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ABSTRACT
Objective To review the aetiology and antibiotic
resistance patterns of community-acquired sepsis in
developing countries in infants where no clear focus of
infection is clinically identified. To estimate the likely
efficacy of WHO’s recommended treatment for infant
sepsis.
Design A systematic review of the literature describing
the aetiology of community-acquired neonatal and infant
sepsis in developing countries. Using meta-analytical
methods, susceptibility was determined to the antibiotic
combinations recommended by WHO: (1) benzylpenicillin/
ampicillin and gentamicin, (2) chloramphenicol and
benzylpenicillin, and (3) third-generation cephalosporins.
Results 19 studies were identified from 13 countries,
with over 4000 blood culture isolates. Among neonates,
Staphylococcus aureus, Klebsiella spp. and Escherichia coli
accounted for 55% (39–70%) of culture positive sepsis on
weighted prevalence. In infants outside the neonatal
period, the most prevalent pathogens were S aureus, E coli,
Klebsiella spp., Streptococcus pneumoniae and Salmonella
spp., which accounted for 59% (26–92%) of culture
positive sepsis. For neonates, penicillin/gentamicin had
comparable in vitro coverage to third-generation
cephalosporins (57% vs 56%). In older infants (1–12
months), in vitro susceptibility to penicillin/gentamicin,
chloramphenicol/penicillin and third-generation
cephalosporins was 63%, 47% and 64%, respectively.
Conclusions The high rate of community-acquired
resistant sepsis—especially that caused by Klebsiella spp.
and S aureus—is a serious global public health concern.
In vitro susceptibility data suggest that third-generation
cephalosporins are not more effective in treating sepsis
than the currently recommended antibiotics,
benzylpenicillin and gentamicin; however, with either
regimen a significant proportion of bacteraemia is not
covered. Revised recommendations for effective second-line
antibiotics in neonatal and infant sepsis in developing
countries are urgently needed.

INTRODUCTION
Between 30% and 50% of all deaths in children
under the age of 5 years occur in the first month of
life. Neonatal sepsis, the third most common cause
of death in this age group, results in half a million
deaths each year, the vast majority of which are in
developing countries.1 Outside the neonatal period,
the period up to 12 months carries the highest risk
of death from sepsis. WHO recommends the use of

clinical ‘danger’ and ‘priority’ signs to identify neo-
natal and infant sepsis, and empiric antibiotics to
treat infants with suspected serious bacterial infec-
tion.2 So that evidence-based management recom-
mendations can be refined, accurate information is
required about the aetiology and antibiotic suscep-
tibility of neonatal and infant sepsis, derived from
studies using uniform methodologies and case defi-
nitions, from developing countries that are repre-
sentative of those in their region.
WHO’s Pocketbook of Hospital Care for Children,

which provides clinical guidelines for the manage-
ment of children in hospitals where resources are
limited, particularly district hospitals, currently
recommends treatment with ampicillin (or penicillin)
and gentamicin for young infants (0–2 months) and
benzylpenicillin plus chloramphenicol for older

▸ http://dx.doi.org/10.1136/
archdischild-2012-303111

What is already known on this topic

▸ Sepsis in neonates causes about half a million
deaths per year.

▸ WHO recommends penicillin/ampicillin and
gentamicin as treatment for neonatal sepsis.

▸ Many countries use third-generation
cephalosporins to treat neonatal and infant
sepsis.

What this study adds

▸ The commonest causes of neonatal bacteramia
are: Staphylococcus aureus, Escherichia coli and
Klebsiella spp., and in older infants, S aureus,
Streptococcus pneumoniae, Klebsiella and
E coli, and non-typhoidal Salmonella.

▸ Among community-acquired neonatal
bacteraemia, resistance or reduced susceptibility
to the combination of penicillin and gentamicin
and to third-generation cephalosporins occurs in
more than 40% of cases.

▸ Among community acquired bacteraemia in
infants 1–12 months, resistance or reduced
susceptibility to the combination of penicillin and
gentamicin and to third-generation
cephalosporins occurs in more than 35% of cases.
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infants with suspected sepsis. If the infant’s response is poor, the
current advice is to change to ampicillin and gentamicin after
48 h. Second-line antibiotics include flucloxacillin where staphylo-
coccal infection is suspected, and third-generation cephalospor-
ins.2 With the reduction in price and more widespread availability,
in many developing countries, third-generation cephalosporins are
now used as first-line treatment for severe sepsis.

Thus far, the evidence for empirical antibiotics in infant sepsis
has been limited by a lack of data on common bacterial pathogens
and antimicrobial resistance, especially at the community and rural
or district hospital levels in developing countries.3 Most studies of
the aetiology of neonatal infections have been from tertiary hos-
pital neonatal units where nosocomial infections and resistant
organisms are common, and many studies have not distinguished
between hospital- and community-acquired sepsis. Many studies
of sepsis in older infants have been on cases with a septic focus,
such as pneumonia or meningitis.4 5

This review evaluates the aetiology and antibiotic resistance
patterns for community-acquired sepsis in infants where no
clear focus of infection is clinically identified, using data pub-
lished since 1996. From this the likely efficacy of WHO’s
recommendations can be estimated.

METHODS
Search strategy
The search was conducted using Embase, Medline and the
Cochrane Library database, employing the search terms described
in online supplementary table A1. These terms were entered to
capture primary data on aetiology and antibiotic susceptibility in
infant sepsis in low and middle income countries, with the search
terms varying slightly for each database. Only articles in English
were reviewed. Letters, commentaries and case studies were
excluded. The reference lists of relevant articles were accessed to
broaden the search. The definition of low and middle income
countries was in accordance with that of the World Bank and
WHO.6 7

Sepsis was defined as a positive blood culture in studies where
an inclusion criterion was clinical sepsis. The manifestations of
clinical sepsis include: fever with no obvious focus of infection
plus signs of systemic upset (eg, inability to drink or breastfeed,
convulsions, lethargy or vomiting everything), cyanosis and fast
breathing, purpura, cold skin with poor peripheral perfusion,
low blood pressure, or pulses that are hard to detect.8–10

Studies that investigated the aetiology of infection with a
clear focus (eg, pneumonia or meningitis) were excluded, as the
management approach to these children will be different to that
for the septic child with no clear focus. The full texts of all
potentially relevant studies were retrieved and read. Studies that
reported the recruitment of infants with sepsis that was likely to
be hospital-acquired were excluded (see online supplementary
box A1) so that only studies of community-acquired sepsis
would be selected.

Analysis
Results were extracted from each study and entered into a
spreadsheet. Studies were summarised by extracting the study
setting, design, inclusion criteria and methods of sampling and
culture. Data collected from each study included the number
of infants who had blood cultures sampled, the number who
had positive cultures for a bacterial pathogen, the frequency of
all isolates, and the isolate-specific antibiotic susceptibility
where this was reported. Using random effects meta-regression,
an extension of the standard meta-analysis,11 we calculated the
proportion of bacteraemia due to different pathogens. This

method weighs the proportions found in individual studies
according to study sample size, and estimates the extent to
which heterogeneity between the results of multiple studies
can be related to one or more characteristics of the studies.

The studies were evaluated for the quality of bacterial isola-
tion methods and antibiotic susceptibility testing using specific
criteria (see online supplementary).

To determine the efficacy of WHO’s currently recommended
antibiotics, aetiology and susceptibility data were combined. The
susceptibility of individual pathogens to specific antibiotic combi-
nations was calculated using random effects meta-regression,11

weighting for number of isolates tested in each study. These pro-
portions were described for each of the antibiotic combinations
currently recommended by WHO: (1) benzylpenicillin/ampicillin
and gentamicin, (2) chloramphenicol and benzylpenicillin, and (3)
third-generation cephalosporins as a single agent. Only combina-
tions 1 and 3 were evaluated for neonates, as chloramphenicol is
not recommended by WHO as treatment for neonatal sepsis.
These weighted proportions were multiplied by the weighted pro-
portions of all cases of sepsis caused by that pathogen. This
resulted in a data set that describes the proportion of infant sepsis
attributable to a pathogen that is susceptible to recommended anti-
biotics. The sum of these values indicates the total proportion of
infant sepsis that is susceptible to each of the antibiotics or anti-
biotic combinations analysed.

A number of assumptions were made in this methodology: first,
the combined efficacy of two antibiotics is equal to that of the
more efficacious of the two12; second, age did not significantly
affect antibiotic susceptibility, as some studies of susceptibility
included children older than 1 year; and third, benzylpenicillin
and ampicillin are equivalent for the purpose of the analysis,
because these antibiotics are generally interchangeable in WHO
recommendations.

RESULTS
The search retrieved 615 published studies in Medline, 229 in
Embase and 373 in the Cochrane database. Of these, 61
studies identified in the Medline search and 28 studies identi-
fied in the Embase search were potentially relevant, with six
studies identified in both databases. One additional relevant
study was published since the literature search was conducted,

Box 1 Exclusion criteria

▸ Studies reporting on hospital-acquired infections
▸ Children with an identified focus of infection
▸ Culture performed after day 2 of admission
▸ Recruitment included infants admitted to a health facility for

other reasons than suspected sepsis
▸ Studies set in intensive/critical care units
▸ Studies exclusively recruiting immune-compromised, low

birth weight or malnourished children.
▸ Studies of prophylactic antibiotics e.g. for neonates of

mothers with infection
▸ Studies performed prior to 1996
▸ Studies that do not report disaggregated results for neonates

or infants from older children and adults
▸ so that only studies of community-acquired sepsis would be

selected.
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and this was included.13 Therefore, the full texts of 84 (90
minus 6) studies were sought. There were Cochrane reviews
that were potentially relevant, but these were eventually
excluded: two were not set in low and middle income coun-
tries, one had no measurable outcome, and one was in proto-
col form only.14–17

Of the 84 articles retrieved, 63 were excluded (figure 1).
One further study reported data that were duplicated by a
larger report included in the review (the Gambian component
of the multi-country Young Infant Study18) and another19

reported data contained within a more recent study from
the same site in Malawi.12 This left 19 studies from 13
countries.

Description of included studies
Of the 19 studies identified, nine were from Africa, eight from
Asia, one from Iraq and one (the WHO Young Infant Study)
was a multi-country study that included hospitals and clinics in
Gambia, Ethiopia, Philippines and Papua New Guinea.20 One
study was based on community surveillance, three studies were
from rural district or provincial hospitals, 14 studies were from
tertiary or referral hospitals, and the Young Infant Study
included primary to tertiary health facilities.

Sixteen studies were prospective. These studies investigated
the aetiology of positive blood cultures in either all infant
admissions,21 infants admitted with fever without localising fea-
tures22 23 or infants admitted with signs of severe illness or

Figure 1 Retrieval strategy and reasons for study exclusion, ICU, intensive care unit; VlBW, very low birth weight .
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suspected sepsis.12 13 24–36 (table 1). One study, a retrospective
review of laboratory records from a tertiary hospital neonatal
ward, reported data from positive cultures of neonates admitted
with suspected sepsis.35

One study reported data from two centres in India: a neonatal
intensive care unit and a rural district hospital. In line with this
review’s inclusion criteria, data were only extracted from the
rural district hospital for this review.13

The number of positive cultures included in each study varied
from 3030 31 to 784.12 Five studies (four from Africa and one
from India) provided data for 72% of all positive isolates
included in the review (2914 of 4049).12 21 23 28 35

Quality of included studies
The review aimed to focus on community-acquired sepsis. We
excluded studies which were identified as being from intensive

Table 1 Included studies of the aetiology of sepsis in young infants

Year(s) of
study Study location Hospital type Study type Inclusion criteria

0–30 day-old
infants,
positive/total
tested

Older
infants,
positive/
total tested

Community-acquired
pathogens only

Anah et al,
200835

2002–4 Calabar, Nigeria Tertiary hospital Retrospective
review of
laboratory
records

– 363/717 (51%) – Unclear what proportion of
infections were nosocomial

Ayoola et al,
200322

1998 Ibadan, Nigeria Tertiary hospital Prospective Post-neonatal
infants presenting
with fever

– 1–12 months
old: 39/102
(38%)

Yes

Al Zwaini,
200234

2000–1 Ramadi, Iraq Tertiary hospital Prospective Clinical features of
sepsis and a
positive blood
culture

118/? (a total of
1331 newborns
admitted during
study period)

– Probably not all, included
referred children

Darmstadt et al,
200930

2004–6 Bangladesh Community
surveillance

Prospective Clinical features of
sepsis

30/500 (6%) – 40% likely early onset sepsis

Kapoor et al,
200525

2000–1 Delhi, India Tertiary hospital Prospective Clinical features of
sepsis

125/632 (20%) – Probably not all, included
referred children

Karki and
Parija, 199926

1999 Dharan, Nepal Tertiary hospital Prospective Clinical features of
sepsis

46/77 (60%) – Yes

Kayange et al,
201027

2009 Mwanza,
Tanzania

Tertiary hospital Prospective Clinical features
indicative of sepsis

149/300 (50%) – Yes

Meremikwu
et al, 200523

1996–2002 Calabar, Nigeria Tertiary hospital Retrospective
review of
laboratory
records

Clinical features
indicative of sepsis,
or fever without a
localised lesion

271/533 (51%) 1–12 months
old: 113/252
(45%)

Likely

Milledge et al,
200512

1996–2001 Blantyre, Malawi Tertiary hospital Retrospective Clinical features of
sepsis

784/? – Yes

Mugalu et al,
200632

2002 Mulago, Uganda Tertiary hospital Prospective Clinical features of
sepsis

110/193 (57%) – Likely

Ojukwu et al,
200633

2002–3 Abakaliki, Nigeria Tertiary hospital Prospective Clinical features of
sepsis

33/138 (24%) – Yes

Quiambao et al,
200724

1994–2000 Bohol Island,
Philippines

First-level
referral hospital

Prospective Severe pneumonia,
suspected sepsis or
meningitis

22/424 (5%) 0–60 days
old: 12/343
(3%)

Yes

Sharma et al,
200228

2001–2 India Tertiary hospital Prospective Fever or other
clinical features of
sepsis

521/1534 (34%) 1–12 months
old: 194/1165

Yes

Shitaye et al,
201029

2006–7 Addis Ababa,
Ethiopia

Tertiary hospital Prospective Clinical features of
sepsis

135/302 (45%) – Mostly (98%) early onset sepsis

Sigaúque,
200921

2001–6 Manhica district,
southern
Mozambique

Rural hospital Prospective All admissions
(bacteraemia)

154/952 (16%) 29 days–
12 months
old: 520/6892
(8%)

Yes

Tsering et al,
201136

2007–8 Sikkim, India Tertiary hospital Prospective Clinical features of
sepsis

80/363(22%) – Not clear in all cases

Viswanathan,
201113

2008–9 Birbhum, India Rural hospital Prospective Clinical features of
sepsis

77/? – Likely mostly community
acquired. Of 77 positive cultures,
45 were inborn babies and 32
were out-born

Waliullah et al,
200931

2005–6 Bangladesh Tertiary hospital Prospective Clinical features of
sepsis

30/80 (38%) – Unclear whether early or late
onset

WHO Young
Infant Study,
199920

1993 The Gambia,
Ethiopia,
Philippines, Papua
New Guinea,
Tanzania

Primary care
facilities,
secondary or
tertiary
hospitals

Prospective
multicentre
study

Clinical features of
sepsis

84/? 0–90 days
old: 167/4552
(4%)

Yes, only results for early onset
sepsis used, as it is unclear what
proportion of late onset sepsis
was community acquired
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care units. Not all studies were explicit on the proportions of
infections that were community-acquired and nosocomial. The
quality of laboratory methods was assessed using a systematic
approach (see online supplementary box 1 for method, and
online supplementary table A2 for study-level assessment). Most
studies reported on blood culture collection methods (17/19),
described fully the biochemical identification methods (14/19)
and reported antibiotic susceptibility (17/19). The reporting of
laboratory methods for bacterial identification was optimal in
six of 19 studies. Eleven studies did not describe either how
contaminants were distinguished from pathogens, whether bio-
chemical identification was carried out, or what quality assur-
ance methods were used. In two studies bacteriological methods
were not described. Eight of 19 reported that a reference
method for susceptibility testing was used.

Aetiology
In the 19 studies there were a total of 4049 positive blood cul-
tures: 76% of the positive cultures were in neonates (3077 of
4049 cultures) and 24% (972 of 4049 cultures) in infants aged
1–12 months (table 2). All but three studies12 20 34 reported the
number of total blood cultures tested. When it was reported,
the range of prevalence of bacteraemia in infants for whom a
blood culture was performed was 3–16% in studies from com-
munity surveillance or first-referral (including rural and district)
hospitals, and 20–60% in studies from tertiary hospitals.

Using meta-analysis to weight for study size, among neonates,
Staphylococcus aureus, Klebsiella spp. and Escherichia coli
accounted for 55% (39–70%) of bacteraemic sepsis. These three
pathogens, plus unidentified Gram-negative organisms,
accounted for 62% (43–79%) of bacteraemic neonatal sepsis.

Among infants outside the neonatal period, the most preva-
lent pathogens were S aureus, E coli, Klebsiella spp., Salmonella
spp. and Streptococcus pneumoniae, accounting for 59% (26–
92%) of positive sepsis in infants older than 1 month on
weighted analysis. Of the 103 isolates of Klebsiella spp., 90
were reported by one study from India.28

Antibiotic susceptibility
Fifteen studies reported aetiology-specific antibiotic susceptibility
data.12 13 21 23 25–36 One study26 reported antibiotic susceptibil-
ity for all isolated bacteria without specifying individual patho-
gens, and another did not specify the number of isolates tested
for susceptibility.35 Studies reported aetiology-specific antibiotic
susceptibility for neonates,12 13 25–27 31–36 infants up to
12 months of age,28 and children up to 1521 and 18 years of
age.23 Susceptibility data for individual pathogens, weighted for
the sample size of each study which tested antimicrobial suscepti-
bility to that bacterium, are summarised in table 3. There were
high rates of resistance among most species of enteric
Gram-negative bacteria to gentamicin, chloramphenicol and
third-generation cephalosporins. Similarly, there were high rates
of resistance among S aureus to third-generation cephalosporins,
and the β-lactamase stable penicillins (oxacillin, cloxacillin and
flucloxacillin). table 4 and 5 present susceptibility data weighted
for prevalence in neonates and infants over 1 month, respectively.
This gives an indication of the proportion of each pathogen that
causes bacteraemia which is likely to be susceptible to recom-
mended antibiotics. Among neonates with bacteraemia, the
prevalence of susceptible bacteria to the penicillin and gentami-
cin combination, and to third-generation cephalosporins was
57% and 56%, respectively. Among older infants with bacter-
aemia, the prevalence of bacteria susceptible to the penicillin and

gentamicin combination, to chloramphenicol, and to third-
generation cephalosporins was 63%, 47% and 64%, respectively.

DISCUSSION
In developing countries, the high burden of invasive bacterial
infections in young children and limitations in diagnostics make
it essential that effective empirical antibiotic guidelines and
therapy are available. WHO’s clinical guidelines for the manage-
ment of common childhood illnesses take into account the con-
straints of low-resource settings. For children with signs of sepsis
but no localising signs of specific infections such as pneumonia
or meningitis, empiric antibiotic therapy aims to broadly cover
the most likely causes of septicaemia for the relevant age group.

This review found that a few bacteria cause the majority of
infant sepsis, especially in the neonatal age group, where
S aureus, Klebsiella spp. and E coli accounted for 55% of all
sepsis. In contrast to studies from Western countries,37 there

Table 2 Bacteria isolated and prevalence weighted for study
sample size

Pathogen

Neonates (0–1 month) Infants (>1 month)

Number
of
isolates

Weighted
prevalence %
(95% CI)

Number
of
isolates

Weighted
prevalence %
(95% CI)

Staphylococcus
aureus

772 26 (18 to 34) 148 22 (12 to 32)

Klebsiella spp.‡ 655 21 (15 to 26) 103 10 (5 to 15)
Escherichia coli 244 8 (6 to 10) 104 10 (4 to 16)
Salmonella spp. 155 3 (1 to 4) 142 8 (1 to 15)
Streptococcus
pneumoniae

108 2 (1 to 2) 148 9 (4 to 14)

Streptococcus
agalactiae (group B
streptococcus)

179 2 (1 to 3) 2 <1

Streptococcus
pyogenes

87 1 (1 to 2) 34 2 (0 to 4)

Pseudomonas spp. 83 2 (1 to 3) 40 4 (1 to 7)
Other streptococci 76 2 (1 to 3) 33 3 (1 to 6)
Haemophilus
influenzae

5 <1 72 4 (1 to 7)

Acinetobacter spp. 59 <1 16 2 (0 to 3)
Coagulase negative
staphylococci

60 1 (0 to 2) 9 1 (0 to 2)

Enterobacter spp. 54 1 (0 to 1) 13 1 (0 to 1)
Citrobacter spp. 28 <1 17 1 (0 to 3)
Chromobacterium
spp.

15 <1 5 <1

Serratia spp. 19 <1 0 <1
Proteus spp. 13 <1 4 <1
Enterococcus 14 <1 0 0
Neisseria
meningitidis

2 <1 3 <1

Flavobacterium spp. 3 <1 0 <1
Other Gram-positive
organisms*

89 1 (0 to 2) 0 <1

Unidentified
Gram-negative
organisms†

357 7 (4 to 9) 79 7 (2 to 12)

Total 3077 972

*Unspecified Gram-positive bacteria.
†Unidentified Gram-negative organisms included data reported as enteric
Gram-negative bacilli, ‘coliforms’ and ‘other Gram-negative organisms’.
‡90 of the Klebsiella isolates in infants aged 1–12 months were from one study
(Sharma et al28).
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was a much lower proportion of sepsis due to group B strepto-
coccus, an estimated prevalence of only 2%. S aureus, S pneu-
moniae, Klebsiella spp., E coli and Salmonella spp. were the
most important pathogens in older infant (>1 month) sepsis.

We estimated that 57% and 63% of bacterial isolates in neo-
nates and older infants, respectively, were susceptible to the
combination of benzylpenicillin/ampicillin and gentamicin.
Third-generation cephalosporins are often perceived as superior
agents, but these did not provide higher coverage than penicil-
lin/gentamicin. Third-generation cephalosporins had in vitro
efficacy against 56% of neonatal pathogens and 64% of older
infant pathogens. Among neonates, the gaps in antibiotic cover-
age with either regimen were mostly in infections due to enteric
Gram-negative bacilli, particularly Klebsiella spp. Current
empirical antibiotics are inadequate for most isolates of
Klebsiella spp., which accounts for one in five cases of neonatal
sepsis in developing countries.

Study limitations
Limitations of this review include representation and heterogen-
eity. Although this review includes data from more than 4000
episodes of bacteraemia from 13 countries, this is a minute pro-
portion of the annual global burden of this infection. Studies
were of variable size and quality. Heterogeneity occurred at
many levels: clinical criteria for enrolment in studies, study set-
tings, study methodology, quality of laboratory methods and
reporting. For example, a quality assessment of blood culture
collection and processing identified that only eight of the 19
studies had optimal methods and two studies did not describe
their blood culture methods.31 33 Eleven studies did not report
whether they used such standardised susceptibility testing
(online supplementary table A2). Use of a standardised reference

method (eg, Clinical Laboratory Standards Institute or Eucast
criteria) is important to ensure that susceptibility results are
reproducible and accurate. When antibiotic choices are made, it
is often assumed that in vivo efficacy is closely related to in
vitro susceptibility. Where a reference method is not used, it is
difficult to be certain of the correlation between in vitro results
and in vivo efficacy. While 4049 bacterial isolates were identified
in these studies, there was variability in the numbers of isolates
which underwent susceptibility testing: 3560 were tested against
penicillin/ampicillin, 3377 against gentamicin, 3456 against
chloramphenicol and 1624 against third-generation cephalos-
porins. The efficacy of third-generation cephalosporins may
have been under-estimated due to missing data.

An assumption made by this review is that all studies tested
for the most important bacterial pathogens causing sepsis in this
age group. This is reasonable, as most pathogens grow with
standard bacterial culture techniques.

In vitro and in vivo antimicrobial efficacy may differ for some
antibiotics and some bacterial pathogens. S aureus is the most
common pathogen causing neonatal and older infant sepsis, so
resistance has a large impact on overall antibiotic efficacy. S
aureus isolates had low susceptibility to third-generation cepha-
losporins and penicillinase-resistant antibiotics, but the preva-
lence of in vitro susceptibility to gentamicin was high (80%).
These data may overestimate the efficacy of the combination of
penicillin and gentamicin in treating S aureus. Gentamicin is not
commonly accepted as an appropriate sole effective agent for S
aureus. However, previous research has demonstrated that clin-
ically achievable gentamicin concentrations kill S aureus.38 In a
previous community-based trial, the addition of gentamicin to
cotrimoxazole as treatment for neonatal sepsis markedly
reduced mortality,10 so it may be that more S aureus infections

Table 3 Weighted antibiotic susceptibility and number of isolates tested

Pathogen
Penicillin/
ampicillin Gentamicin Chloramphenicol

Third-generation
cephalosporins

Oxacillin/cloxacillin/
methicillin

Staphylococcus aureus 14 (8–20) (639) 80 (71–89) (693) 48 (36–59) (579) 63 (31–94) (200) 53 (35–71) (222)
Klebsiella spp. 3 (1–5) (709) 28 (17–38) (743) 22 (10–34) (632) 43 (14–72) (718) –

Escherichia coli 22 (9–35) (347) 52 (29–76) (350) 38 (17–58) (320) 36 (16–56) (170) –

Salmonella spp. 20 (4–26) (670) 67 (52–83) (668) 46 (30–53) (667) 97 (92–100) (195) –

Streptococcus pneumoniae 94 (87–100) (414) 58 (0–99) (84) 92 (87–98) (466) 95 (89–100) (9) –

Streptococcus agalactiae 100 (179) 2 (0–6) (177) 60 (25–91) (177) 65 (0–100) (8) –

Unidentified Gram-negative
organisms*

14 (5–23) (227) 47 (23–70) (271) 27 (4–50) (248) 61 (44–79) (120) –

Streptococcus pyogenes 100 (62)† 44 (0–100) (58) 99 (97–100) (62) 100 (6)† –

Pseudomonas spp. 61 (0–100) (6) 64 (0–100) (86) – 100 (6)† –

Other streptococci 97 (93–100) (9) 93 (63–100) (4) 100 (1)† 63 (16–100) (4) –

Haemophilus influenzae 54 (45–63) (112) 0.0* 0.50 (0.40–0.59) (109) 100 (1)† –

Acinetobacter spp. 18 (9–26) (70) 21 (12–31) (71) 10 (2–17) (62) 47 (20–74) (83) –

Coagulase negative staphylococci 19 (7 –31) (39) 55 (9–100) (32) 40 (10–70) (10) 91 (4–100) (32) 57 (22–82)
Enterobacter spp. 6 (2–14) (32) 25 (14–55) (20) 6 (0–17) (17) 20 (0–40) (34) –

Citrobacter spp. – – – – –

Chromobacterium spp. – – – – –

Serratia spp. 0 (19)* 47 (12–81) (19) 39 (5–59) (13) 33 (8 –57) (19) –

Proteus spp. 55 (28–59) (8) 99 (95–100) (8) 91 (0–100) (7) 100 (8)†
Enterococcus 30 (0–76) (13) 49 (9–80) (7) 57 (20–94) (7) 100 (7)†
Neisseria meningitidis 100 (9)† – 100 (12)† –

Flavobacterium spp. 0 (3)* 0 (3)* – 0 (3)*
Other Gram-positive organism 65 (29–97) (83) 50 (0–99) (83) 69 (58–80) (67) 0 (1)* 56 (15–61) (17)

Values are % (95% CIs) (n).
*All isolates of these bacteria tested for susceptibility to this antibiotic were resistant, therefore calculation of CIs was not possible.
†No resistant isolates were identified in the studies which performed susceptibility testing on this bacteria for this antibiotic, therefore calculation of CIs was not possible.
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are being adequately covered by the currently recommended
benzylpenicillin/ampicillin plus gentamicin combination than
conventional wisdom dictates.

The estimates have other limitations. Data are more likely to
be produced by large tertiary centres, and it can therefore be
difficult to be certain that infections were community-acquired.
We attempted to account for this by excluding studies per-
formed in highly specialised settings (eg, intensive care units)
and excluding studies where infections were acquired after
2 days of hospital admission. As we did not exclude data from
tertiary hospitals, we cannot be certain that some studies in neo-
natal units were not carried out in units with intensive care facil-
ities including, for example, mechanical ventilation.

High levels of resistance or susceptibility reported in a few
studies can skew the pooled results, however the meta-analysis
process addresses this. Some 72% of the bacterial isolates were
identified from five of the 19 publications, four of which were
from countries in Africa.21 23 28 35

There was incomplete differentiation in the literature of
Salmonella spp. into typhoidal and non-typhoidal Salmonella
(NTS), and there are geographical differences in the prevalence
of this form of bacteraemia. A total of 297 Salmonella spp.
were identified of which 248 (83%) were non-typhoidal
Salmonella, 11 Salmonella typhi and 38 were not typed, so it
was not possible to classify the susceptibility data on these
un-typed isolates. The substantial prevalence of Salmonella spp.
in older infant sepsis (8%) is due to the predominance of
African studies included in this review.39 WHO’s recent recom-
mendation away from penicillin plus chloramphenicol to third-

generation cephalosporins for the empiric treatment of sepsis
in this age group will result in more effective treatment of non--
typhoidal Salmonella in African countries where NTS is highly
prevalent.

Implications
The findings in this review have implications for global antibiotic
recommendations. For neonates, sepsis due to resistant
Gram-negative bacilli is an emerging and substantial problem,
and the currently recommended first-line (penicillin/ampicillin
plus gentamicin) or second-line antibiotics (a third-generation
cephalosporin) do not provide adequate cover. Appropriate
second-line treatment for when these bacteria are isolated or sus-
pected needs to be explored and clinical indications for timely
second-line therapy need to be developed. Amikacin is effective
against most multi-resistant Klebsiella spp. and may be an alterna-
tive to gentamicin as second-line treatment in combination with
a penicillin. Amikacin is comparable to the cost of gentamicin, a
median price of US$0.54 per 100g vial of amikacin, compared to
US$0.16 per 40g vial of gentamicin.40 Carbapenems, fluoroqui-
nolones and extended-spectrum penicillins such as piperacillin-
tazobactam and ticarcillin-clavulinate are expensive, drive resist-
ance and are not widely available in developing countries.

Although it is often believed that third-generation cephalos-
porins are superior to older antibiotics, and are preferred as the
agent of choice for severe sepsis, this study found this not to be
true. Third-generation cephalosporins did not provide increased
in vitro susceptibility. Furthermore, at least one controlled trial of
treatment of neonatal sepsis using third-generation

Table 4 Antibiotic susceptibility of blood culture isolates in neonates

Pathogen
Prevalence weighted for study
size (from table 2) %

Susceptibility weighted for study size
(from table 3) % Susceptibility weighted for prevalence %

Penicillin Gentamicin
Third-generation
cephalosporins

Penicillin/
gentamicin

Third-generation
cephalosporins

Staphylococcus aureus 26 14 8 63 20.8 16.4
Klebsiella spp. 21 3 28 43 5.8 9.0
Escherichia coli 8 22 52 36 4.2 2.9
Salmonella spp. 3 2 67 97 2.0 2.9
Streptococcus pneumoniae 2 94 58 95 1.9 1.9
Streptococcus agalactiae (group
B streptococcus)

2 100 2 65 2.0 1.3

Streptococcus pyogenes 1 100 44 100 1.0 1.0
Pseudomonas spp. 2 61 64 100 1.3 2.0
Other streptococci 2 97 93 63 1.94 1.3
Haemophilus influenzae 1 54 0 100 0.5 1.0
Acinetobacter spp. 1 18 21 47 0.2 0.5
Coagulase negative staphylococci 1 19 55 91 0.6 0.9
Enterobacter spp. 1 6 25 20 0.3 0.2
Citrobacter spp. 1
Chromobacterium spp. 1
Serratia spp. 1 0 47 33 0.5 0.3
Proteus spp. 1 55 99 100 0.1 1.0
Enterococcus 1 30 49 100 0.5 1.0
Neisseria meningitidis 1 100 1.0
Flavobacterium spp. 1 0 0 0 0 0
Other Gram-positive organisms 1 65 50 0 0.7 0
Unidentified Gram-negative
organisms

7 14 47 61 3.3 4.3

Total 86 49.4 47.8
Total 100/86 57.4 55.6
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cephalosporins as first-line treatment has increased rates of resist-
ance among bacterial pathogens in a hospital.41 This study was in
tertiary neonatal units in a developed country, but the lessons are
important for developing countries where the use of cephalos-
porins is increasingly widespread and uncontrolled.
Third-generation cephalosporins are not more effective against
common bloodstream bacterial pathogens than the combination
of penicillin and gentamicin, but may be driving antimicrobial
resistance among Gram-negative pathogens.

This review excluded studies of pneumonia and meningitis.
This will have the effect of under-estimating the prevalence of
bacteraemia due to S pneumoniae and Haemophilus influenzae,
especially in the age group 1–12 months.

It is important to note clinical situations where these data do
not apply. While for bacteraemia there was no advantage in
using third-generation cephalosporins over penicillin and genta-
micin, third-generation cephalosporins are likely to be more
effective at treating Gram-negative meningitis than penicillin
and gentamicin. Although there is no randomised trial evidence
to support this, the use of cephalosporins for neonatal meningi-
tis in industrialised countries has coincided with a reduction in
death rates from this infection, although with no documented
decrease in morbidity.42 43 The main results of this study there-
fore apply to non-meningitis sepsis.

The purpose of this paper was to assess whether current
WHO guidelines for the empiric treatment of infant sepsis are
appropriate. For this reason it was necessary to combine
reported antibiotic susceptibility testing results from around the
world, since these guidelines have been developed for use
worldwide. However, local prevalence and susceptibility results,
where available, should be the most important factor guiding
local empiric antibiotic choices.

This review raises many questions of global public health
importance. These are both technical and programmatic. They
include: how to determine clinical criteria for second-line
therapy that are implementable in resource-limited settings;
how to ensure recommendations are effective but minimise the
development of further resistance; how to make available more
expensive or higher-generation antibiotics in resource-limited
developing countries but ensure their use is based on evidence;
and how to address the poor state of bacteriology services in
most developing countries and improve local surveillance data.

CONCLUSION
More than half the cases of neonatal sepsis were due to S
aureus, E coli or Klebsiella spp. In older infants, Gram-positive
bacteria (S aureus and S pneumoniae), in addition to Klebsiella
and E coli and non-typhoidal Salmonella (in some regions),

Table 5 Antibiotic susceptibility of blood culture isolates in infants aged 1–12 months

Pathogen

Prevalence
weighted for
study size (from
table 2)

Susceptibility weighted for study size (from table 3) Susceptibility weighted for prevalence

Penicillin Gentamicin Chloramphenicol
Third-generation
cephalosporins

Penicillin
gentamicin Chloramphenicol

Third-generation
cephalosporins

Staphylococcus aureus 22 14 80 48 63 17.6 10.6 13.9
Klebsiella spp. 10 3 28 22 43 2.8 2.2 4.3
Escherichia coli 10 22 52 38 36 5.2 3.8 3.6
Salmonella spp. 8 2 67 46 97 5.4 3.7 7.8
Streptococcus
pneumoniae

9 94 58 94 95 8.5 8.5 8.6

Streptococcus
agalactiae (group B
streptococcus)

1 100 2 100 65 1.0 1.0 0.7

Streptococcus
pyogenes

2 100 44 100 100 2.0 2.0 2.0

Pseudomonas spp. 4 61 64 100 2.6 4.0
Other streptococci 3 97 93 100 63 2.9 3.0 1. 9
Haemophilus
influenzae

4 54 0 54 100 2.2 2.2 4.0

Acinetobacter spp. 2 18 21 18 47 0.4 0.4 0.9
Coagulase negative
staphylococci

1 19 55 19 91 0.6 0.2 0.9

Enterobacter spp. 1 6 25 6 20 0.3 0.1 0.2
Citrobacter spp. 1
Chromobacterium spp. 1
Serratia spp. 1 0 47 39 33 0.5 0.4 0.3
Proteus spp. 1 55 99 91 100 1.0 0.9 1.0
Enterococcus 0 30 49 57 100 0 0 0
Neisseria meningitidis 1 100 100 1.0 1.0
Flavobacterium spp. 1 0 0 0 0 0
Other Gram-positive
organisms

1 65 50 69 0 0.7 0.7 0

Unidentified
Gram-negative
organisms

7 14 47 27 61 3.3 1.9 4.3

Total 91 57.7 42.4 58.3
Total 100/91 63.4 46.5 64.0
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were the most important causes of bacteraemia. More than 40%
of sepsis in neonates and more than 35% of sepsis in older
infants was due to pathogens that were resistant (or had
reduced susceptibility) to the antibiotic combination of ampicil-
lin/penicillin and gentamicin, or the increasingly used alterna-
tive, third-generation cephalosporins. Revised recommendations
for second-line antibiotics in neonatal and infant sepsis are
needed. This task will be complex, but these are issues that the
global health community need to address urgently. The method-
ology used in this systematic review could provide a model for
longitudinal surveillance of bacteraemia in infants, which could
offer long-term understanding of the aetiology and antibiotic
resistance patterns in different regions. Improving bacteriology
services in provincial and district hospitals in rural developing
countries is essential for representative global data.
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