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Objectives: We aimed to summarize evidence on the pathogenesis, diagnosis, and epidemiology of long-
term sequelae after neonatal bacterial sepsis and meningitis. We also discuss approaches for future
studies to quantify the public health impact of neonatal infection-associated neurodevelopmental

Editor: ]. Bielicki impairment.
Sources: We identified studies, both research articles and reviews, which provide mechanistic infor-
Keywords: mation on the long-term disease, as well as epidemiological studies that describe the frequency of
Bacteria neurodevelopmental impairment in children with and, for comparison, without a history of neonatal
Meningitis bacterial infection. Tools currently used in clinical practice and research settings to assess neuro-
Neonate developmental impairment were also reviewed.
Neurodevelopment Content: We first enumerate potential direct and indirect mechanisms that can lead to brain injury
Sepsis . . . . . .
following neonatal infections. We then discuss summary data, either frequencies or measures of asso-
ciation, from epidemiological studies. Risk factors that predict long-term outcomes are also described.
Finally, we describe clinical approaches for identifying children with neurodevelopmental impairment
and provide an overview of common diagnostic tools.
Implications: The limited number of studies that describe the long-term consequences of neonatal in-
fections, often undertaken in high-income settings and using variable designs and diagnostic tools, are
not sufficient to inform clinical practice and policy prioritization. Multi-country studies with follow-up
into adolescence, standardized diagnostic approaches, and local comparator groups are needed, espe-
cially in low and middle-income countries where the incidence of neonatal sepsis is high.
Reenu Thomas, Clin Microbiol Infect 2024;30:28
© 2023 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reserved.
Epidemiology of neonatal sepsis and meningitis
Neonatal invasive bacterial infections have a high acute fatality
risk and can lead to long-term sequelae, despite adequate treat-
- ment (Fig. 1). The two most clinically consequential presentations
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Fig. 1. Neurodevelopmental impairment and mortality linked to neonatal infections. This illustrates key epidemiological observations: (a) both acute mortality and risk of NDI seem
to be higher in children who develop neonatal bacterial meningitis than those diagnosed with neonatal sepsis; (b) several studies, cited in the main text, provide evidence of post-
acute mortality linked to neonatal infection; and (c) studies with long follow-up (e.g. 10 years or more) are more likely to capture the full burden linked to NDI, as mild and
moderate manifestations become apparent over time. Of note, the proportions presented in this figure are only illustrative, as to our knowledge, no studies have generated
comparative data that inform long-term outcomes after neonatal sepsis and meningitis using standardized NDI assessment tools, and available studies vary by period, geographical
region, population characteristics and pathogen types. Although findings from nationwide cohort studies on GBS sepsis and meningitis and on infancy bacterial meningitis in the
Netherlands and Denmark provide evidence for these patterns, prospective studies on all-pathogen neonatal sepsis and meningitis are urgently needed to quantify the relative
public health impact of these syndromes. GBS, Group B Streptococcus; NDI, neurodevelopmental impairment.

[1,2], and meningitis, an infectious process involving the meninges
and subarachnoid space. Globally, these conditions represent an
important burden to children, with approximately 1.3 million cases
of neonatal sepsis and other neonatal infections estimated to have
occurred in 2017 and a large fraction of the 2.8 million all-age
meningitis cases in 2016 occurring in neonates [3]. A recent
meta-analysis estimated the risk of neonatal sepsis as 28 per 1000
births, with a 3.5-fold higher risk in low-income than in high-
income countries [4]. Incidences and relative frequencies of caus-
ative pathogens also depend on the timing of infection, i.e. on
whether the onset of symptoms occurs during the first days or
week of life (early onset) or later during the neonatal period (late
onset). Table 1 summarizes different aspects of the epidemiology of
neonatal sepsis and meningitis.

There are robust data on the acute severity of neonatal in-
fections, with case fatality risks of sepsis and meningitis in low-
middle-income countries (LMIC) of 18% and 40—58%, respectively,
and in high-income countries of 4% and 8%, respectively [4—7].
However, data on the long-term outcomes of neonates who survive
acute infection are limited in quantity and geographical represen-
tation. In this narrative review, we describe evidence for the risk of
neurodevelopmental impairment (NDI) after neonatal bacterial
sepsis or meningitis. In particular, we discuss clinical studies

providing mechanistic information on NDI associated with
neonatal sepsis, as well as epidemiological studies that describe the
frequency of NDI in children with and, for comparison, without a
history of neonatal bacterial infection. Tools currently used in
clinical practice and research settings to assess NDI were also
reviewed. Finally, we discuss the consequences of increased NDI
risk for the clinical management of children and possible research
directions.

Pathogenesis of brain injury

Brain injury in neonatal infections is best understood for men-
ingitis, where there is direct infiltration of the central nervous
system (CNS) by bacteria and subsequent inflammation. However,
brain injury might result from neonatal sepsis without direct bac-
terial invasion of the CNS, evidenced by the associated increased
risk of NDI [8,9].

Direct bacterial invasion of the CNS and cytotoxicity through the
activation of local inflammatory responses are important mecha-
nisms of brain injury in meningitis. Toll-like receptors play an
important role in the recognition of infectious pathogens and acti-
vation of pro-inflammatory responses, as well as increasing the risk
of hypoxia-ischaemia, resulting in neuronal cell injury [10,11]. In
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Table 1
Epidemiology of neonatal bacterial sepsis and neonatal bacterial meningitis

Pathogens

Early Onset disease

Late Onset disease

Group B Streptococcus
Escherichia coli

Listeria monocytogenes

Other Gram-negative organisms

Coagulase-negative Staphylococcus
Group B Streptococcus
Staphylococcus aureus

Enterococci

E. coli

Klebsiella pneumoniae
Enterobacter cloacae

Acinetobacter baumannii

Candida species

Use of microbiological culture

The sensitivity of blood culture for the identification of the pathogen causing sepsis is dependent on several factors including the volume of blood sampled and whether
antibiotics were administered before sample collection. Because a large fraction of presumed cases of neonatal sepsis has negative culture results with current culture
practices, epidemiological studies that estimate infection incidence, including only culture-confirmed cases, are likely to underestimate neonatal sepsis incidence.
Furthermore, epidemiological studies that assess long-term outcomes of survivors in culture-confirmed sepsis or meningitis cases only might overestimate the long-

term impact of all neonatal sepsis.

Factors influencing incidence estimates

Lack of a standardized case definition for neonatal sepsis
Variations in the availability of laboratory/diagnostic facilities
Hospital-based vs. community-based studies

Antibiotic treatment before sample collection

Variable performance of the lumbar puncture

Difficult access to healthcare, with fatal outcomes before admission

Risk factors for neonatal bacterial sepsis or meningitis

Early-onset disease

Late-onset disease

Prematurity

Sex

Maternal bacterial colonization (GBS)
Intrapartum antibiotic prophylaxis

Caesarean section

Premature or prolonged rupture of membranes
Chorioamnionitis

Prematurity

Birth weight

Sex

Invasive procedure in hospital
Infant colonization

Human immunodeficiency virus

GBS, Group B Streptococcus.

Table 2
Pathogenesis of brain injury in neonatal sepsis and meningitis

Pathogenesis Neonatal sepsis

Neonatal meningitis

Direct mechanisms The disruption of BBB by direct exposure to bacterial cell wall
components, such as LPS, and inflammatory cytokines [12].
The entry of cytokines into the CNS results in inflammatory
responses and cytotoxicity [13,15]

Indirect mechanisms Circulatory instability resulting from septic shock and
hypotension [18].
Pressure passive circulation leading to cerebral hypoperfusion
Resultant hypoxia-ischaemia to the brain.

Direct invasion of the BBB by pathogenic organisms [12].

Multiplication of bacteria in the subarachnoid space and intraventricular
space.

Recognition by TLR of pathogenic organisms and bacterial cell wall
components, such as LPS [17]

Activation and up-regulation of local inflammatory responses, the production
of cytokines, chemokines, and oxygen free radicals [10,11].

Dysregulated immune response resulting in direct cytotoxicity [13,15].
Vasculitis

Cerebral venous thrombosis

Circulatory instability resulting from septic shock and hypotension [18].
Resultant hypoxic-ischaemic injury to the brain.

BBB, blood-brain barrier; CNS, central nervous system; LPS, lipopolysaccharide; TLR, toll-like receptor.

neonatal sepsis without meningitis, disruption of the blood-brain
barrier by exposure to systemic bacterial cell wall components
and inflammatory cytokines and entry of cytokines into the CNS
resulting in inflammation and cytotoxicity have been described as a
potential pathogenic mechanism [12,13]. Cytokines have been
locally identified in brain tissue and cerebrospinal fluid (CSF) of
neonates with brain injury [14,15]. Data from a study assessing
levels of oxidative products in CSF of preterm infants with magnetic
resonance imaging evidence of brain injury support the role of
cytokine-induced oxidative damage in the pathogenesis [16]. These

and other direct and indirect mechanisms of brain injury in neonatal
sepsis and meningitis are summarized in Table 2 [17,18].

The resulting injury is to the cerebral white matter and pre-
myelinating oligodendrocytes, caused by inhibition of the prolif-
eration of neuronal precursor cells, activation of astrogliosis,
stimulation of oligodendrocyte cell death, and ultimately cystic
periventricular leukomalacia and non-cystic diffuse white matter
injury [19—21]. Consistent with this, infants with bacterial sepsis
and meningitis are more likely to develop periventricular leuko-
malacia compared to controls without sepsis [22,23]. In addition,



R. Thomas et al. / Clinical Microbiology and Infection 30 (2024) 28—37 31

neonates with recurrent culture -proven infections are at a higher
risk of progressive white matter injury [24]. Preterm infants are
particularly at risk, owing to the maturation-dependent vulnera-
bility of their developing brain. Other neurologic manifestations
associated with foetal and neonatal infectious-inflammatory pro-
cesses that can be detected on neuroimaging include intraventric-
ular haemorrhage, cerebellar haemorrhage, and reduction in
cerebral growth and volume, which can all translate into poor
neurodevelopmental outcomes [8,25].

Bacterial sepsis and NDI

Bacterial sepsis is often grouped as early or late onset, culture-
positive, or culture-negative, by the causative pathogen and
whether it is a single or recurrent episode.

Both early and late-onset sepsis are associated with NDI. Early-
onset sepsis has been associated with severe intraventricular hae-
morrhage and an increased relative risk of death or NDI at 2-years
of age and cerebral palsy (CP) [26—28]. Extreme preterm infants
with bacteraemia at 2 to 4 weeks postnatal age were found to have
increased risk of intellectual impairment at 10 years of age [29]. A
recent study in Denmark and the Netherlands compared NDI after
confirmed Group B streptococcal (GBS) sepsis in the first 3 months
of life to matched controls with no GBS disease. NDI was 1.5 to 2
times more common in survivors of GBS sepsis [30].

Many studies have reported on the association between sepsis
and NDI based on whether it was culture-positive or culture-
negative sepsis. In a multicentre cohort study of preterm infants
<28 weeks, multivariate analysis showed that the odds of having CP
in neonates with proven sepsis were increased by three folds when
compared with culture-negative sepsis and those without sepsis
[31]. Although the odds of having NDI appear to be higher with
culture-proven sepsis than with culture-negative sepsis, the latter
is much more common. In a study of late-onset culture—negative
sepsis-affected infants had a higher risk for NDI unaffected in-
fants [9]. In another prospective study of very low-birthweight
infants, 43% of infants with culture-negative sepsis had NDI at 18
to 22 months of age, compared with 29% in uninfected infants [8].

Studies have reported variable findings on the association be-
tween the type of bacteria causing sepsis and the degree of NDL
One study reported that Gram-positive sepsis was associated with a
four-fold risk of CP, and a two-fold risk for NDI compared with no
sepsis, whereas gram-negative sepsis was not associated with NDI
[31]. Some studies have reported the opposite, with a higher risk of
NDI in sepsis due to gram-negative pathogens [28,32,33]. These
differences are likely related to the design of studies, and con-
founders adjusted for. For example, high mortality related to gram-
negative sepsis may result in an underestimation of its effect on
NDI and potential differences in statistical power. Neuro-
developmental outcomes of neonates with multi-drug resistant
(MDR) infections compared with those with susceptible infections
are not well studied. A study performed in Taiwan that analysed
376 gram-negative bacteraemia episodes reported higher rates of
neurological sequelae in MDR infections compared to non-MDR
infections [34]. Neonates with MDR infections have higher illness
severity scores, higher rates of complications, prolonged duration
of mechanical ventilation, and prolonged hospital stay compared
with neonates with non-MDR infections [35]; these may relate to
intrinsic features of the bacteria themselves, the types of babies
affected, or the duration before receiving ‘appropriate’ antibiotics.
Some of these factors may themselves be associated with the risk of
NDI, and hence, studies assessing if MDR infections are an inde-
pendent risk factor for NDI are warranted.

Recurrent infections during the hospital stay in very preterm
infants have been associated with poor motor outcomes [24,36].
Most studies reporting on the association between NDI and
neonatal sepsis are from high-income countries, with only few
studies from LMIC [37], despite these countries having a high
burden of neonatal sepsis. Two studies from Brazil reported that
the prevalence of adverse neurodevelopmental outcomes was
greater in very low-birthweight infants with sepsis than non-
affected infants [38,39]. One of these studies reported a 47% prev-
alence of cognitive impairment and 33.7% of neuromotor impair-
ment at 12 months of assessment [38].

Bacterial meningitis and neurodevelopmental impairment

The risk of NDI after neonatal bacterial meningitis is higher
than the corresponding risk after neonatal sepsis. Multiple studies
have found that NDI is common in survivors of neonatal bacterial
meningitis, with overall estimates ranging from one in three
survivors for moderate to severe NDI to more than half for any NDI
[40]. High rates of developmental delay, cognitive, auditory, vi-
sual, speech and motor impairments, behavioural problems and
neurological complications such as CP, hydrocephalus, and seizure
disorders have been reported. A meta-analysis of eight published
studies between 1989 and 2008 from the UK, Nigeria, and America
found point estimates of moderate or severe impairment in in-
dividual studies ranging from 16% to 38% [41]. Two studies from
the United Kingdom reported outcomes after 5 years from 172 of
280 patients who survived neonatal bacterial meningitis between
1985 and 1987 [42], and 166 of 256 neonates who survived
meningitis during 1996—1997 [43]. The authors found that despite
a significant decline in acute phase mortality, serious long-term
disability remained high: 26% in the 1986—1987 cohort and 24%
in the 1996—1997 cohort. In both studies combined, at 5 years, 9%
of survivors were diagnosed with CP, 5% with epilepsy, and 3%
with sensorineural hearing loss. Eight percent in the first study
were diagnosed with learning problems, and in the second study,
5% of survivors attended special schools and 20% attended a
mainstream school with some form of additional support. A
competing risk for studies assessing NDI is post-hospitalisation
premature death. Although most children who do not survive
neonatal bacterial meningitis die during the acute phase, death
rates in survivors remain higher than among controls [44]. This
may be explained by the increased risk of mortality secondary to
associated long-term neurological impairments, although other
risk factors such as underlying co-morbidities may also play a role
[45]. In one study from the United Kingdom, 13 disabled patients
of the 200 who survived the acute phase died before the age of
5 years [42].

Multiple studies have studied predictors of poor outcomes in
neonatal bacterial meningitis [46—48]. CSF culture positivity has
been observed as a predictor of long-term disability [43]. Other
predictors of death or NDI were seizures, abnormal neurological
examination, need for inotropic support, low blood leukocyte
count, low CSF glucose and high CSF protein, and abnormal brain
imaging [46,48].

Clinical spectra of neurodevelopmental impairment and
diagnostic tools

Assessing NDI in survivors of neonatal sepsis or meningitis is
important because early interventions can improve outcomes [49].
Assessments may take the form of surveillance, screening, and
specific/formative testing.
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Surveillance

Surveillance is the process of assessing for developmental delay
at well baby visits, or at consultation with primary physicians or
paediatricians [50—53]. Assessments include obtaining a history
noting concerns from the caregiver, milestone checks, and a
neurological examination including assessment of hearing and
vision. Surveillance is necessary for all neonates and children and
more so for those with a history of sepsis or meningitis. Surveil-
lance is not very sensitive and is often subjective [49].

Screening

The American Academy of Pediatrics, United Kingdom National
Institute for Health and Care Excellence (NICE), and European
guidelines recommend screening with validated tools at 9 months,
18—24 months, and 30—36 months [54—56]. There are tests that can
be administered in the neonatal unit before or at discharge. Some of
the available screening tests that fall under the category of clinical
assessments are shown in Table 3 [57—60]. The listed screening tests
are not exhaustive, but include ones that are more widely used.

Specific/formative testing

If abnormalities are detected on surveillance or screening tests,
a specific testing should be conducted. These tests may be physician
or parent administered. The most widely used physician-
administered tests are the Bayley Scale of Infant and Toddler
Development III and the Griffiths Mental Development Scale
(GMDS) [61]. Trained personnel are essential to conduct these tests.
The most commonly used parent-administered test is the Ages and
Stages III (ASQ-3) [62].

Ages and stage Il

The ASQ-3 is a parent-administered test, which looks at five
domains: fine motor, gross motor, communication, problem-
solving and personal-social [62]. In a study in the Netherlands,
the sensitivity of ASQ-3 to detect NDI was excellent (100%), its

Table 3
Screening tests for at-risk neonates (neurological and motor assessments)

specificity was acceptable (76%), its negative predictive value was
100% and there was a good correlation between ASQ-3 failures and
NDI on the Bayley Scale of Infant and Toddler Development Il in the
preterm cohort [63]. The ASQ-3 has been used in 23 LMICs and
translated into 16 languages [64].

Bayley scales of infant and toddler development IIl

The Bayley Mental Developmental Scale is regarded as the
reference standard and may be administered up to 42 months of
age. It has five scales which include the Cognitive Scale, Lan-
guage Scale, Motor Scale, Social-Emotional Scale, and Adaptive
Behaviour Scale, all individually validated with sensitivity be-
tween 93% and 98% and specificity between 95% and 98%
[65,66].

Griffith's mental developmental scale

The GMDS has been used extensively in developmental paedi-
atric research, with a well-documented cognitive validity [61]. In a
study on extremely low-birthweight neonates, a GMDS general
quotient (GQ) score at 1 year had a low sensitivity of predicting low
IQ at 5 years but a 3-year-GQ score had a higher sensitivity [61].
Other studies have shown a GQ score at 2 years to correlate better
with NDI [67]. In comparison with the Weschler Preschool and
Primary Scale of Intelligence Revised, the GMDS may be a better
measure of overall development but may not be indicative of lan-
guage development [68].

There are many other tests available for screening infants for
NDI, as summarized in Table 4 [69—74]. It is recommended to
choose a test that is age-specific, valid, reliable, and has both
cognitive and neuromotor subsets that will aid with longitudinal
follow-up (Figs. 2 and 3). The tests used also depend on the re-
sources available such as expertise, cost, time constraints, and
availability of tools to conduct the tests.

Clinical consequences for follow-up

Quantifying the risks of NDI is important to allow appropriate
counselling and follow-up of those at risk and to prioritize

NDI screening tests for at-risk Number of Administration Predicted outcomes Sensitivity Specificity Test Availability of training

infants items time population

Hammersmith neonatal 34 10—15 min Neurosensory impairment, 50—64% 73—77% Preterm and Online.
neurological examination cognitive delay, and NDI term Permission to download and use
(HNNE) [57] forms.

Infant neuromotor assessment 18 15 min Motor delay 98% 76—98% Preterm and  Online video training.

(INA) [58] CcP term No cost.

Amiel Tison neurological 41 10—15 min Neurological impairment  38% 98% Uptoby Online pictures and videos and

assessment (ATNA) [59] Lower IQ scoring sheet.
No cost.

Hammersmith infant 26 10 min CP 90—100% 85—100% 3 mo—2y Online.
neurological examination Intellectual disability 51-82% 71-90% Permission to download and use
(HINE) [60] forms.

Standardized Infant 28 10 min CP and/or intellectual 83—89% 94-96% 6 wk—12mo Purchase manual at a cost, with
NeuroDevelopmental disability 91-100% 81—85% accompanying online videos.
Assessment (SINDA) [59] CcP No formal training.

General movement assessment 1 3—5-min CcP 98% 91% Up to 4—5 mo Expertise and extensive training
(GMA) [59] video Autism spectrum disorders corrected age required.

Hyperactivity disorders Training at a cost.
Test of infant motor profile 27 20—40 min CcP 41-72% 87-91% 34 wk PMA Workshop training at a cost.
(TIMP) [59] spontaneous Motor delay —16 wk CA
movements
25 motor
movements
Infant motor profile (IMP) [59] 80 25—30 min CP 93% 81% 3-18 mo Workshop training at a cost with

the manual.

CP, cerebral palsy; 1Q, intelligence quotient; NDI, neurodevelopmental impairment; PMA, post-menstrual age; CA, chronological age.



Table 4

Available neurodevelopmental assessment tools

Neurodevelopmental assessment tool Test population Sensitivity Specificity Outcome measured Validated Availability of tests
Ages and Stage Questionnaire-3 (ASQ-3) [62] 0—66 mo 78% 76% fine motor, gross motor, communication, Yes Online Training available for clinicians
problem-solving, and personal-social Parents require no training
Cost of forms as a once-off and then copies
may be made
Parents Evaluation Developmental 0-8y 75—79% 70—-80% Developmental impairment Yes Online, face-to-face training for clinicians
Status (PEDS) [69] Parents require no training
Purchase the forms and the once -off fee
for researchers
DENVER Developmental Screening test 0-8y 83% 26—43% Developmental impairment Yes Administered by trained personnel
(DDST)? [70] No longer used Purchase kit at a cost
due to concerns
of validity
Bayley Mental Developmental Scale III 1-42 mo 86% (MDI) 95—-100% (MDI) Cognitive Scale, Language Scale, Motor Yes Toolkits to be purchased
BMDS-III [65] 88.3% (PDI) 88.5% (PDI) Scale, Social-Emotional Require training
Scale, and Adaptive Behaviour Scale
Griffiths Mental Developmental Scales 0-2y 64—90% 97—-100% Locomotor, personal and social, hearing Yes Require Training
(GMDS) [61,71] 2-8y and language/speech, Purchase of the toolkit
Griffiths Mental Developmental Scales eye and hand coordination and performance At a cost for the kit
Extended Revised (GMDS-ER)
Movement Assessment Battery for 3-16y 64—67% 100% Manual dexterity, aiming and catching, Yes No specific training.
Children (MABC-2) [72] and balance Toolkit and checklist at a cost
Alberta Infant Motor Scale (AIMS) [73] 0—-18 mo 77—-86% 66—85% Motor development Yes No specific training required
Checklists purchased at a cost
Weschler Preschool and Primary Scale 5y and beyond 60% 94% Intellectual development Yes Administered by a trained psychologist

of Intelligence Revised WPPSI-R [74]

Toolkit at a cost

MDI, Mental Developmental Index; PDI, Psychomotor Developmental Index

2 No longer used—concerns with validity.
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Fig. 2. Suggested flow diagram for assessment of NDI in at-risk infants/children. AIMS, Alberta Infant Motor Scale; ASQ 3, Ages and Stages Questionnaire 3; BSID-III, Bayley Mental
Developmental Scale III; GMDS, Griffiths Mental Developmental Scales; GMDS-ER, Griffiths Mental Developmental Scales Extended Revised; HINE, Hammersmith Infant Neuro-
logical Examination; INA, Infant Neuromotor Assessment; MABC-II, Movement Assessment Battery for Children 2; mths, months; PEDS, Parents Evaluation Developmental status;

WPPSI-R, Weschler Preschool and Primary Scale of Intelligence Revised; yrs, years.

treatment and prevention strategies. Early identification of
impairment and institution of appropriate interventions has been
shown to improve outcomes of affected babies, including motor
and cognitive outcomes, as well as hearing outcomes [75,76].
Knowledge of the NDI burden associated with sepsis and
meningitis may justify the consideration of new management
strategies, including new antibiotics or adjunctive therapies, while
the identification of the burden associated with specific pathogens

(such as GBS, Klebsiella and Escherichia coli) may justify the in-
vestment needed for the development and implementation of
novel maternal vaccines.

Suggestions for future studies

Box 1 summarizes the major methodological difficulties in
interpreting the results of studies conducted in this field. We
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Months

Fig. 3. Age timelines for neurodevelopmental assessments. AIMS, Alberta Infant Motor Scale; BMDS-1II, Bayley Scales of Infant and Toddler Development 3™ Edition; GMA, General
Movement Assessment; GMFCS, Gross Motor Function Classification System; GMDS-ER, Griffiths Mental Developmental Scales Extended Revised; HINE, Hammersmith Infant
Neurological Examination; HNNE, Hammersmith Neonatal Neurological Examination; IMP, Infant Motor Profile; INA, Infant Neuromotor Assessment; MABC-II, Movement
Assessment Battery for Children 2; PEDS, Parents Evaluation Developmental status; TIMP, Test of Infant Motor Profile; SINDA, Standardized Infant NeuroDevelopmental Assessment;
WPPSI-R, Weschler Preschool and Primary Scale of Intelligence Revised.

Box 1
Methodological difficulties associated with studies of sepsis and
neurodevelopmental impairment (NDI)

Box 2
Suggested study design for future studies on neonatal sepsis and
NDI

Methodological issues associated with studies of sepsis
and NDI:

e Definition of sepsis used (culture positive, culture nega-
tive, presence of clinical signs)

Inadequate exclusion of meningitis through appropriate
cerebrospinal fluid examination

e Consideration of the impact of other factors on NDI
(especially prematurity; but also, sex, year of birth, type of
facility, specific pathogen), either as confounders or effect
modifiers

Use of an appropriate control group

Loss to follow-up

Age at follow-up assessment

The assessment tool employed (for assessments of in-
tellectual, motor, vision, and hearing impairments)

e Assessment of associated healthcare costs

Competing risk of post-acute mortality (i.e. children with
more severe NDI might have increased mortality, and
thus might not be included in estimates of NDI risk)

A prospective cohort study of survivors of neonatal sepsis,
matched with suitable controls and using appropriate and
standardized neurodevelopmental assessment tools

Potential cases to be included:

e culture-proven sepsis (with no evidence of meningitis)
e by pathogen
e by MDRO versus non-MDRO

e sepsis of different severities (e.g. severe versus mild, ac-
cording to a neonatal sepsis severity score).

e culture-negative sepsis cases (using a standardized clin-
ical definition).

Controls

sex and gestation-matched, with no history of sepsis at
hospital discharge.

Standardized follow-up at 2 years and 5 years of age:
e use of neurodevelopmental assessment tools validated
for country, language, and age and suitable for the setting

and study.
e standardized audiological and visual assessment.

could also incorporate:

e a direct comparison of different neurodevelopmental

strongly advocate for further studies and for the use of a stan-
dardized approach to their conduct. One possible study design is a
prospective cohort study of survivors of neonatal infections,
together with a comparator group and with multi-domain assess-
ments (Box 2). The linkage of large databases is another approach
that can be used for this purpose, as recently demonstrated [44].

assessment tools

Sample size sufficient to assess differences in overall NDI
frequency as well as in domain -specific impairments. Will
depend on population, case-mix, and background rates of NDI

However, this approach also has methodological problems,

including the lack of standardized assessments as well as the likely
inclusion of only those with severe NDI in these databases.

MDRO, multidrug-resistant organisms; NDI, neurodevelop-mental
impairment.
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