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outcomes: a systematic review
and meta-analysis

Wei Jie Ong''®, Jun Jie Benjamin Seng'?*"'®, Beijun Yap', George He*, Nooriyah Aliasgar Moochhala®,

Chen Lin Ng', Rehena Ganguly’®, Jan Hau Lee®® and Shu-Ling Chong’

Abstract

Introduction Sepsis is associated with neurocognitive impairment among preterm neonates but less is known
about term neonates with sepsis. This systematic review and meta-analysis aims to provide an update of neurocogni-
tive outcomes including cognitive delay, visual impairment, auditory impairment, and cerebral palsy, among neonates
with sepsis.

Methods We performed a systematic review of PubMed, Embase, CENTRAL and Web of Science for eligible stud-

ies published between January 2011 and March 2023. We included case—control, cohort studies and cross-sectional
studies. Case reports and articles not in English language were excluded. Using the adjusted estimates, we performed
random effects model meta-analysis to evaluate the risk of developing neurocognitive impairment among neonates
with sepsis.

Results Of 7,909 studies, 24 studies (n=121,645) were included. Majority of studies were conducted in the United
States (n=7,29.2%), and all studies were performed among neonates. 17 (70.8%) studies provided follow-up

till 30 months. Sepsis was associated with increased risk of cognitive delay [adjusted odds ratio, aOR 1.14 (95% CI:
1.01—1.28)], visual impairment [aOR 2.57 (95%Cl: 1.14- 5.82)], hearing impairment [aOR 1.70 (95% Cl: 1.02-2.81)]
and cerebral palsy [aOR 2.48 (95% Cl: 1.03-5.99)].

Conclusion Neonates surviving sepsis are at a higher risk of poorer neurodevelopment. Current evidence is limited
by significant heterogeneity across studies, lack of data related to long-term neurodevelopmental outcomes and term
infants.
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Introduction

Sepsis is a major cause of mortality and morbidity among
neonates [1-4]. Young infants especially neonates,
defined by age<28 days old, have a relatively imma-
ture immune system and are susceptible to sepsis [5, 6].
Annually, there are an estimated 1.3 to 3.9 million cases
of infantile sepsis worldwide and up to 700,000 deaths
[7]. Low-income and middle-income countries bear a dis-
proportionate burden of neonatal sepsis cases and deaths
[7, 8]. While advances in medical care over the past dec-
ade have reduced mortality, neonates who survive sepsis
are at risk of developing neurocognitive complications,
which affect the quality of life for these children and their
caregivers [9].

Previous reviews evaluating neurocognitive outcomes
in neonates with infections or sepsis have focused on
specific types of pathogens (e.g., Group B streptococcus
or nosocomial infections [10]), or are limited to specific
populations such as very low birth weight or very pre-
term neonates [11], and there remains paucity of data
regarding neurocognitive outcomes among term and
post-term neonates. There remains a gap for an updated
comprehensive review which is not limited by type of
pathogen or gestation. In this systematic review, we aim
to provide a comprehensive update to the current litera-
ture on the association between sepsis and the following
adverse neurocognitive outcomes (1) mental and psy-
chomotor delay (cognitive delay (CD)), (2) visual impair-
ment, (3) auditory impairment and (4) cerebral palsy
(CP) among neonates [11].

Methods

We performed a systematic review using the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) 2020 guidelines [12]. This study protocol
was registered with Open Science Framework (https://
doi.org/10.17605/OSEIO/B54SE).

Eligibility criteria

We identified studies which evaluated neurocognitive
outcomes in neonates less than 90 days old (regardless of
gestational age) with sepsis. While the neonatal period is
traditionally defined to be either the first 28 days post-
natally for term and post-term infants, or 27 days after
the expected date of delivery for preterm infants [13],
serious late onset infections in the young infant popula-
tion can present beyond the neonatal period [14], hence
we defined the upper age limit as 90 days old to obtain
a more complete picture of the burden of young infan-
tile sepsis [15]. Post-term neonates was defined as a
neonate delivered at> =42 weeks of gestational age in
this study [16]. We included studies that either follow
international sepsis definitions such as Surviving Sepsis
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Campaign guidelines definitions [17], or if they fulfilled
clinical, microbiological and/or biochemical criteria for
sepsis as defined by study authors. The primary outcome
of interest was impaired neurocognitive outcome defined
by the following domains of neurodevelopmental impair-
ment (NDI) [11]: (1) CD, (2) visual impairment, (3) audi-
tory impairment and (4) CP. We selected these domains
because they were highlighted as key neurocognitive
sequelae after intrauterine insults in a landmark review
by Mwaniki et al. [18]. The authors’ definitions of these
outcomes and their assessment tools were captured,
including the use of common validated instruments (e.g.,
a common scale used for CD is the Bayley Scales of Infant
Development (BSID) [19] while a common instrument
used for CP was the Gross Motor Function Classification
System (GMFCS) [20]. Specifically for BSID, its two sum-
mative indices score — Mental Development Index (MDI)
and Psychomotor Development Index (PDI) were col-
lected. The MDI assesses both the non-verbal cognitive
and language skills, while PDI assess the combination of
fine and gross motor skills. The cut-off points for mild,
moderate and severe delay for MDI and PDI were <85
or<80,<70 and<55 respectively [21]. There were no
restrictions on duration of follow-up or time of assess-
ment of neurocognitive outcomes to allow capturing of
both short- and long-term neurocognitive outcomes.

Case—control, cohort studies and cross-sectional stud-
ies published between January 2011 and March 2023
were included. Because the definition and manage-
ment of sepsis has evolved over the years [22], we chose
to include studies published from 2011 onwards. Case
reports, animal studies, laboratory studies and publica-
tions that were not in English language were excluded.
Hand-searching of previous systematic reviews were per-
formed to ensure all relevant articles were included. To
avoid small study effects, we also excluded studies with a
sample size of less than 50 [23].

Information sources and search strategy

Four databases (PubMed, Cochrane Central, Embase and
Web of Science) were used to identify eligible studies.
The search strategy was developed in consultation with
a research librarian. The first search was conducted on 4
December 2021 and an updated search was conducted on
3 April 2023. The detailed search strategy can be found in
Supplementary Tables 1A and B.

Study selection process

Covidence systematic review software (Veritas Health
Innovation, Melbourne, Australia) [24] was utilized dur-
ing this review. Five reviewers (WJO, BJY, NM, CLN and
GH) independently conducted the database search and
screened the title and abstracts for relevance. Following
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training on inclusion and exclusion eligibility, 4 review-
ers (WJO, NM, CLN and GH) subsequently assessed the
full text of shortlisted articles for eligibility. All full texts
were independently assessed by at least 2 reviewers. Any
conflict related to study eligibility were resolved in dis-
cussion with the senior author (S-LC). We recorded the
reason(s) for exclusion of each non-eligible article.

Data collection process and data items

Four reviewers (WJO, NM, CLN and GH) independently
carried out the data extraction using a standardized data
collection form, and any conflict was resolved by dis-
cussion, or with input from the senior author (S-LC). A
pilot search was performed for the first 200 citations to
evaluate concordance among reviewers and showed good
concordance among reviewers of 94%. For studies with
missing data required for data collection or meta-analy-
ses, we contacted the corresponding authors of articles to
seek related information. If there was no reply from the
authors, the data were labelled as missing.

Study risk of bias assessment

Three reviewers (BJY, GH and WJO) independently car-
ried out the assessment of risk of bias using the Newcas-
tle—Ottawa Scale (NOS) for all observational studies [25].
Studies were graded based on three domains namely,
selection, comparability and outcomes. Studies were
assigned as low, moderate and high risk of bias if they
were rated 0-2 points, 3-5 points and 6—9 points respec-
tively. Any conflict was resolved by discussion or with
input from the senior author (S-LC).

Statistical analysis

All outcomes (ie. CD, visual impairment, auditory
impairment and CP) were analysed as categorical data.
Analyses were done for each NDI domain separately. To
ensure comparability across scales, results from different
studies were only pooled if the same measurement tools
were used to assess the outcomes and hence sub-group
analyses were based on different scales and/or different
definitions of neurocognitive outcomes used by authors.
Both unadjusted and adjusted odds ratios (aOR) and/or
relative risk (RR) for each NDI domain were recorded.
Where source data were present, we calculated the unad-
justed OR if the authors did not report one, together with
the 95% confidence interval (CI). For adjusted odds ratio,
these were extracted from individual studies and vari-
ables used for adjustment were determined at the indi-
vidual study level.

Meta-analysis was conducted for all outcomes that were
reported by at least 2 independent studies or cohorts.
Studies were included in the meta-analysis only if they
reported outcomes for individual NDI domains within
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30 months from sepsis occurrence. For each domain, all
selected studies were pooled using DerSimonian-Laird
random effects model due to expected heterogeneity.
Studies were pooled based on adjusted and unadjusted
analyses. Case—control and cohort studies were pooled
separately. The pooled results were expressed as unad-
justed odds ratio (OR) or adjusted odds ratio (aOR) with
corresponding 95% confidence interval (95% CI). If there
was more than 1 study that utilized the same population,
we only analysed data from the most recent publication
or from the larger sample size, to avoid double count-
ing. Standard error (SE) from studies with multiple arms
with same control group were adjusted using SE=+(K/2),
where K refers to number of treatment arms including
control [26]. Heterogeneity across studies was evaluated
using the 12 statistic, for which >50% is indicative of sig-
nificant heterogeneity. With regards to publication bias,
this was performed using Egger’s test and funnel plots
only if the number of studies pooled were 10 or more for
each outcome.

For neurocognitive related outcomes, subgroup analy-
ses were performed based on the severity of the NDI
domain outcomes and distinct, non-overlapping popula-
tions of septic infants (such as late onset vs early onset
sepsis, culture positive sepsis vs clinically diagnosed sep-
sis, term and post term patients).

All analyses were done using ‘meta’ library from R
software (version 4.2.2) [27]. The statistical significance
threshold was a two tailed P-value <0.05.

Certainty of evidence

The certainty of evidence for outcomes in this review was
performed during the GRADE criteria [28] which is cen-
tred on the study design, risk of bias, inconsistency, indi-
rectness, imprecision, and other considerations.

Results

Study selection

From 7,909 studies identified, a total of 24 articles were
included (Fig. 1) [29-52]. A total of 101,657 and 19,988
preterm and term infants were included in this review.

Study characteristics

There were 2 case—control studies and 22 cohort stud-
ies, with a total of 121,645 infants (Table 1). Studies were
conducted in 16 different countries (Fig. 2), with the
most studies conducted in the United States of America
(USA) (7 studies, n=92,358 patients) [30, 33, 37, 41, 42,
47, 52]. There were no studies that were conducted solely
on term infants. 5 studies reported data specifically on
ELBW infants (27,078 infants) and 6 studies on VLBW
infants (3,322 infants). All studies were performed among
neonates.
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Fig. 1 PRISMA flowchart of the study selection process for search

Risk of bias

Overall, all 24 studies were classified as low risk (Supple-
mentary Table 2). 5 papers scored high risk for outcome
bias for having greater than 10% of initial population
being lost to follow-up [29, 32, 40-42].

Outcome measures reported by domain

As the number of studies pooled for each outcome was
less than 10, publication bias was not analysed in the
meta-analyses.

Cognitive delay (CD)

Among 24 studies that assessed for CD, 16 studies
reported either the incidence of CD among young infants
with sepsis compared to those without, and/or the odds
ratio (adjusted and/or unadjusted) comparing the two
populations [29, 31-38, 40-42, 45, 46, 48, 49]. The scales
used, authors’ definition of CD, incidence of CD among
those with sepsis and those without are described in
Table 2. The most common tools used for assessment of
CD were the Bayley Scales of Infant Development (BSID)
(n=13) and Denver Development Screening Test II
(n=2).

Infantile sepsis was associated with increased risk of
overall CD delays [aOR 1.14 (95%CI: 1.01, 1.28)], overall
PDI delay (aOR 1.73 (95%CI: 1.16, 2.58)) and moderate
PDI delay [aOR 1.85 (95%CI: 1.01, 3.36)]. Conversely,

infantile sepsis was not associated with increased risk
for severe PDI delay nor overall MDI delay [aOR 1.30
(95%CI: 0.99, 1.71)] or its subgroups. There were no
significant differences in outcomes between different
subgroups of infections as well as culture-proven or
clinically defined sepsis for either MDI or PDI (Table 8,
Fig. 3A and B).

Visual impairment

Seven studies reported data on visual impairment
(Table 3) [31, 33, 41, 42, 47, 49]. The most common defi-
nition of visual impairment utilized was “visual acuity
of <20/200” (n=4, 66.7%).

In the meta-analysis, infantile sepsis was associated
with significantly increased risk of visual impairment
[aOR 2.57 (95%CI: 1.14, 5.82)] but there were no statisti-
cally significant differences in visual impairment between
subgroups of early or late onset sepsis, and blood culture
negative conditions as compared to the non-septic popu-
lation (Table 8, Fig. 3A and B).

Hearing impairment

Seven studies reported data on hearing impairment
(Table 4) [31, 33, 41, 42, 47, 49]. Two studies defined
hearing impairment as permanent hearing loss affecting
communication with or without amplification [42, 47].
Other definitions included “sensorineural hearing loss
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North America (n=6)
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Fig. 2 World map depicting distribution of studies that evaluate neurocognitive outcomes in infantile and neonatal sepsis

requiring amplification” (n=1), “bilateral hearing impair-
ment with no functional hearing (with or without ampli-
fication)” (n=1), “clinical hearing loss” (n=1).

In the meta-analysis, sepsis was associated with
increased risk of hearing impairment [aOR 1.70 (95%
CL 1.02-2.81)]. However, in the subgroup analyses,
there were no differences in risk of hearing impairment
between patients with late onset sepsis as compared to
the non-septic population (Table 8, Fig. 3A and B).

Cerebral palsy

Nine studies [29, 32, 33, 41, 42, 47-50] reported data on
CP (Table 5), of which 5 studies [41, 42, 45, 49, 50] used
the GMECS scale. In the meta-analysis, infantile sepsis
was associated with significantly increased risk of CP
[aOR 2.48 (95%CI: 1.03; 5.99)]. There was no difference
in rates of CP among patients with proven or suspected
sepsis, as compared with infants with no sepsis (Table 8,
Fig. 3A and B).

Differences in neurocognitive outcomes between neonates
with culture-proven or clinically diagnosed sepsis as well

as early or late onset sepsis

Tables 6 and 7 showed data related to differences in neu-
rocognitive outcomes between neonates with culture-
proven or clinically diagnosed sepsis as well as early or
late onset sepsis. Meta-analyses were not be performed

due to significant heterogeneity in definitions of sepsis,
time of assessment of outcomes.

Differences in neurocognitive outcomes between term

and post-term neonates

There were no studies which evaluated neurocognitive
outcomes between term and post-term neonates and
infants.

Certainty of evidence

We found that the certainty of evidence to be very low to
low for the four main neurocognitive outcomes selected.
(Supplementary File 3).

Discussion

In this review involving more than 121,000 infants, we
provide an update to the literature regarding young infant
sepsis and neurocognitive impairment. Current collec-
tive evidence demonstrate that young infant sepsis was
associated with increased risk of developing neurocogni-
tive impairment in all domains of CD, visual impairment,
auditory impairment and cerebral palsy.

Cognitive delay

In this review, higher rates of cognitive delay were
noted among infants with sepsis [29, 31, 33-38, 40—42,
45, 46, 48, 49, 52]. We found that infants with sepsis
reported lower PDI scores (Table 8), which measures
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Domain OR LOR UOR R (%)

MDI<70
Ortgies, 2021 2526 129 50604 >
Schlapbach, 2011 137 063 296 —“+—
Schlapbach, 2011 070 031 158 --—
Subtotal 154 042 558 650 =il

MDI<85
Ferreira, 2014 105 082 242 ———
Hentges, 2014 390 054 2832 )
Hentges, 2014 090 019 426 —_—
Hentges, 2014 030 o.01 7.9 L o
Subtotal 111 061 202 00 -

MDI <80
Shim, 2021 148 1.02 215 - -_-—

PDI<70
Ortgies, 2021 1462 007 321134 >
Ortgies, 2021 270 019 3889 >
Schlapbach, 2011 180 082 334 ——
Schlapbach, 2011 136 062 296 446 ——

Subtotal 163 095 280 —.—

PDI<85
Ferreira, 2014 199 088 451 ——
Ferreira, 2014 160 048 532 ——
Hentges, 2014 600 093 3890 )
Hentges, 2014 050 005 487 -——
Hentges, 2014 080 004 1515 )
Subtotal 185 1.01 336 00 | —

PDI or MDI <85
Mukhopadhyay, 2021 112 093 135 -
Mukhopadhyay, 2021 115 098 135 o

Subtotal 114 101 128 00 [ ]

MDI or PDI between 70 and 84

Schlapbach, 2011 096 051 182 --—

Schlapbach, 2011 123 067 225 -

Subtotal 109 070 170 00 -

Visual impairment
Mukhopadhyay, 2021 240 066 868 -
Mukhopadhyay, 2021 270 034 776 —

Total 257 114 582 00 el e

Hearing impairment
Mukhopadhyay, 2021 183 083 403 ——-—
Mukhopadhyay, 2021 161 083 311 ——

Total 170 102 281 00 ——

Cerebral palsy

Schlapbach, 2011 323 099 1054 -

Schlapbach, 2011 179 048 669 —_——

Total 248 1.03 599 00 —

0 2 4 6 10

Adjusted OR (95%CI)

Page 25 of 38
Domain OR LOR UOR R (%)
MDI <70
Ortgies, 2021 045 007 284 --——
Ortgies, 2021 1950 059 64519 >
Schlapbach, 2011 147 074 292 ——
Schlapbach, 2011 113 057 222 —-—
Subtotal 126 080 200 220 -—
MDI <85
Ferreira, 2014 190 105 341 ——
Hentges, 2014 310 054 17.82 >
Hentges, 2014 090 020 283 —g—
Hentges, 2014 110 018 691 ———
Ortgies, 2021 077 025 235 ———
142 087 234 00 -—
MDI < 80
Shim, 2021 221 173 282 - --—
PDI <70
Ortgies, 2021 1938 058 64351
Ortgies, 2021 655 120 3571 >
Schlapbach, 2011 210 100 439 ————
Schlapbach, 2011 171 085 342 ——
Shim, 2021 123 075 202 --—
Subtotal 174 115 263 360 i
PDI <85
Ferreira, 2014 272 127 583 —_——
Ferreira, 2014 299 103 870 T ————
Hentges, 2014 481 093 2490
Hentges, 2014 040 006 283 -
Hentges, 2014 160 023 1136 >
Ortgies, 2021 226 071 717 e ——
Subtotal 243 149 394 00 —_——
MDI or PDI <70
de Haan, 2013 313 016 6263 >
de Haan, 2013 1346 183 9899 00 >
Subtotal 860 163 4526
MDI or PDI between 70 and 84
de Haan, 2013 740 155 3253
de Haan, 2013 201 051 803 -, ——
Schlapbach, 2011 112 063 199 i —
Schlapbach, 2011 105 061 182 ——
Subtotal 149 081 271 500 —-—
MDI or PDI <85
Mukhopadhyay, 2021 138 106 180 -
Mukhopadhyay, 2021 141 115 174 -
Subtotal 140 119 165 00 -
Total 140 120 162 390 -
Visual impairment
de Haan, 2013 252 043 1461 >
de Haan, 2013 511 143 1821 >
Mukhopadhyay, 2021 241 066 876 —‘—
Mukhopadhyay, 2021 272 094 789 —
Brumbaugh, 2022 411 142 1189 S
Brumbaugh, 2022 324 215 488 —_—
Total 327 235 454 00 —
Hearing impairment
de Haan, 2013 3108 193 49930 >
de Haan, 2013 2244 159 31581
Mukhopadhyay, 2021 185 083 413 ——
Mukhopadhyay, 2021 162 083 316 el
Brumbaugh, 2022 328 154 699 —
Brumbaugh, 2022 196 148 260 —-—
Total 208 165 263 440 -
Cerebral palsy
Mukhopadhyay, 2021 159 093 271 —.—
Mukhopadhyay, 2021 254 170 380 —_——
Ortgies, 2021 652 138 3081 >
Schlapbach, 2011 290 100 837 ——
Schlapbach, 2011 255 091 714 —
Brumbaugh, 2022 218 120 39 —_——
Brumbaugh, 2022 172 143 207 -
Total 202 162 252 10 -
° 2 4 6 8 10
Unadjusted OR (95%CI)

Fig. 3 A Forest plot on adjusted odds ratios for neurocognitive outcomes related to MDI, PDI, visual impairment, hearing impairment and cerebral
palsy. B Forest plot on unadjusted odds ratios for neurocognitive outcomes related to MDI, PDI, visual impairment, hearing impairment and cerebral
palsy. Legend: MDI: Mental Developmental Index; PDI: Psychomotor Developmental Index. Foot note: Mild MDI or PDI: < 85 or < 80; Moderate MDI

or PDI<70; Severe MDI or PDI< 55

mainly neuromotor development. On the other hand,
young infant sepsis was not associated with lower MDI
scores (Table 8), which assesses cognitive and language
development. The pathophysiological mechanism of
young infant sepsis and its preferential impact on PDI
remains unclear. Postulated mechanisms include devel-
opment of white matter lesions which may arise from
the susceptibility of oligodendrocyte precursors to
inflammatory processes such as hypoxia and ischemia
[53]. Future studies should look into evaluating the
causes of the above findings. A majority of included
studies focused on early CD outcomes while no stud-
ies evaluated long-term outcomes into adulthood. CD
is known to involve complex genetic and experiential
interactions [54] and may evolve overtime with brain
maturation. Delays in speech and language, intellectual
delay and borderline intellectual functioning are shown
to be associated with poorer academic or employ-
ment outcomes in adulthood [55, 56], and early assess-
ment of CD may not fully reveal the extent of delays.
The only study with follow-up to the adolescent phase

showed a progressive increase in NDI rate as the par-
ticipants aged, which provides evidence of incremental
long-term negative outcomes associated with infantile
sepsis [44]. Moving forward, studies with longer follow-
up may allow for further examination of the long-term
effects of neonatal sepsis on CD.

There were different versions of the BSID instru-
ment (BSID-II and BSID-III) [19, 57, 58]. BSID-II
lacked subscales in PDI and MDI scores, leading to the
development of BSID-III with the segregation of PDI
into fine and gross motor scales and MDI into cogni-
tive, receptive language, and expressive language scales
[59]. Although we pooled results of both BSID-II and
BSID-III in our study, we recognize that comparisons
between BSID-II and BSID-III are technically challeng-
ing due to differences in standardised scores [59, 60].
In addition, the BSID-IV was created in 2019 which
has fewer items, However, none of our studies utilized
this instrument. Future studies should consider this
instrument, as well as standardising the timepoints for
assessment of CD.
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First author, year

Definition of visual impairment

Outcome

Variables adjusted for

de Haan, 2013 [31]

Alshaikh, 2014 [33]

Bright, 2017 [52]

Mukhopadhyay, 2020 [42]

Mukhopadhyay, 2021 [41]

Brumbaugh, 2022 [47]

Humberg, 2022 [49]

Visual Handicaps

Visual acuity < 20/200 following refrac-
tive correction

Child is legally blind in both eyes

Corrected vision <20/200 in both eyes

Corrected vision <20/200 in both eyes

Bilateral blindness (visual acu-
ity < 20/200)

Visus < 0.8 in the best-performing eye
without glasses

Neonatal Candida Sepsis=3/17 (18%)
Gram Negative Sepsis=10/33 (30%)
Uncomplicated=8/102 (8%)

Adjusted OR (95% Cl): 0.35 (0.03-3.37),
P-value=0.36

No late onset bacteremia:2
Suspected late onset bacteremia: 6
Definite late onset bacteremia: 7

Adjusted RR (95% Cl):

1. EOS vs prolonged antibiotics: -0.40
2. EOS vs no prolonged antibiotics:
-0.62

Adjusted RR (95% Cl):

LOS vs unaffected: 2.40 (0.84-6.80),
P-value=0.14

LOCNC vs unaffected: 2.70 (1.14-6.41),
P-value=0.03

Infants with LOM: 4/97 (4%)

Infants with LOS and no LOM: 95/2893
(3%)

Infants with no LOS or LOM: 62/5982
(1%)°

No LOS: 181 (18.2 [15.9-20.7])

One LOS: 38 (21.6 [16.0-28.1])

NA

NA

NA

NA

Maternal education, insurance, race/
ethnicity, antenatal antibiotics, antenatal
steroids, antepartum haemorrhage,
infant GA, birth weight, sex, temperature
at< =60 min of birth, intubation at birth,
maximum respiratory support< =24 h
of age, enteral feeds started < =3 days
of birth, receipt of antibiotics

for> =5 days starting< =72 h of age,
severe [VH diagnosed < =7 days of birth
and centre

NA

NA

Recurrent LOS: 21 (31.8 [21.5-43.6))°

OR Odds Ratio, RR Risk Ratio, NCS Neonatal Candida Sepsis, GNS Gram-Negative Sepsis, UC Uncomplicated Sepsis

2 Statistically significant

Visual impairment

Young infant sepsis was associated with increased risk of
developing visual impairment. This was similar to results
noted by a previous systematic review published in 2014
[61] and 2019 [62] which showed that neonatal sepsis was
associated with twofold risk of developing retinopathy of
prematurity in preterm infants. Specifically, meningitis
was associated with a greater risk of visual impairment
compared to just sepsis alone [47]. The mechanism of
visual impairment has not been fully described although
various theories have been suggested, including sep-
sis mediated vascular endothelial damage, increased
body oxidative stress response as well as involvement of
inflammatory cytokines and mediators [63, 64].

Hearing impairment

Our meta-analysis showed an increased risk of hear-
ing impairment for young infants with young infants
with sepsis. This is consistent with a previous report
that found an association between neonatal meningi-
tis and sensorineural hearing loss [65]. One potential

confounder which we were unable to account for may
have been the use of ototoxic antimicrobial agents such
as aminoglycosides. Additional confounders include very
low birth weight, patient’s clinical states (e.g. hyperbili-
rubinemia requiring exchange transfusion) and use of
mechanical ventilation or extracorporeal membrane
support. To allow for meaningful comparisons of results
across different study populations, it is imperative that a
standardised definition of hearing impairment post neo-
natal sepsis be established for future studies.

Cerebral palsy

Our meta-analysis found an association between neona-
tal sepsis and an increased risk of developing CP. This is
also consistent with previous systematic reviews which
had found a significant association of sepsis and CP in
VLBW and early preterm infants [11]. One study found
that infants born at full term and who experienced neo-
natal infections were at a higher risk of developing a
spastic triplegia or quadriplegia phenotype of CP [66].
The pathophysiology and mechanism of injury to white
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Table 4 Hearing impairment assessment and definition

Page 27 of 38

First author, year

Definition of hearing impairment

Outcome

Variables adjusted for

de Haan, 2013 [31]

Alshaikh, 2014 [33]

Bright, 2017 [52]

Mukhopadhyay, 2020 [42]

Mukhopadhyay, 2021 [41]

Clinical hearing loss

Deafness: Sensorineural hearing loss
requiring amplification

Child has hearing aids or a cochlear
implant and/or receives special ser-
vices for the hearing-impaired
Permanent hearing loss affecting com-

munication with or without amplifica-
tion

Permanent hearing loss with or with-
out amplification

Neonatal Candida Sepsis=4/17 (24%)
Gram Negative Sepsis=6/33 (18%)
Uncomplicated=1/102 (1%)

Adjusted OR (95% Cl): 2.24 (0.64-7.73),
P-value=0.20

No late onset bacteremia: 3
Suspected late onset bacteremia: 3
Definite late onset bacteremia: 7

Adjusted RR (95% Cl):

EOS vs prolonged antibiotics: 0.67
(0.17-2.69), P-value=0.77

EOS vs no prolonged antibiotics: 0.88
(0.22-3.54), P-value=1.0

Adjusted RR (95% Cl):

LOS vs unaffected: 1.83 (0.96-3.47),
P-value=0.07

LOCNC vs unaffected: 1.61 (0.94-2.76),
P-value=0.10

NA

NA

NA

NA

Maternal education, insurance, race/
ethnicity, antenatal antibiotics, antenatal
steroids, antepartum haemorrhage,
infant GA, birth weight, sex, temperature
at< =60 min of birth, intubation at birth,

maximum respiratory support< =24 h
of age, enteral feeds started < =3 days
of birth, receipt of antibiotics

for> =5 days starting< =72 h of age,
severe IVH diagnosed < =7 days of birth

and centre
Brumbaugh, 2022 [47] Bilateral hearing impairment Infants with LOM: 8/96 (8%) NA
with no functional hearing (with Infants with LOS and no LOM:
or without amplification) 148/2880 (5%)
Infants with no LOS or LOM: 159/5940
(3%)°
Humberg, 2022 [49] NR No LOS: 501 (53.2 [50.0-56.4]) NA

One LOS: 95 (56.5 [49.0-63.9])
Recurrent LOS: 44 (66.7 [54.8-77.11)°

OR Odds Ratio, RR Risk Ratio, NCS Neonatal Candida Sepsis, GNS Gram-Negative Sepsis, UC Uncomplicated Sepsis

@ Statistically significant

matter resulting in increased motor dysfunction remains
unclear and more research is required in this area.

Limitations and recommendations for future research

The main limitation of this review lies in the heterogene-
ity in the definitions of sepsis, exposures and assessment
of outcomes across studies. This is likely attributed to the
varying definition of sepsis used in different countries as
well as lack of gold standard definitions or instruments
for assessment of each component of NDI. A recent
review of RCTs [67] also reported similar limitations
where 128 different varying definitions of neonatal sepsis
were used in literature. Notably, there is a critical need
for developing international standardized guidelines for
defining neonatal sepsis as well as assessment of NDI
such as hearing and visual impairment. Another impor-
tant limitation relates to the inability to assess quality
of neonatal care delivered as well as temporal changes
in medical practices which could have affected neuro-
cognitive outcomes for neonates with sepsis. Improving
quality of neonatal care has been shown to significantly

reduce mortality risk among neonates with sepsis, espe-
cially in resource-poor countries [68]. We performed a
comprehensive search strategy (PubMed, Embase, Web
of Science and CENTRAL) coupled with hand search-
ing of references within included systematic reviews, but
did not evaluate grey literature. Future studies should
include additional literature databases and grey litera-
ture. Another area of research gap lies in the paucity of
data related to differences in neurocognitive outcomes
between term and post-term neonates with sepsis and
future research is required to bridge this area of research
gap. Likewise, there are few studies which evaluated dif-
ferences in neurocognitive outcomes between early or
late onset sepsis and outcomes assessed were significantly
heterogenous which limits meaningful meta-analyses.
Similarly, there was significant heterogeneity in study
outcomes, causative organisms and severity of disease.
We found a lack of long-term outcomes and recom-
mend that future prospective cohorts include a longer
follow-up duration as part of the study design. This is
important given the implication of NDI on development
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Table 5 Cerebral palsy assessment and definition
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First author, year

Scale used

Definition of impairment

Outcome

Variables adjusted for

Schlapbach, 2011 [29]

Mitha, 2013 [32]

Alshaikh, 2014 [33]

Mukhopadhyay, 2020 [42]

Mukhopadhyay, 2021 [41]

Ortgies, 2021 [45]

Brumbaugh, 2022 [47]

Humberg, 2022 [49]

Kartam, 2022 [50]

Palisano et al. classification

European Cerebral Palsy
Network

NR

Gross motor function classifica-
tion system (GMFCS)

Gross motor function classifica-
tion system (GMFCS)

Gross motor function classifica-
tion system (GMFCS)

Palisano Gross Motor Function
Classification System

Gross motor function classifica-
tion system (GMFCS)

Gross motor function classifica-
tion system (GMFCS)

Non progressive motor dis-
order characterized by abnor-
mal tone in at least 1 extremity
and abnormal control

of movement and posture

Presence of at least 2

of the following:

- Abnormal posture or move-
ment

- Increased tone

- Hyperreflexia

Non-progressive motor impair-
ment characterized by abnor-
mal muscle tone in at least
one extremity and decreased
range or control of move-
ments

Mild: Level <1
Moderate: Level 2-3
Severe: Level 4-5

Mild: Level <1
Moderate: Level 2-3
Severe: Level 4-5

NR

Gross motor function level>2

GMFCS =1

NR

Incidence:

Proven sepsis: 14/136 (10%)
Suspected sepsis: 17/169 (10%)
No sepsis: 10/236 (4%)

OR (95% CI) comparing
proven sepsis and unin-
fected:

Univariable model: 2.90
(1.22-6.89), P-value=0.016
Multivariable model: 3.23
(1.23-848), P-value=0.017
OR (95% Cl) comparing
suspected sepsis and unin-
fected:

Univariable model: 2.55
(1.10-5.93), P-value=0.030
Multivariable model: 1.79
(0.61-5.25), P-value =0.287

Adjusted OR (95% Cl):
EOS alone: 1.70 (0.84-3.45),
P-value=0.03

LOS alone: 1.71 (1.14-2.56),
P-value=0.03

EOS & LOS: 2.33 (1.02-5.33),
P-value=0.03

Adjusted OR (95% Cl): 0.63
(0.24—1.64), P-value=0.34

Adjusted RR (95% CI) for
GMFCS level: > 2:

EOS vs prolonged antibiotics:
1.50 (0.91-2.46), P-value=0.11
EOS vs no prolonged
antibiotics: 1.74 (1.05-2.88),
P-value=0.03

Adjusted RR (95% CI) for
GMFCS level: > 2:

LOS vs unaffected: 1.16
(0.77-1.76), P-value =0.48
LOCNC vs unaffected: 1.91
(1.40-2.60), P-value= <0.001

Incidence:

EQS: 4/31 (12.09%)
No-EOS: 3/135 (1.65%)
P-value=0.014

OR (95% Cl): 6.519 (1379-
30,809), P-value: 0.018

Infants with LOM: 13/97 (13%)
Infants with LOS and no LOM:
314/2887 (11%)

Infants with no LOS or LOM:
395/5981 (7%)?

No LOS: 82 (7.8 [6.3-9.5])
One LOS: 22 (12.0[7.9-17.3])
Recurrent LOS: 10 (13.0
[6.9-21.8])

No sepsis: 8 (9.6)
EOS: 0 (0.0)°
LOS: 21 (28.0)°

Center, year of birth, gender,
gestational age, birth weight,
brain injury, BPD, ROP, socio-
economic status, and postnatal
growth.

NA

NA

NA

NA

NA

NA

NA

GMFCS Gross Motor Function Classification System, OR Odds ratio, RR Risk ratio, NR Not reported

@ Statistically significant
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Table 8 Meta analysis related to neurocognitive outcomes among infants with sepsis
Parameter Study Subgroup by scale and cut-off Unadjusted OR (95%Cl) Adjusted OR (95% ClI)
MDI Ortgies, 2021 [45] MDI<70 0.45[0.07; 2.84] -
Ortgies, 2021 [45] MDI< 70 19.50 [0.59; 645.19] 25.56[1.29; 506.04]
Schlapbach, 2011 [29] MDI<70 147[0.74;2.92] 1.37[0.63; 2. 96}
Schlapbach, 2011 [29] MDI<70 1.13[0.57;2.22] 0.70[0.31; 1.58]
Subtotal MDI<70 1.26 [0.80; 2.00] 1.54[042; 5. 58}
Ferreira, 2014 [34] MDI< 85 0 [1.05;3.41] 1.05[0.52;2.12]
Hentges, 2014 [35] MDI <85 01[0.54;17.82] 3.90 [0.54;28.32]
Hentges, 2014 [35] MDI< 85 0.90[0.29; 2.83] 0.90[0.19; 4.26]
Hentges, 2014 [35] MDI <85 0[0.18;6.91] 0.30[0.01;7.79]
Ortgies, 2021 [45] MDI< 85 0.77[0.25; 2.35] -
Subtotal MDI <85 1.42[0.87; 2.34] 1.11[0.61;2.02]
Shim, 2021 [46] MDI <80 2.21101.73;2.82] 1.48[1.02; 2.15]
Total 1.57[1.14; 2.16] 1.30[0.99; 1.71]
PDI Ortgies, 2021 [45] PDI<70 19.38 [0.58; 643.51] 14.62[0.07;3211.34]
Ortgies, 2021 [45] PDI<70 6.55[1.20;35.71] 2.70[0.19; 38.89]
Schlapbach, 2011 [29] PDI<70 2.10[1.00; 4.39] 1.80 [0.82; 3.94]
Schlapbach, 2011 [29] PDI<70 110.85;3.42] 1.36 [0.62; 2.96]
Shim, 2021 [46] PDI<70 1.23[0.75;2.02] -
Subtotal PDI<70 1.74[1.15; 2.63] 3[0.95; 2.80]
Ferreira, 2014 [34] PDI<85 2.72[1.27;5.83] 91[0.88;4.51]
Ferreira, 2014 [34] PDI< 85 2.991[1.03;8.70] 0[0.48; 5.32]
Hentges, 2014 [35] PDI< 85 4.81[0.93; 24.90] 6.00 [0.93; 38.90]
Hentges, 2014 [35] PDI<85 0.40[0.06; 2.83] 0.50[0.05;4.87]
Hentges, 2014 [35] PDI <85 1.60[0.23; 11.36] 0.80[0.04; 15.15]
Ortgies, 2021 [45] PDI<85 2.26[0.71;7.17] -
Subtotal PDI< 85 2.43[1.49; 3.94] 1.85[1.01; 3.36]
Total 1.98[1.42; 2.74] 1.73[1.16; 2.58]
MDI or PDI de Haan, 2013 [31] MDl or PDI<70 3.13[0.16;62.63] -
de Haan, 2013 [31] MDI or PDI< 70 13.46 [1.83;98.99] -
Subtotal MDI or PDI<70 8.60 [1.63; 45.26] -

Visual impairment

de Haan, 2013 [31]
de Haan, 2013 [31]
Schlapbach, 2011 [29]
Schlapbach, 2011 [29]
Subtotal

Mukhopadhyay, 2021 [41]
Mukhopadhyay, 2021 [41]

Subtotal

Total

de Haan, 2013 [31]
de Haan, 2013 [31]

Mukhopadhyay, 2021 [41
Mukhopadhyay, 2021 [41

Brumbaugh, 2022 [47]
Brumbaugh, 2022 [47]
Total

MDI or PDI between 70 and 84
MDI or PDI between 70 and 84
MDI or PDI between 70 and 84
MDI or PDI between 70 and 84
MDI or PDI between 70 and 84
MDI or PDI< 85

MDI or PDI< 85

MDI or PDI< 85

7.10
201

55;32.53]
0.51;8.03]
0.63; 1.99]
0.61;1.82]
1.49[0.81;2.71]
1.38 [1.06; 1.80]

41 [1.15; 1.74]
1.40[1.19; 1.65]
1.40[1.20; 1.62]
2.521[043;14.61]

1[1.43;18.21]
241 [0.66; 8.76]
2.7210.94;7.89]
!
[

[
[
2]
5

1.42;11.89]
3.24[2.15;4.88]
3.27 [2.35; 4.54]

0.96[0.51;1.82]
1.23[0.67; 225}
1.09 [0.70; 1.70]
1.12[0.93; 1.35]
1.15[0.98; 1.35]
1.14[1.01; 1.28]
1.13[1.01; 1.28]

240 [0.66; 8.68]
2.70[0.94;7.76]

2.57[1.14;5.82]
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Table 8 (continued)
Parameter Study Subgroup by scale and cut-off Unadjusted OR (95%Cl) Adjusted OR (95% Cl)

Hearing impairment de Haan, 2013 [31]

de Haan, 2013 [31]
Mukhopadhyay, 2021 [41]
Mukhopadhyay, 2021 [41]
Brumbaugh, 2022 [47]
Brumbaugh, 2022 [47]

Total

Mukhopadhyay, 2021 [41]
Mukhopadhyay, 2021 [41]
Ortgies, 2021 [45]
Schlapbach, 2011 [29]
Schlapbach, 2011 [29]
Brumbaugh, 2022 [47
Brumbaugh, 2022 [47
Total

Cerebral palsy

]
]

31.08 [1.93; 499.30] -
2244 [1.59;315.81] -

1.85[0.83;4.13] 1.83[0.83;4.03]

1.62[0.83;3.16] 1.61[0.83;3.11]

3.28[1.54;6.99] -
1.96 [1.48; 2.60] -

2.08[1.65; 2.63] 1.70[1.02; 2.81]
9[0.93;2.71] -

2.5411.70; 3.80] -

6.52[1.38;30.81] -

2.90[1.00; 8.37] 3.23[0.99; 10.54]

255[091;7.14] 1.79[048; 6.69]
8[1.20; 3.96] -

1.72[1.43;2.07] -

2.02[1.62; 2.52] 2.48[1.03;5.99]

Legend: MDI Mental Developmental Index, PDI Psychomotor Developmental Index

Foot note: Mild MDI or PDI: < 85 or < 80; Moderate MDI or PDI < 70; Severe MDI or PDI < 55

into adulthood. Most data were reported for preterm
infants with low birth weight, and there was a paucity of
data for term infants in our literature review. Since pre-
maturity itself is a significant cause of NDI [69], future
studies should consider how gestational age and/or birth
weight can be adequately adjusted for in the analysis.

Apart from the domains of NDI we chose to focus on in
this review, there are other cognitive domains classified
by the Diagnostic and Statistical Manual of Mental Dis-
orders, Fifth Edition (DSM-V) [70] and/or recommended
by the Common Data Elements (CDE) workgroup [71].
Future studies may wish to look into the implications of
sepsis on other neuro-cognitive domains related to exec-
utive function, complex attention and societal cognition
which are studied for other types of acquired brain injury
(71, 72].

Conclusion

Our systematic review and meta-analysis found that
neonates surviving sepsis are at a higher risk of poorer
neurodevelopment. However, the evidence is limited by
significant heterogeneity and selection bias due to differ-
ing definitions used for NDI and for sepsis. There is also
a lack of long-term follow-up data, as well as data spe-
cific for term and post-term infants. Future prospective
studies should be conducted with long-term follow-up
to assess the impact of neurodevelopmental impairment
among all populations of neonates with sepsis.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512887-024-04977-8.

[ Supplementary Material 1. }

Acknowledgements

We would like to thank Ms. Wong Suei Nee, senior librarian from the National
University of Singapore for helping us with the search strategy. We will also
like to thank Dr Ming Ying Gan, Dr Shu Ting Tammie Seethor, Dr Jen Heng Pek,
Dr Rachel Greenberg, Dr Christoph Hornik and Dr Bobby Tan, for their inputs in
the initial design of this study.

Conflict of interest
No financial or non-financial benefits have been received or will be received
from any party related directly or indirectly to the subject of this article.

Authors’ contribution

SLC and JHL were the study’s principal investigators and were responsible for
the conception and design of the study. WJO, JJBS, BY, GE, NAM and CLN were
the co-investigators. WJO, JJBS, BY, GE, NAM and CLN were responsible for the
screening and inclusion of articles and data extraction. All authors contributed
to the data analyses and interpretation of data. WJO, JJBS, BY, GE, NAM and
CLN prepared the initial draft of the manuscript. All authors revised the draft
critically for important intellectual content and agreed to the final submission.
All authors had access to all study data, revised the draft critically for impor-
tant intellectual content and agreed to the final submission.

Funding
Nil.

Availability of data and materials
All data generated or analyzed in the study are found in the tables and sup-
plementary materials.


https://doi.org/10.1186/s12887-024-04977-8
https://doi.org/10.1186/s12887-024-04977-8

Ong et al. BMC Pediatrics

(2024) 24:505

Declarations

Ethics approval and consent to participate
As this was a systematic review with no access to patient data, ethical
approval from the institutional review board was exempted.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 May 2024 Accepted: 26 July 2024
Published online: 07 August 2024

References

1.

Liu L, Johnson HL, Cousens S, Perin J, Scott S, Lawn JE, et al. Global,
regional, and national causes of child mortality: an updated systematic
analysis for 2010 with time trends since 2000. Lancet. 2012;379:2151-61.
WHO. Newborns: improving survival and well-being. Geneve: World
Health Organisation; 2020.

Chiesa C, Panero A, Osborn JF, Simonetti AF, Pacifico L. Diagnosis

of neonatal sepsis: a clinical and laboratory challenge. Clin Chem.
2004;50:279-87.

Ramaswamy VV, Abiramalatha T, Bandyopadhyay T, Shaik NB, Bandiya

P, Nanda D, et al. ELBW and ELGAN outcomes in developing nations-
Systematic review and meta-analysis. PLoS ONE. 2021;16:0255352.
Zhang X, Zhivaki D, Lo-Man R. Unique aspects of the perinatal immune
system. Nat Rev Immunol. 2017;17:495-507.

Prabhudas M, Adkins B, Gans H, King C, Levy O, Ramilo O, et al. Challenges
in infant immunity: Implications for responses to infection and vaccines.
Nat Immunol. 2011;12:189-94.

World Health Organization. Global report on the epidemiology and
burden of sepsis. 2020. Available from: https://www.who.int/publicatio
ns/i/item/9789240010789.

Milton R, Gillespie D, Dyer C, Taiyari K, Carvalho MJ, Thomson K, et al. Neo-
natal sepsis and mortality in low-income and middle-income countries
from a facility-based birth cohort: an international multisite prospec-

tive observational study. Lancet Glob Health. 2022May 1;10(5):e661-72.
https://doi.org/10.1016/52214-109X(22)00043-2.

LiY, JiM, Yang J. Current understanding of long-term cognitive impair-
ment after sepsis. Front Immunol. 2022;13:855006.

Haller S, Deindl P, Cassini A, Suetens C, Zingg W, Abu Sin M, et al. Neuro-
logical sequelae of healthcare-associated sepsis in very-low-birthweight
infants: Umbrella review and evidence-based outcome tree. Euro Surveill.
2016;21:30143.

Alshaikh B, Yusuf K, Sauve R. Neurodevelopmental outcomes of very low
birth weight infants with neonatal sepsis: Systematic review and meta-
analysis. J Perinatol. 2013;33:558-64.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD,
Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw
JM, Hrébjartsson A, Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald

S, McGuinness LA, Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P,
Moher D.The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ. 2021;372:n71. https://doi.org/10.1136/bmj.n71.
U.S. Department of Health and Human Services F and D, Administration C
for DE and R (CDER), (CBER) C for BE and R. General Clinical Pharmacology
Considerations for Neonatal Studies for Drugs and Biological Products
Guidance for Industry. 2019. Available from: https://www.fda.gov/media/
129532/download. [cited 2022 Aug 9].

Bizzarro MJ, Shabanova V, Baltimore RS, Dembry LM, Ehrenkranz RA,
Gallagher PG. Neonatal sepsis 2004-2013: the rise and fall of coagulase-
negative staphylococci. J Pediatr. 2015;166:1193-9.

Goddard B, Chang J, Sarkar IN. Using self organizing maps to compare
sepsis patients from the neonatal and adult intensive care unit. AMIA Jt
Summits Transl Sci Proc. 2019;2019:127-35.

20.

21

22.

23

24.

25.

26

27.

28.

29

30.

32

33

34

35.

36

37.

38

Page 37 of 38

Galal M, Symonds |, Murray H, Petraglia F, Smith R. Postterm pregnancy.
Facts Views Vis Obgyn. 2012;4(3):175-87. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/24753906.

Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French

C, et al. Surviving sepsis campaign: international guidelines for
management of sepsis and septic shock 2021. Intensive Care Med.
2021,47:1181-247.

Mwaniki MK, Atieno M, Lawn JE, Newton CRJC. Long-term neurodevel-
opmental outcomes after intrauterine and neonatal insults: a systematic
review. Lancet. 2012,;379:445-52.

Bayley N. Bayley scales of infant and toddler development, Third edition:
screening test manual. San Antonio, Texas: Pearson Clinical Assessment
PsychCorp; 2006.

Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B. Devel-
opment and reliability of a system to classify gross motor function in
children with cerebral palsy. Dev Med Child Neurol. 1997;39:214-23.
Spencer-Smith MM, Spittle AJ, Lee KJ, Doyle LW, Anderson PJ. Bayley-

Il cognitive and language scales in preterm children. Pediatrics.
2015;135(5):e1258-65.

Survival Sepsis Campaign. https://www.sccm.org/SurvivingSepsisCampa
ign/About-SSC/History. History of Surviving Sepsis Campaign | SCCM.
Tan B, Wong JJM, Sultana R, Koh JCJW, Jit M, Mok YH, et al. Global Case-
Fatality Rates in Pediatric Severe Sepsis and Septic Shock: A Systematic
Review and Meta-analysis. JAMA Pediatr. 2019;173:352-62.

Covidence systematic review software. Melbourne, Australia: Veritas
Health Innovation; Available from: www.covidence.org.

GA Wells, B Shea, D O'Connell, J Peterson, V Welch, M Losos PT. The New-
castle-Ottawa Scale (NOS) for assessing the quality of nonrandomised
studies in meta-analyses. Available from: https://www.ohri.ca/programs/
clinical_epidemiology/oxford.asp. [cited 2022 Aug 9].

Riicker G, Cates CJ, Schwarzer G. Methods for including information
from multi-arm trials in pairwise meta-analysis. Res Synth Methods.
2017,8:392-403.

R Core Team. R core team (2021). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org. 2021.

Schtnemann H, Oxman JBGGA. GRADE Handbook. l')bT[ 72902,
2013;66(1997).

Schlapbach LJ, Aebischer M, Adams M, Natalucci G, Bonhoeffer J,

Latzin P, et al. Impact of sepsis on neurodevelopmental outcome in

a swiss national cohort of extremely premature infants. Pediatrics.
2011;128:e348-57.

Adams-Chapman |, Bann CM, Das A, Goldberg RN, Stoll BJ, Walsh MC,

et al. Neurodevelopmental outcome of extremely low birth weight
infants with Candida infection. J Pediatr. 2013;163(4):.961-7.e3.

. de Haan TR, Beckers L, de Jonge RCJ, Spanjaard L, van Toledo L, Pajkrt D,

et al. Neonatal gram negative and candida sepsis survival and neurode-
velopmental outcome at the corrected age of 24 months. PLoS One.
2013;8:€59214.

Mitha A, Foix-L'Hélias L, Arnaud C, Marret S, Vieux R, Aujard Y, et al. Neona-
tal infection and 5-year neurodevelopmental outcome of very preterm
infants. Pediatrics. 2013;132:2372-80.

Alshaikh B, Yee W, Lodha A, Henderson E, Yusuf K, Sauve R. Coagulase-
negative staphylococcus sepsis in preterm infants and long-term
neurodevelopmental outcome. J Perinatol. 2014;34:125-9.

Ferreira RC, Mello RR, Silva KS. Neonatal sepsis as a risk factor for neurode-
velopmental changes in preterm infants with very low birth weight. J
Pediatr (Rio J). 2014;90:293-9.

Hentges CR, Silveira RC, Procianoy RS, Carvalho CG, Filipouski GR,
Fuentefria RN, et al. Association of late-onset neonatal sepsis with late
neurodevelopment in the first two years of life of preterm infants with
very low birth weight. J Pediatr (Rio J). 2014;90:50-7.

Dangor Z, Lala SG, Cutland CL, Koen A, Jose L, Nakwa F, et al. Burden of
invasive group B Streptococcus disease and early neurological sequelae
in South African infants. PLoS One. 2015;10:e0123014.

Savioli K, Rouse C, Susi A, Gorman G, Hisle-Gorman E. Suspected or
known neonatal sepsis and neurodevelopmental delay by 5 years. J
Perinatol. 2018;38:1573-80.

Singh L, Das S, Bhat VB, Plakkal N. Early neurodevelopmental outcome of
very low birthweight neonates with culture-positive blood stream infec-
tion: a prospective cohort study. Cureus. 2018;10:e3492.


https://www.who.int/publications/i/item/9789240010789
https://www.who.int/publications/i/item/9789240010789
https://doi.org/10.1016/S2214-109X(22)00043-2
https://doi.org/10.1136/bmj.n71
https://www.fda.gov/media/129532/download
https://www.fda.gov/media/129532/download
https://www.ncbi.nlm.nih.gov/pubmed/24753906
https://www.ncbi.nlm.nih.gov/pubmed/24753906
https://www.sccm.org/SurvivingSepsisCampaign/About-SSC/History
https://www.sccm.org/SurvivingSepsisCampaign/About-SSC/History
http://www.covidence.org
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.R-project.org

Ong et al. BMC Pediatrics

39

40.

41.

42

43

44

45

46

47.

48

49

50.

51

52

53.

54

55

56

57.

58.

(2024) 24:505

Zonnenberg IA, van Dijk-Lokkart EM, van den Dungen FAM, Vermeulen
RJ, van Weissenbruch MM. Eur J Pediatr. 2019;178:673-80.

Nakwa FL, Lala SG, Madhi SA, Dangor Z. Neurodevelopmental impair-
ment at 1 year of age in infants with previous invasive group B strepto-
coccal sepsis and meningitis. Pediatric Infect Dis J. 2020;39:794-8.
Mukhopadhyay S, Puopolo KM, Hansen NI, Lorch SA, Demauro SB,
Greenberg RG, et al. Neurodevelopmental outcomes following neonatal
late-onset sepsis and blood culture-negative conditions. Arch Dis Child
Fetal Neonatal Ed. 2021;106:467-73.

Mukhopadhyay S, Puopolo KM, Hansen NI, Lorch SA, DeMauro SB, Green-
berg RG, et al. Impact of early-onset sepsis and antibiotic use on death or
survival with neurodevelopmental impairment at 2 years of age among
extremely preterm infants. J Pediatr. 2020;221:39-46.e5.

Horvéath-Puhd E, Snoek L, van Kassel MN, Gongalves BP, Chandna J,
Procter SR, et al. Prematurity modifies the risk of long-term neurodevel-
opmental impairments after invasive group B streptococcus infec-

tions during infancy in Denmark and the Netherlands. Clin Infect Dis.
2021,74:544-53.

Horvéath-Puhd E, van Kassel MN, Goncalves BP, de Gier B, Procter SR, Paul
P, et al. Mortality, neurodevelopmental impairments, and economic
outcomes after invasive group B streptococcal disease in early infancy in
Denmark and the Netherlands: a national matched cohort study. Lancet
Child Adolesc Health. 2021;5:398-407.

Ortgies T, Rullmann M, Ziegelhofer D, Bléser A, Thome UH. The role of
early-onset-sepsis in the neurodevelopment of very low birth weight
infants. BMC Pediatr. 2021,21:289.

Shim SY, Cho SJ, Park EA. Neurodevelopmental outcomes at 18-24
months of corrected age in very low birth weight infants with late-onset
sepsis. J Korean Med Sci. 2021,36:€205.

Brumbaugh JE, Bell EF, Do BT, Greenberg RG, Stoll BJ, Demauro SB,

et al. Incidence of and neurodevelopmental outcomes after late-onset
meningitis among children born extremely preterm. JAMA Netw Open.
2022;5(12):22245826.

Golin MO, Souza FIS, Paiva L da S, Sarni ROS. The value of clinical exami-
nation in preterm newborns after neonatal sepsis: a cross-sectional
observational study. Dev Neurorehabil. 2022;25(2):80-6.

Humberg A, Fortmann MI, Spiegler J, Rausch TK, Siller B, Silwedel C,

et al. Recurrent late-onset sepsis in extremely low birth weight infants

is associated with motor deficits in early school age. Neonatology.
2022;119(6):695-702.

Kartam M, Embaireeg A, Albalool S, Almesafer A, Hammoud M, Al-Hathal
M, et al. Late-onset sepsis in preterm neonates is associated with higher
risks of cerebellar hemorrhage and lower motor scores at three years of
age. Oman Med J. 2022;37(2):e368.

Paul P, Chandna J, Procter SR, Dangor Z, Leahy S, Santhanam S, et al.
Neurodevelopmental and growth outcomes after invasive Group B
Streptococcus in early infancy: a multi-country matched cohort study in
South Africa, Mozambique, India, Kenya, and Argentina. EClinicalMedi-
cine. 2022;47:101358.

Bright HR, Babata K, Allred EN, Erdei C, Kuban KCK, Joseph RM, et al. Neu-
rocognitive outcomes at 10 years of age in extremely preterm newborns
with late-onset bacteremia. Journal of Pediatrics. 2017;187:43-49. e1.
Romanelli RMC, Anchieta LM, Mourdo MVA, Campos FA, Loyola FC,
Mourdo PHO, et al. Fatores de risco e letalidade de infeccao da corrente
sanguinea laboratorialmente confirmada, causada por patégenos

ndo contaminantes da pele em recém-nascidos. J pediatr (Rio J).
2013;89(2):189-96.

Burgaleta M, Johnson W, Waber DP, Colom R, Karama S. Cognitive ability
changes and dynamics of cortical thickness development in healthy
children and adolescents. Neuroimage. 2014;84:810-9.

Peltopuro M, Ahonen T, Kaartinen J, Seppala H, Nérhi V. Borderline intel-
lectual functioning: a systematic literature review. Intellect Dev Disabil.
2014;52:419-43.

Conti-Ramsden G, Durkin K, Toseeb U, Botting N, Pickles A. Education and
employment outcomes of young adults with a history of developmental
language disorder. Int J Lang Commun Disord. 2018;53:237-55.

Czeizel AE, Dudas I;, Murphy MM, Fernandez-Ballart JD, Arija V. Bayley
scales of infant development-administration manual. Paediatr Perinat
Epidemiol. 2019.

Bayley N. Manual for the Bayley Scales of Infant Development (2nd ed.).
San Antonio: TX: The Psychological Corporation; 1993.

59

60.

61.

62

63.

64.

65

66

67.

68

69.

70.

71

72.

Page 38 of 38

Bos AF. Bayley-li Or Bayley-lii: what do the scores tell us? Dev Med Child
Neurol. 2013;55:978-9.

Johnson S, Marlow N. Developmental screen or developmental testing?
Early Hum Dev. 2006;82(3):173-83.

Bakhuizen SE, De Haan TR, Teune MJ, Van Wassenaer-Leemhuis AG, Van
Der Heyden JL, Van Der Ham DP, et al. Meta-analysis shows that infants
who have suffered neonatal sepsis face an increased risk of mortality and
severe complications. Acta Paediatr Int J Paediatr. 2014;103:1211-8.

Cai S, Thompson DK, Yang JYM, Anderson PJ. Short-and long-term neu-
rodevelopmental outcomes of very preterm infants with neonatal sepsis:
a systematic review and meta-analysis. Children. 2019;6:131.

Joussen AM, PoulakiV, Le ML, Koizumi K, Esser C, Janicki H, Schraermeyer
U, Kociok N, Fauser S, Kirchhof B, Kern TS, Adamis AP. A central role for
inflammation in the pathogenesis of diabetic retinopathy. FASEB J.
2004;18(12):1450-2.

Ushio-Fukai M. VEGF signaling through NADPH oxidase-derived ROS. In:
Antioxidants and Redox Signaling. 2007.

Sharma A, Leaf JM, Thomas S, Cane C, Stuart C, Tremlett C, et al. Sensori-
neural hearing loss after neonatal meningitis: a single-centre retrospec-
tive study. BMJ Paediatr Open. 2022;6(1):e001601.

Smilga AS, Garfinkle J, Ng P, Andersen J, Buckley D, Fehlings D, et al.
Neonatal infection in children with cerebral palsy: a registry-based cohort
study. Pediatr Neurol. 2018;80:77-83.

Hayes R, Hartnett J, Semova G, Murray C, Murphy K, Carroll L, et al.
Neonatal sepsis definitions from randomised clinical trials. Pediatr Res.
2023;93:1141-8.

Rahman AE, Igbal A, Hoque DME, Moinuddin M, Zaman SB, Rahman
QSU, et al. Managing neonatal and early childhood syndromic sepsis in
sub-district hospitals in resource poor settings: Improvement in quality of
care through introduction of a package of interventions in rural Bangla-
desh. PLoS One. 2017;12(1):e0170267.

Singh M, Alsaleem M GCP. StatPearls. Treasure Island (FL): StatPearls
Publishing. 2022. Neonatal Sepsis. [Updated 2022 Sep 29]. Available from:
https://www-ncbi-nlm-nih-gov.libproxy1.nus.edu.sg/books/NBK531478/.
American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. Diagnostic and Statistical Manual of Mental Disorders.
2022.

McCauley SR, Wilde EA, Anderson VA, Bedell G, Beers SR, Campbell TF,

et al. Recommendations for the Use of Common Outcome meas-

ures in pediatric traumatic brain injury research. J Neurotrauma.
2012,29:678-705.

Goh MSL, Looi DSH, Goh JL, Sultana R, Goh SSM, Lee JH, Chong SL.

The Impact of Traumatic Brain Injury on Neurocognitive Outcomes in
Children: a Systematic Review and Meta-Analysis. J Neurol Neurosurg
Psychiatry. 2021:jnnp-2020-325066.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www-ncbi-nlm-nih-gov.libproxy1.nus.edu.sg/books/NBK531478/

	Impact of neonatal sepsis on neurocognitive outcomes: a systematic review and meta-analysis
	Abstract 
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Eligibility criteria
	Information sources and search strategy
	Study selection process
	Data collection process and data items
	Study risk of bias assessment
	Statistical analysis
	Certainty of evidence

	Results
	Study selection
	Study characteristics
	Risk of bias 
	Outcome measures reported by domain
	Cognitive delay (CD)
	Visual impairment
	Hearing impairment
	Cerebral palsy
	Differences in neurocognitive outcomes between neonates with culture-proven or clinically diagnosed sepsis as well as early or late onset sepsis
	Differences in neurocognitive outcomes between term and post-term neonates
	Certainty of evidence

	Discussion
	Cognitive delay
	Visual impairment
	Hearing impairment
	Cerebral palsy

	Limitations and recommendations for future research

	Conclusion
	Acknowledgements
	References


