

resource-limited settings including difficulties in obtaining informed consent 

from parents/guardians of vulnerable neonates. We implemented strategies to 

optimise consent such as ensuring that key decision makers within each family 

were involved during the process. The small CSF dataset provides evidence of 

appreciable concentrations in CSF; however further data is required for firm 

dosing recommendations for meningitis.  

Strengths of our trial include a low loss to follow-up, standardised observational 

data, a high ascertainment of PK samples, and robust timing and dosing 

information – a logistically challenging exercise in neonates in any setting.49 

Total observation days for neonates in both treatment arms were similar and 

sufficient number of neonates with available day 2 plasma sodium samples and 

complete sets of 4 PK samples contributed to this analysis, despite unbalanced 

losses due to consent withdrawals, loss to follow-up or deaths. 

Increasing AMR in a population who may die rapidly due to inadequate 

antimicrobial coverage is concerning given limited new antibiotics in the 
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pipeline. Fosfomycin offers significant potential as part of a safe, easily 

administered and affordable regimen.  

What is already known on this topic 

Antimicrobial resistance poses a threat to neonatal survival and there is an 

urgent need for affordable new treatment options. 

Intravenous fosfomycin presents a significant sodium load and oral fosfomycin 

preparations contain a large amount of fructose, but limited safety data exists 

in neonates.  

Paediatric and neonatal dosing recommendations for intravenous fosfomycin 

are divergent and there are no published oral dosing regimens. 

What this study adds 

Intravenous and oral fosfomycin had no evidence of impact on serum sodium 

or gastrointestinal side-effects at 100mg/kg two times per day respectively.  

Intravenous fosfomycin 150mg/kg two times per day is likely required for 

pharmacodynamic target attainment in most children, reduced to 100mg/kg 

two times per day in neonates aged <7 days or weighing <1500g. 

Fosfomycin has potential for affordable treatment of neonatal sepsis in 

combination with other antimicrobials whilst sparing carbapenems in the 

context of increasing antimicrobial resistance. 

Supplementary Data 

Supplementary materials are available at ADC Fetal & Neonatal Edition online 

(https://adc.bmj.com/content/archdischild/early/2022/01/24/archdischild-

2021-322483/DC3/embed/inline-supplementary-material-

3.pdf?download=true). Consisting of data provided by the authors to benefit

the reader, the posted materials are not copyedited and are the sole

responsibility of the authors, so questions or comments should be addressed to

the corresponding author.

https://adc.bmj.com/content/archdischild/early/2022/01/24/archdischild-
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Data sharing 

Trial datasets are deposited at https://dataverse.harvard.edu/dataverse/kwtrp 

and are available on request through the KEMRI/Wellcome Trust Research 

Programme Data Governance Committee dgc@kemri-wellcome.org 
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Significant progress to reduce child mortality using effective interventions such 

as vaccines, therapeutics, improved nutrition, and sanitation has been achieved 

over the last three decades despite regional disparities.1 However, reduction of 

mortality in neonates has been slower compared to older children and 

evidence-based strategies are urgently needed to optimize care and outcomes2 

among vulnerable children in sub-Saharan Africa where disease burden is 

highest and healthcare resources are scarce.3-5 Compared to most public 

hospitals in Kenya, children hospitalised at KCH receive better quality of 

healthcare because of reliable clinical and diagnostic support from the KWTRP. 

I leveraged the KWTRP clinical and surveillance platform to address challenges 

faced by clinicians taking care of young children in public hospitals where 

diagnostic capacity and treatment options are limited. In this thesis, different 

aspects of the aetiology, diagnosis and treatment of sepsis and meningitis 

among neonates and young children have been explored. I investigated 

pathogens causing EONS, determined the performance of clinical and 

laboratory criteria in predicting sepsis, meningitis and mortality in young 

children, and examined the safety and PK profile of fosfomycin for potential 

future use in treatment of neonatal sepsis. Chapter 1 provides a general 

introduction to this thesis while Chapter 2 describes our research setting. 

Subsequent chapters describe the studies done to answer specific research 

questions. 

Part I: A molecular assay to help define the causes of early onset neonatal 

sepsis (EONS) 

In Chapter 3, I explored the use of a customised multiplex TAC RT-qPCR platform 

to identify organisms associated with EONS. I reported a novel approach using 

cord blood at birth to detect organisms associated with admission with sepsis 

within the first 48 hours of life since microbial causes of EONS are often already 

acquired in utero.6 Sampling of cases and suitable controls under similar 

circumstances was important to allow for group comparisons and interpretation 

of results. The importance of obtaining parallel samples from suitable controls 

has been demonstrated in previous studies investigating the aetiology of 

infection especially since background DNAemia in healthy controls is common.7 

Examples of infection aetiology studies that faced methodological challenges in 

case definition and selection of controls, and detected multiple organisms in 

both groups include: ANISA (randomly selected healthy community controls 

lacking WHO-defined pSBI; case definition was similar to our analysis except for 

exclusion of tachypnoea due to low specificity; results found that controls were 
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older than cases, and cumulative enrolment of controls did not always track 

pSBI episodes),7 SANISA (hospitalised controls lacking pSBI based on predefined 

clinical and laboratory criteria),8 and Pneumonia Aetiology Research for Child 

Health (PERCH) (randomly selected age-group matched community controls 

with/without respiratory symptoms but not meeting WHO-defined severe or 

very severe pneumonia).9 As seen in these studies and our analysis, selection of 

appropriate comparator groups in infection aetiology studies is vital for causal 

attribution informing treatment and prevention strategies. Case definition may 

have contributed to inclusion of neonates lacking true sepsis in ANISA, SANISA 

and our study, hence development of a consensus definition of neonatal sepsis 

is imperative to standardise study design and harmonise results across different 

settings.10 

In addition to the above methodological challenges, analysis of results is often 

complex when multiple organisms and/or sample types are tested. ANISA,7 

SANISA,8 and PERCH,9 estimated probabilities of aetiology distribution using 

Bayesian latent class analysis that integrated case and control data across 

multiple specimens and diagnostic tests, and accounted for pathogens not 

tested for by the methods used and differences in test sensitivity and specificity. 

However, despite use of refined analytical methods, a large proportion of 

disease remained unattributed in these studies, and it was not possible to 

distinguish primary pathogens responsible for infection in children who tested 

positive for multiple pathogens. Our study design faced similar analytical 

challenges as it tested for multiple organisms in cord blood samples. Attribution 

of organisms to infection or death is complex and sample positivity may be 

influenced by several factors such as specimen contamination,8 11 true 

subclinical detection of circulating non-viable genetic material or low copies of 

organisms insufficient to cause disease, or assay specificity performance. We 

explored different analytical methods to investigate association of organisms 

with pSBI and death, and case attribution to organisms tested. Ordinary logistic 

regression models were not helpful in comparing cases and controls for those 

organisms that tested negative among the controls (models did not yield odds 

ratios). To compare controls, pSBI cases who survived and pSBI cases who died, 

we initially used Bayesian ordered logistic regression. However, this required 

knowledge of informative prior distribution of organisms in our population and 

assumptions made may bias results. Frequentist analysis using ordered logistic 

regression models was used in the final analysis to determine cumulative odds 
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of pSBI and death, and eventually obtain attributable fractions of different 

pathogens. 

Our results demonstrate the high burden of early neonatal morbidity and 

mortality in LMICs,12 13 underscoring the importance of prompt diagnosis and 

treatment that includes specialised neonatal care. Seriously ill neonates are 

admitted to the HDU at our study hospital and receive close monitoring and 

appropriate management. However, capacity for intensive care of those 

neonates who develop acute organ dysfunction due to sepsis is limited. We 

included neonates born at KCH who had available cord blood samples and 

restricted our study population to KHDSS residents in order to establish 

outcomes among healthy neonates (control group). Our results may not be 

generalizable to outborns who are also vulnerable to poor health outcomes and 

may die soon after birth in the community.14 15 

Our study is the first to investigate the diagnostic utility of cord blood in 

detecting pathogens causing EONS in sub-Saharan Africa, including organisms 

associated with early mortality such as GBS.16 Studies done in Ethiopia,17 

Nigeria,18 19 and Mali20 assessed the reference ranges of cord blood 

haematological parameters among healthy term neonates but did not explore 

its use in detecting causes of sepsis among hospitalised neonates. Our 

retrospective study relied on available archived cord blood samples obtained 

using aseptic techniques soon after delivery. K. oxytoca and P. aeruginosa were 

common in cord blood samples obtained from pSBI cases and healthy controls, 

regarded as contaminants, and not associated with pSBI and death. Our results 

were influenced by environmental sample contamination, and potential 

residual confounding by maternal, neonatal or pathogen-specific factors 

associated with infection but not adequately assessed in our retrospective 

design. Future prospective studies testing paired cord blood and peripheral 

venous blood samples using advanced diagnostics such as pathogen-specific 

biomarkers and metagenomic approaches may be more informative with 

minimal sample contamination. 

Although TAC RT-qPCR allows for detection of multiple pathogens at the same 

time, the panels are customised to include specific targets a priori21 and this 

may be a potential source of bias. The choice of the 21 targets included in our 

TAC was based on the range of organisms tested in previous studies 

investigating the causes of neonatal sepsis.7 8 Using TAC RT-qPCR, we identified 

important pathogens associated with pSBI and death. However, it is possible 
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that we missed organisms not prioritised by our TAC panel. Expansion of TAC 

panels and/or use of advanced molecular diagnostics in future studies will allow 

interrogation of other pathogens of interest. In addition, we detected 

organisms not currently recognised as significant pathogens in our setting i.e., 

Ureaplasma spp. and enterovirus. Ureaplasma spp. is associated with adverse 

pregnancy outcomes in premature neonates e.g. bronchopulmonary dysplasia, 

intraventricular haemorrhage and necrotizing enterocolitis.22 Research on the 

use of macrolides for the eradication of Ureaplasma spp. respiratory tract 

colonization in preterms23 and reduction of the risk of bronchopulmonary 

dysplasia24-26 and death26 has been inconclusive. The WHO guidelines do not 

include antibiotic options targeting treatment of Ureaplasma spp. infection in 

at-risk neonates and resistance of Ureaplasma serovars to macrolides and other 

antibiotics is increasing.27 The clinical significance of Ureaplasma spp. detection 

in our setting needs further investigation alongside research on non-culture 

dependent diagnostics and treatment of sick neonates keeping in mind limited 

antimicrobial options.28 Viral targets in our TAC panel included enterovirus and 

CMV which have been associated with severe sepsis-like illness29 30 and 

neurodevelopmental impairment31 in studies done in other settings. Six pSBI 

cases (of which half died) and no healthy controls tested positive for 

enteroviruses while CMV was the commonest virus detected in both cases and 

controls. Lack of peripartum screening and virologic diagnostic methods, and 

costly treatment options such as antivirals (e.g., pleconaril) and intravenous 

immunoglobulin29 limits knowledge of the true burden of neonatal viral 

infection in sub-Saharan Africa. 

Part II: Which clinical features predict serious bacterial infection (SBI [sepsis 

and/or meningitis]) and mortality in newborns and young children following 

changes in disease epidemiology and patient profile? 

Diagnosis of SBI and initiation of empiric antibiotics in resource-limited settings 

depends on recognition of a set of signs and symptoms at admission. Chapters 

4 and 5 describe two studies that investigated the performance of previously 

identified and WHO-recommended clinical signs and symptoms in 

distinguishing children with meningitis from children without meningitis given 

changes in disease epidemiology and patient profile following widespread 

conjugate vaccination. The analysis done in Chapter 4 included young infants 

aged <60 days old while Chapter 5 included children aged between 60 days and 

13 years. I approached these analyses separately, as done in the previous 

analysis at KCH, because of variable meningitis aetiology, clinical presentation, 
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management, and risk of poor outcomes.32 33 We reported a lower prevalence 

of meningitis among young infants (Chapter 4) and older children (Chapter 5) 

than done in previous studies at our centre.34 35 This demonstrates the 

effectiveness of conjugate vaccines on meningitis morbidity, including the 

impact of herd immunity on invasive disease in older children.36 Despite a 

declining prevalence, we observed a high meningitis case fatality showing that 

the risk of poor outcomes is still high as seen in other similar settings.37 We may 

have underestimated meningitis cases occurring in early deaths prior to an LP. 

However, inclusion/exclusion of these children in the analysis did not alter our 

results. Post-mortem LP has been shown to be useful in identifying meningitis 

cases among seriously ill children who die soon after admission but is not often 

possible due to challenges in obtaining consent from parents/guardians.38  

Although, several scoring algorithms for predicting meningitis in young children 

exist, applicability in our setting is limited by differences in patient population 

(e.g. children presenting with meningeal signs only,39 40 age 1 month-18 years,40 

41 hospitalised or reviewed at the outpatient department,40 41 or children with 

CSF pleocytosis only41), bacterial meningitis case definitions, and use of tests 

such as CRP which are not routinely available in our setting.40 Variable 

meningitis case definitions using different cut-offs for CSF WBC, CSF protein and 

CSF:blood glucose ratio (Addendum 1) have been used to classify children as 

having either definitive, probable, or possible meningitis, limiting 

generalisability of results across different settings. For our analyses, meningitis 

was defined based on CSF results as done in the previous studies conducted at 

KCH.34 35 Most public hospitals do not do LPs for CSF analysis due to lack of 

laboratory resources and qualified staff. Gross inspection and basic CSF analysis 

(e.g. microscopy [Gram staining and cell count] and glucose measurement) have 

been shown to aid detection of children with meningitis.42 Capacity for basic CSF 

analysis needs to be prioritised in public hospitals, and adherence to clinical 

guidelines emphasized for better treatment outcomes. 

Our results show that although meningitis has become less common than 

previously reported, it is now more difficult to identify as signs and symptoms 

are less typical than previously found.34 35 Prehospital antibiotic exposure (data 

not available) and missed LPs in early deaths or children who had LPs deferred 

at admission but not done later due to lack of consent or early clinical resolution 

of symptoms may have contributed to missing or misclassifying meningitis 

cases. However, we believe that this was minimised by the level of care 

provided by trained clinicians at KCH that included regular reviews, 
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paediatrician oversight, and reliable diagnostic support. Based on the results of 

these two studies, clinicians should have a high index of suspicion and a low 

threshold for performing an LP and starting treatment in children presenting 

with the signs we investigated. Training and supervision of clinicians on 

recognition of clinical signs and symptoms is crucial. We do not recommend a 

change in the current WHO33 and Kenya paediatric guidelines43 as they are still 

useful in identifying children with meningitis. Changes in the meningitis 

epidemiology secondary to non-vaccine serotype replacement,44 increasing 

AMR,45 and underlying co-morbidities may contribute to atypical clinical 

presentation in children in the coming years. Continued robust surveillance of 

meningitis in sub-Saharan Africa is therefore of paramount importance. Viral 

testing is not done routinely at our centre, and this is the case in public hospitals 

in sub-Saharan Africa. Future research assessing the performance of clinical 

criteria in predicting meningitis confirmed using advanced molecular 

diagnostics for testing bacterial and viral pathogens in CSF is warranted.  

In Chapter 6, I validated a novel score predicting mortality in young infants 

(NeoSep severity score [NSS]) and assessed the performance of a set of clinical 

and laboratory signs (NeoObs study inclusion criteria [NSIC]) in distinguishing 

young infants with SBI from those without SBI. We first determined infants with 

SBI based on the blood and CSF culture results. Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) was 

installed in Kilifi in January 2018 and implemented in February 2018 to support 

conventional cultures in rapid identification of clinical isolates of 

microorganisms.46 This has resulted in identification of rare organisms whose 

clinical significance in children in our setting is not clear. Addendum 2 shows a 

list of culture isolates of unclear significance. I conducted extensive literature 

review to determine the pathogenicity of these organisms in neonates. 

Paenibacillus thiaminolyticus, a known environmental bacterium and rarely 

identified in our setting was detected in two blood culture samples, of which 

one neonate had the same bacteria in CSF. This organism was considered likely 

pathogenic based on cases of neonatal sepsis and meningitis in other settings 

(Addendum 2), and isolation from both blood and CSF samples at KCH. Bacillus 

cereus and Chryseobacterium indologenes were considered likely pathogenic 

based on numerous reports of neonatal bacteraemia or meningitis as shown on 

Addendum 2. Environmental bacteria with no case reports among infants e.g., 

Arthrobacter globiformis, or known commensals causing infection in the 

presence of underlying predisposing factors such as use of invasive medical 
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devices and procedures e.g., Coagulase-negative Staphylococci, were 

considered to be likely nonpathogenic or contaminants. Infants who had 

presumed pathogens of likely pathogenic organisms identified in blood or CSF 

samples were classified as having SBI. Our laboratory is currently updating its 

microbiology database as rare organism are identified, and careful review and 

discussions about the clinical significance of each organism is paramount as this 

impact antibiotic use and treatment outcomes. 

KCH was one of the 19 study sites in 11 countries that participated in the 

NeoObs study, contributing data used to derive the NSS and NSIC. One-hundred 

and ninety-seven (6.1%) of 3,204 infants were enrolled at KCH based on the 

NSIC. Although the sites were predominantly located in LMICs (mostly in Africa 

and Asia), they had variable infant characteristics, resource availability, and 

empiric antibiotic use. Of note, KCH provides medical services to a small, mostly 

rural demographic, has a lower bed-capacity than the other sites, and does not 

have intensive care facilities found in some of the study hospitals e.g., use of 

central venous catheters and invasive ventilation. It was therefore important to 

assess the performance of these criteria in our setting given the heterogenous 

nature of the study sites involved. In addition, existing criteria for SBI developed 

and validated in high-income countries (Addendum 1) have limited applicability 

in our setting. Our analysis found that NSIC discriminated SBI among infants and 

can support clinicians to identify infants needing empiric antibiotics in the 

absence of confirmatory cultures. Although these criteria include laboratory 

parameters, they can be used in the absence of laboratory support since a 

minimum of two clinical signs is sufficient to raise suspicion of SBI. The question 

regarding continuation of antibiotics in infants who experience clinical 

resolution of symptoms at 48-72 hours remains. NSIC were assessed at 

admission and applicability of these criteria among hospitalised infants who 

develop clinical deterioration is not known. The same applies to utility of the 

NSS in predicting mortality in young infants during hospitalisation. Our analysis 

focused on inpatient deaths (17%) which differed from the 28-day mortality 

(11%) reported in the NeoObs study. Despite this difference, we found that NSS 

was a useful prognostic tool for mortality risk in young infants, may guide 

prioritization of resources and antibiotic use, and can inform selection of high-

risk infants for clinical trials. Admission weight served as a reliable proxy 

measure of birth weight and can be used in similar settings where most young 

infant admissions lack documented birth weight due to various reasons. Infants 

presenting with an NSS ≥4 in our setting would benefit from prompt initiation 
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of antibiotics, supportive treatment and close monitoring. Further assessment 

of the NSS and NSIC in clinical practice, external validation in other LMICs, and 

improved healthcare capacity and delivery are warranted.  

Part III: Is fosfomycin a safe and potentially useful new antimicrobial 

treatment for neonatal sepsis in the context of antimicrobial resistance 

(AMR)?  

The final part of this thesis presents the results of a clinical trial investigating 

the safety and PK of fosfomycin in neonates hospitalised with clinical sepsis 

(Chapter 7). Fosfomycin was administered for the first time in our setting 

alongside empiric antibiotics prescribed according to WHO33 and Kenya national 

paediatric guidelines.43 Similar to observations made in the other studies 

involving neonates and young infants, majority of the clinical trial participants 

were hospitalised during the first week of life, highlighting the high burden of 

early neonatal morbidity reported in other similar settings.47 Randomisation of 

neonates into one of the treatment arms effectively minimised the risk of bias 

as the baseline clinical and laboratory parameters were similar between the two 

arms upon study conclusion. Key safety results showed that administration of 

parenteral fosfomycin had no impact on sodium levels, while no gastrointestinal 

side effects were observed following oral fosfomycin administration. PK 

modelling done provided dosing recommendations for use among neonates 

hospitalised with sepsis based on postnatal age and body weight. 

This was the first interventional study involving neonates conducted at our site. 

As expected, we faced several challenges while implementing the study in Kilifi, 

most of which were unique to our target population. Clinical trials investigating 

interventions such as drugs in neonates are crucial since data obtained from 

older children and adults is not sufficient to assure safety and efficacy in this 

vulnerable age group. Early postnatal life is characterised by structural and 

physiological changes (e.g., initiation of pulmonary ventilation and oxygenation, 

and changes in circulatory pathways and metabolism) necessary for adaptation 

to extrauterine life.48 Neonatal physiology is distinct from that seen in older 

children and adults, and influences clinical response following drug 

administration.49 In addition to the biochemical characteristics and route of 

drug administration, drug disposition and pharmacodynamics in neonates is 

affected by age-related maturational differences and changes in organ function 

resulting from illnesses such as sepsis and birth asphyxia.49 50 Extrapolation of 

data from older age groups to neonates is often unreliable and unsafe, hence 
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quality drug trials are crucial to guide use of effective treatments among 

neonates of different postnatal age and weight. Obstacles faced in neonatal 

drug trials include additional regulatory requirements, limited/lack of data from 

early clinical trials in neonates, and ethical issues in the design of randomised 

controlled trials in vulnerable populations such as those related to clinical 

equipoise and choice of comparator groups.51-53 Very few drug trials among 

neonates have been conducted over the past 3 decades despite rising AMR and 

limited availability of effective antibiotics.54 55 In addition, most settings in sub-

Saharan Africa lack capacity to conduct early-phase neonatal clinical trials.55 

Difficulties in obtaining parental informed consent was one of the key 

challenges we faced while conducting our PK trial in Kilifi and the main reasons 

for this were parental distress related to their newborns’ acute illness and short 

time available for decision-making, unwillingness to participate in experimental 

research, hesitancy related to repeated PK blood sampling and inability to 

obtain consent from mothers who had just undergone caesarean section or 

were seriously ill after delivery. Several studies have been done to investigate 

ways in which consent and participation in neonatal trials can be optimised.56-58 

Measures used to improve the consenting process in our study included training 

of staff involved in the process, assessing the parents’/guardians’ 

comprehension using a checklist, involving key family decision makers in the 

process, and ensuring that the consenting process was continuous from 

enrolment to study termination. Timing of PK sampling alongside other samples 

for clinical monitoring where possible reduced the frequency of sampling 

procedures thereby allaying parental anxiety and improving participant 

retention. Lessons learned during implementation of this clinical trial will be 

useful in assuring the success of a future antibiotic trial which is currently in the 

planning phase at our site. 

Other challenges faced in the design of neonatal clinical trials are related to the 

entry criteria and selection of appropriate clinical endpoints and may affect 

generalizability of results across different settings.54 As already described in the 

previous studies/chapters, neonatal sepsis lacks a consensus definition, making 

it challenging to select seriously ill neonates who would benefit most from life-

saving interventions.10 Neonates presenting with signs of sepsis were enrolled 

in our study based on clinical judgement. We started our study with a narrow 

recruitment window of 4 hours which was extended to 24 hours since the first 

dose of intravenous antibiotics according to guidelines on clinical evaluation of 

antimicrobial agents for AMR,59 to include overnight admissions and enhance 
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enrolment rate. We are confident that this protocol amendment did not bias 

our results. Future neonatal antibiotic trials require objective, quantifiable and 

highly specific inclusion criteria useful in monitoring progress and outcomes.54 

The NSS derived from the NeoObs study will be used as inclusion criteria in a 

large multisite prospective antibiotic trial to enrol neonates at high risk of 

mortality. In addition, this study derived criteria to assess disease progression 

among neonates undergoing treatment for sepsis (not tested in this thesis but 

for assessment in future studies). Our sample size was small and had a narrow 

eligibility criterion that excluded the very sick and very small neonates to 

optimise PK sampling. Our study was also not adequately powered to assess 

efficacy and all safety parameters. A larger trial with clearly defined inclusion 

criteria and endpoints and including the very preterm and critically ill neonates 

is needed to confirm the fosfomycin PK parameters and dose regimens reported 

by our study and generate robust evidence of fosfomycin safety among 

neonates. In vitro studies have shown that fosfomycin combined with amikacin 

has enhanced bactericidal activity compared to fosfomycin alone60 and further 

clinical assessment of this combination is needed since our modelling showed 

that resistance suppression could only be achieved for the most sensitive 

organisms using fosfomycin monotherapy. Our study plays a pivotal role in 

efforts towards developing novel effective antibiotic combinations for use in a 

vulnerable population facing increasing AMR with limited treatment options. 

FUTURE PERSPECTIVES, CONCLUSIONS AND RECOMMENDATIONS 

Reduction of sepsis and meningitis burden in sub-Saharan African children is 

dependent upon local and global efforts to improve diagnosis and management. 

The WHO is supporting Member States through advocacy, funding and technical 

assistance to facilitate high-quality primary research on sepsis epidemiology 

and strengthen laboratory capacity.61 Other priority areas targeted by the WHO 

include AMR, surveillance, and use of point-of-care diagnostic and prognostic 

tests (e.g. biomarkers) for early recognition of sepsis. This approach aims to 

address critical research gaps related to sepsis including lack of a consensus 

definition, variable diagnostic criteria, and paucity of quality data from 

prospective studies conducted in high-burden countries. To combat meningitis, 

the WHO recently launched the “Defeating meningitis by 2030” global roadmap 

by which it aims to eliminate bacterial meningitis epidemics, reduce vaccine-

preventable bacterial meningitis cases by 50% and deaths by 70%, and reduce 

disability and improve quality of life in survivors.62 Key action pillars related to 

this thesis include prompt diagnosis and optimal treatment of meningitis cases, 
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efficient and effective disease surveillance, and achievement of high vaccination 

coverage. This strategy acknowledges the need for context-specific diagnosis 

and treatment guidelines and tools, and the threat that AMR poses on 

outcomes. Sustained access and availability of affordable vaccines is essential 

to avoid reversal of gains achieved in reduction of invasive infection following 

conjugate vaccination, and collaboration between GAVI, the Vaccine Alliance 

and countries transitioning from full support to self-financing status such as 

Kenya is important.63 This thesis presents the results of research providing vital 

evidence of the diagnosis and treatment of sepsis and meningitis in neonates 

and young children at a rural Kenyan hospital. The results are generalizable to 

other healthcare settings in sub-Saharan Africa with similar disease burden. To 

support sustained efforts in reduction of child morbidity and mortality 

secondary to sepsis and meningitis, the work presented in this thesis may 

progress in several ways as explored below. 

Diagnosis of sepsis and meningitis 

Establishment of blood and CSF culture capacity in all public hospitals in Kenya 

by the Ministry of Health is crucial for diagnosis of sepsis and meningitis since 

culture remains the gold standard test. Support for basic CSF microscopy and 

glucose measurement will aid diagnosis of meningitis where cultures are 

unavailable. Clinicians should be encouraged to perform LPs in children 

presenting with signs suggestive of meningitis as gross CSF examination may 

raise suspicion of the likelihood of infection and guide initiation of antibiotics. 

Use of WHO and Kenya paediatric guidelines can be enhanced through 

multifaceted interventions including education, training, provision of job aides, 

supervision and feedback.64 This should be coupled with periodic assessment of 

clinical guidelines, including revalidation of signs and symptoms discriminating 

sepsis and meningitis in children to ensure that these are updated promptly if 

needed.  

Molecular tests are costly and logistically challenging for use in routine clinical 

care. However, use of molecular platforms within the context of research 

contributes data on the epidemiology of disease in populations. Expansion of 

TAC RT-qPCR panels may be considered in future studies to interrogate more 

organisms in clinical samples than we did in our study. Molecular rapid 

diagnostic tests such as MALDI-TOF need further exploration in our setting as 

they have been associated with considerable healthcare savings65 and improved 

outcomes (significant reduction in risk of mortality, time to effective therapy 
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and duration of hospitalisation) when used alongside antimicrobial stewardship 

programmes among patients with bloodstream infections in high-income 

countries.66 Metagenomic next-generation sequencing of blood and CSF has 

been shown to enhance pathogen detection and may be explored in future 

studies.67-69 These platforms are also useful in identification of rare organisms 

of unknown pathogenicity in our setting. 

Antimicrobial resistance (AMR) and antibiotic treatment of sepsis and 

meningitis 

Surveillance of AMR is essential to monitor AMR burden and trends, identify 

emerging threats to current treatment regimens and inform interventions and 

policies. This can be done through implementation of global and regional 

initiatives such as the WHO Global Action Plan on AMR (2015)70 and the Kenya 

National Action Plan (2017-2022)71 which aim to control the emergence and 

spread of AMR by improving awareness of AMR, strengthening evidence base 

through surveillance and research, improving infection prevention and control 

practices, optimizing use of antimicrobials, and increasing investments in new 

interventions such as medicines, diagnostics and vaccines. This requires several 

interventions such as building of microbiology laboratory capacity, developing, 

implementing and regulating guidelines, ensuring access to quality 

antimicrobials, establishing antimicrobial stewardship programmes, and 

strengthening data collection and reporting.70 71 The WHO Global Antimicrobial 

Resistance and Use Surveillance System (GLASS) was launched in 2015 to 

standardize global AMR surveillance of epidemiological, clinical, and 

population-level data and inform strategies to curb AMR.72 GLASS has a wide 

range of modules which include routine surveillance of clinical microbiological 

and antimicrobial consumption data, focused surveillance of emerging AMR and 

invasive fungal bloodstream infections, point prevalent surveys of antibiotic 

use, and estimation of the public health impact of AMR. Kenya enrolled in GLASS 

in May 2016. In 2020, GLASS reported high resistant rates of blood stream 

infection caused by K. pneumonia (40-50%) to third generation cephalosporins; 

AMR burden was highest in LMICs despite less data from these regions 

compared to high-income countries.72 Kenya reported on implementation of 

the national surveillance system i.e. 5 participating hospitals and 5 laboratories 

performing antibiotic susceptibility testing with external quality assurance and 

an established national reference laboratory.72 Kenya did not contribute data 

on AMR or antibiotic consumption suggesting that more work is needed to 

strengthen surveillance activities, capacity and data reporting. Current efforts 



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 212PDF page: 212PDF page: 212PDF page: 212

Chapter 8 

212 

to strengthen laboratory capacity and support AMR surveillance activities in 

Kenya include initiatives by the East Africa Public Health Laboratory Networking 

Project (EAPHLNP),73 the Fleming Fund,74 and the United States Centres for 

Disease Control and Prevention (CDC) Global Disease Detection (GDD) 

program.75 

De novo drug discovery and development approaches are costly and time-

consuming and may not address the current urgent demand for effective 

antibiotics given the lack of approved new antibiotics for clinical use. 

Repurposing of existing and underused antibiotics bridges the gap between the 

drug development pipeline and post-development drug licensure. The WHO is 

repurposing older off-patent antimicrobials with retained spectrum of 

antimicrobial activity for treatment of sepsis in children. The Global Antibiotic 

Research and Development Partnership (GARDP), a joint initiative of the WHO 

and the Drugs for Neglected Diseases initiative (DNDi) in support of the Global 

Action Plan for AMR aims to develop an antimicrobial regimen for use in LMICs 

for the empiric treatment of neonatal sepsis in locations with increasing 

resistance to current WHO-recommended treatments.76 77 Fosfomycin, 

flomoxef and amikacin showed the greatest promise for further clinical 

evaluation in children with sepsis77 based on criteria such as low cost, activity 

against MDR bacteria, availability of a license or extensive use in the neonatal 

context if no license exists, and minimal toxicity.76 77 These antibiotics will be 

investigated in new combinations in a large prospective multisite trial among 

hospitalised neonates with sepsis, and compared to existing combinations in 

order to provide a clinically relevant ranking of treatment regimens based on 

safety and efficacy. 

Conclusion 

This thesis provides data on different components of research on sepsis and 

meningitis in neonates and young children, addressing important gaps 

associated with poor outcomes. The data suggests that more studies using 

specific diagnostic tests for sepsis are needed since a large proportion of 

neonates still lacks a causal attribution. Atypical organisms and viruses e.g., 

Ureaplasma spp. and Enterovirus cause infection in neonates in sub-Saharan 

Africa and further research to understand their clinical significance and 

management is needed. Clinical algorithms consisting of signs and symptoms 

predicting sepsis, meningitis and mortality remain useful in guiding patient 

management. Periodic assessment of the performance of clinical criteria in 
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discriminating sepsis and meningitis is important to inform revision of 

management guidelines. Repurposing of legacy off-patent antibiotics shows 

promise as a means to address the urgent need for treatment combinations 

effective against resistant bacteria. Continued surveillance of the causes of 

sepsis and meningitis, antibiotic use and resistance is crucial for improved 

outcomes in vulnerable children in our region. Finally, strengthening of child 

health services in sub-Saharan Africa needs to be prioritised alongside 

development and implementation of cost-effective diagnostic approaches and 

therapeutic options for optimal child survival. 
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SAMENVATTING 

Sepsis (bloedvergiftiging) en meningitis (hersenvliesontsteking) behoren 

wereldwijd tot de belangrijkste doodsoorzaken bij pasgeborenen en jonge 

kinderen en de ziektelast is het hoogst in Afrika ten zuiden van de Sahara. Ten 

gevolge van beperkingen in de diagnostiek is het niet goed mogelijk inzicht te 

krijgen in de etiologie. Klinische beslissingsregels kunnen het  gebruik van 

antibiotica sturen of helpen met de identificatie van kinderen met een hoog 

risico op slechte klinische uitkomst .. In dit verband is het belangrijk dat men 

zich realiseert dat irrationeel antibioticagebruik in het licht van toenemende 

antibiotica resistentie (AMR) en het beperkte aantal nieuwe antibiotica in 

ontwikkeling een bedreiging vormen voor de overleving van Afrikaanse 

kinderen. 

Dit proefschrift heeft als doel een bijdrage te leveren aan verbetering van de 

besluitvorming van clinici die ernstig zieke jonge kinderen moeten behandelen 

in algemene ziekenhuizen, waar de mogelijkheden tot diagnostiek en 

behandeling vaak beperkt zijn.. Verschillende aspecten van de etiologie, 

diagnostiek en behandeling van sepsis en meningitis bij neonaten en jonge 

kinderen zijn onderzocht. Hoofdstuk 1 en hoofdstuk 2 geven achtergrond 

informatie bij het verrichte onderzoek, waarna de daaropvolgende 

hoofdstukken de afzonderlijke studies beschrijven die antwoord geven op 

specifieke onderzoeksvragen. 

In Hoofdstuk 3 hebben we het gebruik van een op maat gemaakt multiplex TAC 

RT-qPCR platform onderzocht om organismen in navelstrengbloed te 

identificeren die geassocieerd zijn met vroeg optredende sepsis bij zuigelingen 

(Early Onset Neonatal Sepsis [EONS]). Bij patiënten en controles werden onder 

vergelijkbare omstandigheden monsters afgenomen om vergelijking tussen 

groepen mogelijk te maken. We hebben belangrijke pathogenen geassocieerd 

met een mogelijk ernstige bacteriële infectie (possible serious bacterial 

infection pSBI) en overlijden geïdentificeerd, waaronder Ureaplasma spp. en 

Enterovirus. Deze pathogenen zijn geassocieerd  met ernstige sepsis en een 

slechte uitkomst die vaak niet gericht behandeld worden. Een van de 

uitdagingen was mogelijke contaminatie van de monsters, aangezien voor deze 

analyse gearchiveerde monsters werden gebruikt. Toekomstige prospectieve 

studies waarbij gepaarde navelstrengbloed- en perifere veneuze bloedmonsters 
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getest met geavanceerde diagnostica zoals pathogeen specifieke biomarkers en 

metagenomics, kunnen helpen bij minimale monstercontaminatie. Bovendien 

is verder onderzoek nodig naar de klinische betekenis en behandeling van 

pathogenen zoals Ureaplasma spp. gedetecteerd in onze studie en de klinische 

bruikbaarheid van navelstrengbloed in de diagnostiek in onze setting. 

In hoofdstukken 4 en 5 wordt de waarde van de eerder geïdentificeerde en 

door de World Health Organization (WHO) aanbevolen ‘clinical signs and 

symptoms’ bij het diagnostiseren  van meningitis bij respectievelijk jonge 

zuigelingen (leeftijd <60 dagen) en kinderen tussen 60 dagen en 13 jaar 

beschreven waarbij tegenwoordig aan het grootste deel van de kinderen 

conjugaatvaccinaties worden gegeven. Wij rapporteren een lagere prevalentie 

van meningitis onder jonge zuigelingen (Hoofdstuk 4) en oudere kinderen 

(Hoofdstuk 5) in vergelijking met eerdere studies in ons centrum, wat de 

effectiviteit aantoont van conjugaatvaccinaties op meningitis morbiditeit, 

inclusief het effect van groeps-immuniteit bij invasieve ziekten bij oudere 

kinderen. Ondanks een dalende prevalentie vinden we een hoge mortaliteit bij 

meningitis, hetgeen aantoont dat het risico op een slechte uitkomst nog steeds 

hoog is, wat in overeenstemming is met bevindingen in andere settings. 

Bovendien tonen wij aan dat meningitis nu moeilijker klinisch te diagnosticeren 

is doordat atypische symptomen op de voorgrond staan. Belangrijk is om op te 

merken dat we mogelijk meningitis gevallen gemist hebben door antibiotica 

inname voor ziekenhuis-presentatie, vroegtijdig overlijden of uitgestelde 

lumbaal puncties (LP). Wij denken dat door de hoge kwaliteit van zorg en 

geavanceerde diagnostische mogelijkheden de kans hierop klein is geweest. Op 

basis van onze resultaten zouden clinici bij een hoge verdenkingsindex een lage 

drempel moeten hebben voor het uitvoeren van een LP en het starten van een 

behandeling bij kinderen die zich presenteren met de door ons onderzochte 

symptomen. Opleiding van clinici om klinische tekenen en symptomen te 

herkennen blijkt weer van cruciaal belang. Wij bevelen geen wijziging aan van 

de huidige pediatrische richtlijnen van de WHO en Kenia, aangezien deze nog 

steeds zeer waardevol zijn voor het identificeren van kinderen met meningitis. 

In algemene ziekenhuizen moet ons inziens prioriteit worden gegeven aan het 

opbouwen van capaciteit om de basale analyse van het hersenvocht (CSF) uit te 

kunnen voeren en moet de nadruk worden gelegd op het toepassen van de 

richtlijnen wat zal leiden tot een betere overleving van kinderen met meningitis. 
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Toekomstig onderzoek zou zich moeten richten op het evalueren van klinische 

criteria bij het voorspellen van meningitis en het opzetten van geavanceerde 

moleculaire diagnostiek voor het testen van bacteriële en virale pathogenen in 

CSF. 

In hoofdstuk 6 hebben we  een nieuwe score onderzocht die de mortaliteit bij 

jonge zuigelingen voorspelt (NeoSep ernstige scorelijst [NSS]) en de waarde 

onderzocht van een set klinische en laboratorium variabelen (NeoObs studie 

inclusie criteria [NSIC]) waarmee  jonge zuigelingen met ernstige bacteriële 

infectie onderscheiden kunnen worden van jonge zuigelingen zonder een 

dergelijke infectie. De NeoObs studie werd onder andere in Kilifi County 

Hospital (KCH) uitgevoerd.  De kenmerken van de kinderen, de beschikbaarheid 

van middelen en het antibioticagebruik varieerden, vandaar de noodzaak om 

de prestaties van deze criteria te evalueren. Onze analyse toonde aan dat NSIC 

bij zuigelingen discrimineerde op SBI en clinici kan helpen bij het identificeren 

van zuigelingen die empirische antibiotica nodig hebben bij afwezigheid van 

confirmatieve kweken. Hoewel deze criteria  laboratorium-parameters 

omvatten, kunnen ze toch worden gebruikt bij afwezigheid van 

laboratoriumondersteuning, aangezien een minimum van twee klinische 

symptomen voldoende is om verdenking van SBI te wekken. De vraag 

betreffende de voortzetting van antibiotica bij zuigelingen bij wie de klinische 

symptomen na 48-72 uur verdwenen zijn, is nog niet beantwoord. Evenmin is 

bekend of NSIC bruikbaar zijn bij kinderen die na opname in het ziekenhuis 

klinisch verslechteren, aangezien de NCIS alleen bij opname werden vastgesteld 

. Hetzelfde geldt voor de bruikbaarheid van de NSS bij het voorspellen van 

sterfte bij jonge zuigelingen tijdens de ziekenhuisopname. Onze analyse was 

gericht op sterfgevallen tijdens de opname (17%), wat verschilde van de sterfte 

na 28 dagen (11%) die in de NeoObs-studie werd gerapporteerd. Ondanks dit 

verschil vinden wij dat NSS een nuttig prognostisch instrument is voor het 

bepalen van sterfterisico bij jonge zuigelingen en een leidraad kan zijn voor de 

prioriteitsbepaling van middelen en antibioticagebruik. Daarbij kan het 

bijdragen aan de  selectie van hoogrisico zuigelingen voor klinische studies. Het 

gewicht bij opname diende als een betrouwbare proxymaatstaf voor het 

geboortegewicht en kan gebruikt worden in vergelijkbare settings waar  de 

meeste jonge zuigelingen bij opname om verschillende redenen geen 

gedocumenteerd geboortegewicht hebben. Zuigelingen met een NSS ≥4 in onze 
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setting zouden baat hebben bij een snelle start van antibiotica, ondersteunende 

behandeling en nauwgezette monitoring. Verdere beoordeling van de NSS en 

NSIC in de klinische praktijk, externe validatie in andere ‘low- and middle-

income countries’ (LMICs), en verbeterde capaciteit van de gezondheidszorg 

zijn nodig. 

Het laatste deel van dit proefschrift presenteert de resultaten van een klinische 

studie naar de veiligheid en farmacokinetiek (PK) van fosfomycine bij neonaten 

die met klinische tekenen van sepsis in het ziekenhuis opgenomen zijn 

(Hoofdstuk 7). In onze studie werd Fosfomycine gegeven naast  empirische 

antibiotica, die  volgens de lokale richtlijnen was voorgeschreven. De 

randomisatie van neonaten in één van de behandelingsarmen minimaliseerde 

de kans op bias, aangezien de klinische en laboratoriumparameters bij de start 

van de studie vergelijkbaar waren. Wat betreft bijwerkingen en toxiciteit bleek 

parenterale fosfomycine geen invloed te hebben op de natriumwaarde in het 

bloed en  werden geen gastro-intestinale bijwerkingen waargenomen na orale 

toediening van fosfomycine. De uitgevoerde PK-modellering leverde 

doseringsaanbevelingen (obv leeftijd en lichaamsgewicht) op voor gebruik bij 

neonaten die met sepsis in het ziekenhuis waren opgenomen. 

Dit was de eerste fosfomycine interventie studie met neonaten die in onze site 

werd uitgevoerd. Moeilijkheden bij het verkrijgen van geïnformeerde 

toestemming van de ouders was een van de belangrijkste uitdagingen waarmee 

wij werden geconfronteerd bij het uitvoeren van onze PK studie in Kilifi. De 

belangrijkste reden hiervoor was de ongerustheid van de ouders door de  acute 

ziekte van hun kind en de beperkte tijd die beschikbaar was om over het geven 

van de toestemming na te denken. Daarnaast was er  aarzeling door de 

herhaalde bloedafnames en  was het onmogelijk om toestemming te verkrijgen 

van moeders die net een keizersnede hadden ondergaan of ernstig ziek waren 

na de bevalling. Ter verbetering van het toestemmingsproces in onze studie 

werden maatregelen getroffen waaronder  het beter opleiding van het 

personeel dat bij het proces betrokken was, het betrekken van de belangrijkste 

besluitvormers in het gezin bij het proces en ervoor zorgen dat het 

toestemmingsproces doorlopend was van inschrijving tot beëindiging van het 

onderzoek. Door waar mogelijk de bloedafnamen voor het onderzoek te laten 

samenvallen met andere bloedafnamen voor klinische monitoring, werd de 
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frequentie verminderd, waardoor de angst van de ouders sterk afnam. Deze 

ervaringen  zullen helpen bij het succesvol uitvoeren van toekomstige PK studies 

in onze site. 

Andere uitdagingen bij het opzetten van neonatale klinische studies waren het 

bepalen van selectiecriteria en de selectie van geschikte klinische eindpunten. 

Zoals reeds beschreven in de vorige studies/hoofdstukken, is er geen consensus 

over de definitie van neonatale sepsis , wat het moeilijk maakt om ernstig zieke 

neonaten te selecteren die het meeste baat zouden hebben bij levensreddende 

interventies. Neonaten die tekenen van sepsis vertoonden, werden in onze 

studie opgenomen op basis van klinische beoordeling Bovendien werden uit 

deze studie criteria afgeleid om de ziekteprogressie te beoordelen bij neonaten 

die een behandeling voor sepsis ondergingen. Onze steekproef was klein en de 

studie had strikte toelatingscriterium waardoor zeer zieke en zeer kleine 

neonaten uitsloten werden van de studie. Onze studie had ook niet de power 

om werkzaamheid en alle veiligheidsparameters te kunnen evalueren. Een 

grotere studie met duidelijk gedefinieerde inclusiecriteria en eindpunten en 

met inbegrip van zeer premature en ernstig zieke neonaten is nodig om de 

fosfomycine PK parameters en doseringsschema's gerapporteerd door onze 

studie te bevestigen en robuust bewijs van fosfomycine veiligheid bij neonaten 

te genereren. Onze studie heeft een bijdrage geleverd aan het ontwikkelen van 

nieuwe effectieve antibioticacombinaties te gebruiken in een kwetsbare 

populatie bij een toenemende AMR en met beperkte 

behandelingsmogelijkheden. . De NSS afgeleid uit de NeoObs studie zal gebruikt 

worden als inclusie criteria in een grote Multi site prospectieve antibiotica 

studie om neonaten met een hoog risico op sterfte in op te nemen. 

TOEKOMSTPERSPECTIEVEN, CONCLUSIES EN AANBEVELINGEN 

Vermindering van sepsis en meningitis in  Afrikaanse kinderen is afhankelijk van 

lokale en wereldwijde inspanningen om diagnose en behandeling te verbeteren. 

Deze dissertatie presenteert de resultaten van onderzoek dat essentieel bewijs 

levert voor de diagnose en behandeling van sepsis en meningitis bij 

pasgeborenen en jonge kinderen in een ziekenhuis op het platteland van Kenia. 

De resultaten zijn generaliseerbaar naar andere ‘settings’ in Afrika met een 

vergelijkbare ziektelast. Ter ondersteuning van duurzame inspanningen in het 

terugdringen van de morbiditeit en mortaliteit bij kinderen als gevolg van sepsis 
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en meningitis, kan het werk dat in deze dissertatie wordt gepresenteerd op 

verschillende manieren worden voortgezet, zoals hieronder wordt beschreven. 

Diagnose van bloedvergiftiging en hersenvliesontsteking 

Voor de diagnose van sepsis en meningitis is het van cruciaal belang dat het 

Ministerie van Volksgezondheid in alle algemene ziekenhuizen in Kenia de 

bloed- en CSF-bacteriële-kweekcapaciteit vergroot, aangezien de kweek 

voorlopig de gouden standaardtest blijft. Ondersteuning voor basismicroscopie 

van CSF en glucosemeting zal de diagnose van meningitis bevorderen wanneer 

geen kweken beschikbaar zijn. Artsen moeten worden aangemoedigd LP's uit te 

voeren bij kinderen die zich presenteren met tekenen die wijzen op meningitis, 

wat kan helpen bij het besluit rondom het starten van antibiotica. De toepassing 

van de pediatrische richtlijnen van de WHO en Kenia kan worden bevorderd 

door veelzijdige maatregelen, waaronder onderwijs, opleiding, supervisie en 

feedback. Dit moet gecombineerd worden met een periodieke her-beoordeling 

van de klinische richtlijnen, met inbegrip van symptomen die gebruikt worden 

in de diagnostiek van sepsis en meningitis. Geavanceerde moleculaire 

diagnostische platforms, waaronder metagenomics (next-generation 

sequencing-technieken), zullen de opsporing van pathogenen in de toekomst 

verbeteren. 

Antimicrobiële resistentie (AMR) en antibiotische behandeling van sepsis en 

meningitis  

Surveillance van AMR is essentieel om de AMR-druk en -trends te monitoren, 

opkomende bedreigingen voor de huidige behandelingsregimes te identificeren 

en beleidsmakers te informeren. Dit vereist adequate microbiologische 

laboratoriumcapaciteit, richtlijnen, toegang tot antimicrobiële middelen van 

goede kwaliteit en een degelijke gegevensverzameling en -rapportage systeem. 

Kenia heeft zich in mei 2016 ingeschreven in het Global Antimicrobial Resistance 

and Use Surveillance System (GLASS) van de WHO; de lokale 

surveillanceactiviteiten, -capaciteit en -rapportage moeten echter worden 

versterkt, aangezien Kenia er niet in is geslaagd om in 2020 gegevens over AMR 

of antibioticagebruik aan GLASS aan te leveren. Een nieuwe aanpak voor de 

ontwikkelen van van geneesmiddelen is duur en tijdrovend en kan wellicht niet 

voorzien in de huidige dringende behoefte aan nieuwe effectieve  antibiotica. 
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Het hergebruik van bestaande en onderbenutte antibiotica kan mogelijk een 

tijdelijke oplossing bieden om nieuwe antibiotica door de ontwikkelingspijplijn 

en het vergunningverleningsproces te loodsen. Voor de behandeling van sepsis 

bij kinderen ondersteunt dee WHO  het hergebruik van oudere antimicrobiële 

stoffen, waarvan het octrooi is verlopen en waarvan de antimicrobiële activiteit 

is behouden, voor de behandeling van sepsis bij kinderen. Het Global Antibiotic 

Research and Development Partnership (GARDP), een gezamenlijk initiatief van 

de WHO en het Drugs for Neglected Diseases initiative (DNDi) ter ondersteuning 

van het wereldwijde actieplan voor AMR, heeft tot doel een antimicrobiële 

regeling te ontwikkelen voor gebruik in LMIC's voor de empirische behandeling 

van neonatale sepsis op locaties met toenemende resistentie tegen de huidige 

door de WHO aanbevolen behandelingen. Voor verdere klinische evaluatie bij 

kinderen met sepsis bleken fosfomycine, flomoxef en amikacine bleken het 

meest veelbelovend  op basis van criteria zoals lage kosten, minimale toxiciteit, 

activiteit tegen MDR bacteriën, beschikbaarheid van een licentie of uitgebreid 

gebruik in de neonatale context als er geen licentie bestaat.(Hoofdstuk 1). Deze 

antibiotica zullen in nieuwe combinaties onderzocht worden in een grote 

prospectieve multi site trial onder gehospitaliseerde neonaten met sepsis, en 

vergeleken worden met bestaande combinaties om zo een klinisch relevante 

rangschikking van behandelingsregimes op te stellen op basis van veiligheid en 

werkzaamheid. 

Conclusie 

Deze dissertatie verschaft inzicht in de verschillende aspecten van het 

onderzoek naar sepsis en meningitis  bij pasgeborenen en jonge kinderen, 

waarbij belangrijke tekortkomingen aan de orde komen die verband houden 

met een slechte klinische uitkomst. De resultaten suggereren dat meer 

onderzoek nodig is met specifieke diagnostische assays voor sepsis, omdat bij 

een groot deel van de neonaten  de etiologie onbekend blijft. Een goed 

voorbeeld zijn de bevinden rond de door atypische organismen en virussen 

(zoals Ureaplasma spp. en Enterovirus) veroorzaakte infecties bij pasgeborenen 

in Afrika. Klinische algoritmen bestaande uit symptomen die bij sepsis en 

meningitis mortaliteit voorspellen, blijven nuttig bij het sturen van de 

behandeling. Een periodieke evaluatie van  de klinische criteria gebruikt voor 

het onderscheiden van sepsis en meningitis is van belang voor de herziening van 
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de richtlijnen. Hergebruik van antibiotica waarvan het octrooi is verlopen, lijkt 

veelbelovend als middel om tegemoet te komen aan de dringende behoefte aan 

behandelingscombinaties die effectief zijn tegen resistente bacteriën. 

Voortdurend toezicht op de oorzaken van sepsis en meningitis, 

antibioticagebruik en resistentie is van cruciaal belang voor het verbeteren van 

de uitkomst bij kwetsbare kinderen in Kenia. Ten slotte moet prioriteit worden 

gegeven aan de versterking van de gezondheidsdiensten voor kinderen in 

Afrika, naast de ontwikkeling en uitvoering van kosteneffectieve diagnostische 

benaderingen en therapeutische opties. 
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Table 2. Culture isolates of unclear clinical significance 

Gram positive No. 
(Sample) 

Associated clinical syndromes 

Arthrobacter 
globiformis 

Likely non-
pathogenic 

1 (BC) 

0 d old 
neonate, 
survived 

Found in soil 
Associated with Whipple’s disease (a multisystemic 
infection characterized by fever, diarrhoea, 
lymphadenopathy, chronic arthritis, central nervous 
system involvement and uveoretinitis) in a 60-year old 
male patient with B27-negative spondyloarthropathy, 
meningitis, lymphadenopathy, and uveitis23 
No case reports in infants 

Bacillus cereus 

Likely pathogenic 

4 (BC) 

0 d (n=3), 2 
survived, 1 
died 

47 d (n=1), 
survived 

An environmental bacterium 
Mainly associated with food poisoning but has been 
implicated in fatal non-gastrointestinal tract infections 
such as pneumonia, fulminant sepsis, and central 
nervous system infections, particularly in 
immunosuppressed individuals, intravenous drug 
abusers, and neonates.24 
Case reports of neonatal meningoencephalitis,25 26 
meningitis,27 bacteraemia,28-30 and fatal sepsis in 
premature neonates.31 
Outbreaks of neonatal respiratory tract infections 
associated with mechanical ventillation.32 33 

Bacillus 
megaterium 

Likely non-
pathogenic 

1 (BC) 

0 d, 
survived 

Found in diverse habitats and rarely pathogenic to 
humans34 
Only four case reports of human infection in adults to 
date: pleuritis with pleural effuion,34 post-surgical 
keratitis,35 cutaneous infection,36 and brain abscess37 
No case reports in infants 

Bacillus pumilus 

Likely non-
pathogenic 

2 (BC) 

0 d (n=2), 
survived 

Soil commensal. Commonly isolated as a culture 
contaminant and rarely implicated as a pathogen.38 
Case report of severe sepsis in 2 neonates.39 
Case report of septic arthritis in a 6 year old healthy 
female child following a fall.38 
Refractory case of central venous catheter infection in an 
immunocompetent 8 year old female child with tufting 
enteropathy on long-term parenteral nutrition.40 

Brevibacterium 
paucivorans 

Likely non-
pathogenic 

1 (BC) 

0 d, died 

Associated with raw milk and milk products and are also 
found on human skin. 
Rarely cause human infections. 
Rare cause of catheter related blood steam infection 
mainly in immunocompromised adult hosts secondary to 
malignancies or AIDS patients.41 42 
Brevibacterium casei associated with intravenous 
catheter-related bacteraemia in children with cancer.43 
No cases reported in infants. 
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Table 2. Culture isolates of unclear clinical significance (continued) 

Gram positive No. 
(Sample) 

Associated clinical syndromes 

Coagulase-
negative 
Staphylococci 

Likely non-
pathogenic 

296 (BC), 1 
(CSF) 

35 died 

Skin and epithelium commensal 
995/9552 (10%) blood culture isolate in neonates in Kilifi. 
Not associated with case fatality of prolonged 
hospitalisation.44  

Corynebacterium 
amycolatum 

Likely non-
pathogenic 

1 (BC) 

6 d, died 

Skin commensal. 
Bacteraemia in 3 adult patients with prolonged 
hospitalization, multi-instrumentation, and severe 
underlying disease.45 
Fatal sepsis in premature neonate. Labour characterised 
with premature rupture of the membrane, maternal 
fever and chorioamnionitis, and C. amycolatum was 
isolated from vaginal swab 24 hr before delivery.46 

Corynebacterium 
mucifaciens 

Likely non-
pathogenic 

1 (BC) 

14 d, 
survived 

Skin commensal. 
Recent case reports of cavitatory pneumonia,47 fatal 
bacteraemia,48 septic cerebral embolus,49 corneal 
ulcer,50 and implantable cardioverter defibrillator 
infective endocarditis51 in adults. 
No case reports in infants. 

Corynebacterium 
simulans 

Likely non-
pathogenic 

1 (BC) 

3 d, 
survived 

Skin commensal. 
Acute pyogenic spondylitis in a 78-year-old male patient 
with diabetes mellitus.52 
No case reports in infants. 

Group F 
Streptococcus 

Likely non-
pathogenic 

1 (BC) 

0 d, 
survived 

Resident flora of the oropharyx, gastrointestinal tract 
and perineum.53 
Related to Streptococcus milleri (part of viridans 
Streptococci) 
Associated with abscess formation, especially in patients 
with history of trauma, perforation, manipulation or 
underlying gastrointestinal pathology.54 Bacteraemia is 
rare.54 55

Also associated with tonsilitis, myocarditis,56 and 
purulent pericarditis.57 
No cases reported in infants. 

Kocuria palustris 

Likely non-
pathogenic 

1 (BC) 

0 d, 
survived 

Skin and mucous membranes commensals that are also 
ubiquitous in the environment. 
Associated with ulcerative keratitis.58  
Other species of Kocuria are associated with both 
superficial and invasive infections in immunocompetent 
and immunosuppressed individuals e.g. urinary tract 
infections, cholecystitis, catheter-associated bacteremia, 
dacryocystitis, canaliculitis, keratitis, native valve 
endocarditis, peritonitis, descending necrotizing 
mediastinitis, brain abscess and meningitis. Predisposing  
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Table 2. Culture isolates of unclear clinical significance (continued) 

Gram positive No. 
(Sample) 

Associated clinical syndromes 

factors include prolonged cathetarization, congenital 

deformities, malignancies and peritoneal dialysis.59 

No cases reported in infants. 

Microbacterium 
oleivorans 

Likely non-
pathogenic 

1 (BC) 

0 d, died 

Found in hydrocarbon-contaminated environments.60 
No human case reports. 

Microbacterium 
trichothecenolytic
um 

Likely non-
pathogenic 

1 (BC) 

1 d, 
survived 

Environmental bacterium.61 
No human case reports. 

Paenibacillus 
thiaminolyticus 

Presumed 
pathogen 

2 (BC), 1 
(CSF) 
BC 

5 d (n=2), 1 
survived, 1 
died 
CSF 

5 d, 
survived 
(same 
bacteria in 
BC) 

Environmental bacterium. Bacteria in this Paenibacillus 
genera are used in agriculture, medicine, process 
manufacturing and bioremediation, and have been 
implicated in spoilage of pasterurized dairy products and 
opportunistic human infections.62 Not detectable on 
human skin.63 
First report of human infection by Paenibacillus 
thiaminolyticus was that of bacteraemia in an 80 year old 
male patient with a permacath for chronic haemodialysis 
due to renal failure. Two successive blood cultures were 
positive for this organisim and resolution of fever and 
peripheral leukocytosis followed administration of 
antibiotics (piperacillin plus an aminoglycoside)  to which 
the bacteria was susceptible. 64 
Isolated from CSF from a Ugandan infant suffereing from 
postinfectious hydrocephalus.65 
Sepsis and meningitis in a 25-day old premature infant 
who died during hospitalization.66 

Streptococcus 
species 

Likely non-
pathogenic 

4 (BC) 

1 d, died 
2 d, died 
29 d, 
survived 
44 d, 
survived 

Bacteria not further differentiated hence associated 
clinical syndromes not listed. 
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Table 2. Culture isolates of unclear clinical significance (continued) 

Gram negative No. 
(Sample) 

Associated clinical syndromes 

Aeromonas 
hydrophila 

Presumed 
pathogen 

2 (BC) 

3 d, died 
1 d, 
survived 

Found in the aquatic environment, drinking water, 
wastewater, sewage and food. An emerging pathogen 
responsible for skin infections, gastroenteritis, 
peritonitis, bacteremia, meningitis, cholera-like illness, 
hemolytic uremic syndrome, and necrotizing fasciitis. 
Cause infections in both immunocompetent and 
immunocompromised humans.67-69 
Causes diarrhoeal disease in children.70 
Meningitis and fulminant sepsis in an Indian preterm 
male neonate. Bactreria isolated in both blood and CSF 
culture. Neonate died on 12th dasy of life despite 
targeted antimicrobial (meropenem).71 
Additional case reports of neonatal sepsis.72-75 
Case report of urinary tract infection in a neonate.76 

Chryseobacterium 
indologenes 

Likely pathogenic 

1 (BC) 

0 d, 
survived 

Ubiquitous in nature, mainly found in soil and water. 
Prevalent on wet or humid surfaces in hospitals and also 
in catheters containing fluids, e.g. feeding tubes and 
central venous catheters.77 78 
Emerging nosocomial pathogen associated with intrinsic 
antibiotic resistance. Causes bacteraemia, meningitis 
due to central nervous system shunt, pneumonia, 
urinary tract in fections, peritonitis due to peritoneal 
catheter dialysis, cellulitis, surgical wound infections, and 
occular infections.78-83 
Community-acquired cases in immunocompetent 
patients have also been reported.84 
Bacteraemia in neonates.85-89 
Meningitis in neonates90 91 
Ventilator-associated pneumonia in neonates with no 
underlying congenital malformations,92 a neonate with 
congenital heart disease,93 and a 3-month old infant with 
meningomyelocele and congenital diaphragmatic 
hernia.94 

Comamonas 
kerstersii 

Likely non-
pathogenic 

1 (BC) 

9 d, 
survived 

Found in water, soil and plants.95 
Emerging cause of severe opportunistic infections mostly 
in adults. About 30 case reports published in literature.96 
Causes bacteraemia and septic shock in patients with 
underlying predisposing factors such as peritonitis, 
appendicitis, perforated appendix, and perforated 
colon.96 97 Reported to also cause localized intra-
abdominal infection (posas abscess), pelvic peritonitis.95  
First case report urinary tract infection in a 5 year old 
female patient.98 
No cases reported in infants. 
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Table 2. Culture isolates of unclear clinical significance (continued) 

Gram negative No. 
(Sample) 

Associated clinical syndromes 

Cupriavidus 
gilardii 

Likely non-
pathogenic 

1 (BC) 

1 d, 
survived 

Environment bacteria isolated from several ecological 
niches including plants and soils contaminated with 
heavy metals.99 
Emerging opportunistic multi-drug resistant pathogen 
that can cause infection such as bacteraemia in both 
immonocompetent and immunocompromised 
patients.100 
Muscular abscess in a male adult patient with history of 
renal transplant.101 
Case report of central venous catheter-related sepsis in a 
7-year old female patient with acute lymphoblastic
leukemia.102

Fatal case of sepsis in a 12-year old female patient with 
severe idiopathic aplastic anaemia.103

No cases reported in infants 

Klebsiella oxytoca 

Likely non-
pathogenic 

1 (BC) 

1 d, 
survived 

Normally acquired from environmental sources that has 
been isolated from clinical samples (mostly blood and 
respiratory secretions). Variable pathogenic significance 
across different studies with clinical significance in 
immunocompromised patints in intensive care units and 
increasing antimicrobial resistance.104 
Outbreak of nosocomial sepsis in 28 infants from 
contaminated disinfectant.105 
Outbreak of infection involving 6 neonates by K. oxytoca 
isolated from clincial specimens and water reservoirs of 
humidifiers and with demonstrated resistance to 
aztreonam and ceftriaxone.106 
Four (0.2%) of 1,859 neonatal meningitis cases 
documented between 2006 and 2016 on the French 
national registry for pediatric bacterial meningitis.107 
Case report of hospital-acquired sepsis in a preterm 
neonate secondary to K. oxytoca contamination of 
intravenous fluid.108 
Case report of septic arthritis in a neonate following 
femoral vein puncture.109 

Leclercia 
adecarboxylata 

Likely non-
pathogenic 

1 (BC) 

10 d, 
survived 

Environmental bacterium found in food and water, and 
part of normal gut flora in animals and humans.110 
Rare human pathogen that causes opportunistic 
infection in immunocompetent individuals or as part of 
polymicrobial infection inimmunocompetent patients.110

111

Case reports include urinary tract infections,110 
folliculitis,112 endocarditis113 bacteraemia, and wound 
infections.111 114

Late-onset bacteraemia and sepsis in premature 
neonates.115 116



597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero597622-L-bw-Obiero
Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023Processed on: 25-5-2023 PDF page: 249PDF page: 249PDF page: 249PDF page: 249

Supplementary material 

249

Table 2. Culture isolates of unclear clinical significance (continued) 

Gram negative No. 
(Sample) 

Associated clinical syndromes 

Pantoea species, 
Pantoea septica 

Likely non-
pathogenic 

2 (BC) 

0 d, 
survived 
2 d, died 
1 (BC) 
47 d, died 

Ubiquitous bacteria that are rarely pathogenic to 
humans.117 Mostly implicated in nosocomial outbreaks 
among neonates and immunocompromised patients.118 
Case reports of neonatal bacteraemia and sepsis 
secondary to Panotea agglomerans119-121 which is the 
most commonly isolated Pantoea spp.118 No case reports 
in infants due to Pantoea septica. 

Pseudomonas 
oryzihabitans 

Likely non-
pathogenic 

2 (BC) 

1 d (n=2), 
survived 

Found in damp environments.122 
Opportunistic human pathogen in patients with 
indwelling catheters and immunosuppression. Rarely 
isolated from clinical specimens.123 
Case reports of bacteraemia,123 meningitis,124 
peritonitis,125 and endophthalmitis in adults.126 
Sepsis in a 1-year old child with multiple pustular skin 
rashes.127 

Pseudomonas 
stutzeri 

Likely non-
pathogenic 

5 (BC) 
0 d (n=3), 
survived 
4 d, 
survived 
35 d, 
survived 

An environmental bacterium and opportunistic human 
pathogen in immunosuppressed patients and patients 
with a recent history of invasive procedures.128 129 
Case reports of bacteraemia,130 meningitis,131 
endocarditis,129 septic arthritis,128 endophthalmitis,132 
and community-acquired vertebral osteomyelitis.133 
No cases reported in infants. 

Stenotrophomona
s maltophilia 

Presumed 
pathogen 

2 (BC) 

0 d, died 

6 d, died 

An environmental bacterium found in aqueous habitats, 
including plant rhizospheres, animals, foods, and water 
sources. Emerging multidrug resistant opportunistic 
pathogen causing nosocomial and community-acquired 
infections  (including respiratory tract infections, 
bacteraemia and meningitis) with significant case fatality 
ratios in children and adults.134 
Reported cases in preterms and term neonates, and 
young infants include early onset sepsis,135 136 
bacteraemia,137 meningitis,138-140 pneumonia,135and 
conjuctivitis.138 
Nosocomial outbreaks in NICUs of colonization and 
infection associated with contaminated tap water, sinks, 
humidifiers, ventilators and disinfectants.141 142 

Unidentified 
gram-negative 
fastidious rod 

Likely non-
pathogenic 

2 (BC) 

1 d, 
survived 
2 d, 
survived 

Abbreviations: BC, blood culture; CSF, cerebrospinal fluid culture. 
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