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A B S T R A C T

Background

Neonatal sepsis is a major cause of morbidity and mortality. It is the third leading cause of neonatal mortality globally constituting 13%
of overall neonatal mortality. Despite the high burden of neonatal sepsis, high-quality evidence in diagnosis and treatment is scarce.
Due to the diagnostic challenges of sepsis and the relative immunosuppression of the newborn, many neonates receive antibiotics for
suspected sepsis. Antibiotics have become the most used therapeutics in neonatal intensive care units, and observational studies in high-
income countries suggest that 83% to 94% of newborns treated with antibiotics for suspected sepsis have negative blood cultures. The
last Cochrane Review was updated in 2005. There is a need for an updated systematic review assessing the eMects of diMerent antibiotic
regimens for late-onset neonatal sepsis.

Objectives

To assess the beneficial and harmful eMects of diMerent antibiotic regimens for late-onset neonatal sepsis.

Search methods

We searched the following electronic databases: CENTRAL (2021, Issue 3); Ovid MEDLINE; Embase Ovid; CINAHL; LILACS; Science Citation
Index EXPANDED and Conference Proceedings Citation Index – Science on 12 March 2021. We also searched clinical trials databases and
the reference lists of retrieved articles for randomised controlled trials (RCTs) and quasi-RCTs.

Selection criteria

We included RCTs comparing diMerent antibiotic regimens for late-onset neonatal sepsis. We included participants older than 72 hours of
life at randomisation, suspected or diagnosed with neonatal sepsis, meningitis, osteomyelitis, endocarditis, or necrotising enterocolitis.
We excluded trials that assessed treatment of fungal infections.

Data collection and analysis

Three review authors independently assessed studies for inclusion, extracted data, and assessed risk of bias. We used the GRADE approach
to assess the certainty of evidence. Our primary outcome was all-cause mortality, and our secondary outcomes were: serious adverse
events, respiratory support, circulatory support, nephrotoxicity, neurological developmental impairment, necrotising enterocolitis, and
ototoxicity. Our primary time point of interest was at maximum follow-up.
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Main results

We included five RCTs (580 participants). All trials were at high risk of bias, and had very low-certainty evidence.

The five included trials assessed five diMerent comparisons of antibiotics.

We did not conduct a meta-analysis due to lack of relevant data.

Of the five included trials one trial compared cefazolin plus amikacin with vancomycin plus amikacin; one trial compared ticarcillin plus
clavulanic acid with flucloxacillin plus gentamicin; one trial compared cloxacillin plus amikacin with cefotaxime plus gentamicin; one trial
compared meropenem with standard care (ampicillin plus gentamicin or cefotaxime plus gentamicin); and one trial compared vancomycin
plus gentamicin with vancomycin plus aztreonam.

None of the five comparisons found any evidence of a diMerence when assessing all-cause mortality, serious adverse events, circulatory
support, nephrotoxicity, neurological developmental impairment, or necrotising enterocolitis; however, none of the trials were near an
information size that could contribute significantly to the evidence of the comparative benefits and risks of any particular antibiotic
regimen.

None of the trials assessed respiratory support or ototoxicity.

The benefits and harms of diMerent antibiotic regimens remain unclear due to the lack of well-powered trials and the high risk of systematic
errors.

Authors' conclusions

Current evidence is insuMicient to support any antibiotic regimen being superior to another. RCTs assessing diMerent antibiotic regimens
in late-onset neonatal sepsis with low risks of bias are warranted.

P L A I N   L A N G U A G E   S U M M A R Y

Antibiotic regimens for late-onset neonatal sepsis

Review question

We reviewed the available evidence on diMerent antibiotic regimens for newborns (from 72 hours of life to one month of life) with late-
onset sepsis.

Background

Sepsis in newborns is a severe and potential lethal condition, caused by the body's response to an infection. Neonatal sepsis is the third
leading cause of neonatal death globally. Despite this high burden of sepsis in newborns, high-quality evidence in diagnosis and treatment
is scarce. This Cochrane Review was originally published in 2005. To identify the most appropriate antibiotic policies for neonatal sepsis,
there is a need to base these policies on an updated well-conducted review. Therefore, there is a need for such a review assessing the
eMects of diMerent antibiotic regimens for late-onset neonatal sepsis.

Study characteristics

The evidence is current to March 2021. We included five trials randomising 580 participants. The five trials compared five diMerent antibiotic
regimens.

Key results

We included five trials: one trial compared cefazolin plus amikacin with vancomycin plus amikacin; one trial compared ticarcillin plus
clavulanic acid with flucloxacillin plus gentamicin; one trial compared cloxacillin plus amikacin with cefotaxime plus gentamicin; one trial
compared meropenem with standard care (ampicillin plus gentamicin or cefotaxime plus gentamicin); and one trial compared vancomycin
plus gentamicin with vancomycin plus aztreonam.

None of the five antibiotic comparisons showed that the choice of antibiotics influenced the eMects on death from all-causes, serious
adverse events (i.e. major complications), circulatory support, nephrotoxicity (toxicity in the kidneys), neurological developmental
impairment (disabilities in the functioning of the brain that aMect a child's behaviour, memory, or ability to learn), or necrotising
enterocolitis (tissues in the gut become inflamed and start to die). Current evidence cannot confirm or reject, one antibiotic regimen being
superior to another due to scarce data.

Quality of the evidence

Antibiotic regimens for late-onset neonatal sepsis (Review)
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Our conclusions are based on very low-quality evidence. The five trials were at high risk of bias (i.e. the trials were conducted in a way
that may have skewed results to the positive side). In addition, the five trials included few participants, making the results of this review
imprecise.

Antibiotic regimens for late-onset neonatal sepsis (Review)
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S U M M A R Y   O F   F I N D I N G S

 

Summary of findings 1.   Cefazolin plus amikacin compared with vancomycin plus amikacin for late-onset neonatal sepsis

Cefazolin + amikacin compared with vancomycin + amikacin for late-onset neonatal sepsis

Patient or population: newborns with late-onset sepsis

Settings: neonatal intensive care unit in Argentina

Intervention: cefazolin + amikacin

Comparison: vancomycin + amikacin

Illustrative comparative risks* (95% CI)

Assumed risk Corresponding risk

Outcomes

Vancomycin +
amikacin

Cefazolin + amikacin

Relative effect
(95% CI)

No of partici-
pants
(studies)

Certainty of
the evidence
(GRADE)

Comments

All-cause mortality

maximum follow-up

135 per 1000 94 per 1000
(39 to 223)

RR 0.70

(0.29 to 1.66)

109
(1)

⊕⊝⊝⊝a

Very low

OIS: 3022 (RR 0.80, α 0.05, β 0.20)

Serious adverse
events

maximum follow-up

135 per 1000 94 per 1000
(39 to 223)

RR 0.70

(0.29 to 1.66)

109
(1)

⊕⊝⊝⊝a

Very low

OIS: 3022 (RR 0.80, α 0.05, β 0.20)

Serious adverse events were
deaths.

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; OIS: optimal information size; RR: risk ratio.

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

aDowngraded three levels because of very serious risk of bias, very serious imprecision of results, and serious risk of indirectness.
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Summary of findings 2.   Ticarcillin plus clavulanic acid compared with flucloxacillin and gentamicin for late-onset neonatal sepsis

Ticarcillin + clavulanic acid compared with flucloxacillin + gentamicin for late-onset neonatal sepsis

Patient or population: newborns with late-onset sepsis

Settings: neonatal intensive care unit in England

Intervention: ticarcillin + clavulanic acid

Comparison: flucloxacillin + gentamicin

Illustrative comparative risks* (95% CI)

Assumed risk Corresponding risk

Outcomes

Flucloxacillin + gen-
tamicin

Ticarcillin + clavulanic acid

Relative effect
(95% CI)

No of partici-
pants
(studies)

Certainty of
the evidence
(GRADE)

Comments

All-cause mortality

maximum follow-up

143 per 1000 28 per 1000
(1 to 546)

RR 0.20

(0.01 to 3.82)

28
(1)

⊕⊝⊝⊝a

Very low

OIS: 4306 (RR 0.80, α 0.05, β
0.20)

Serious adverse
events

maximum follow-up

143 per 1000 28 per 1000
(1 to 546)

RR 0.20

(0.01 to 3.82)

28
(1)

⊕⊝⊝⊝a

Very low

OIS: 4306 (RR 0.80, α 0.05, β
0.20)

Serious adverse events were
deaths.

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; OIS: optimal information size; RR: risk ratio.

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

aDowngraded three levels because of very serious risk of bias, very serious imprecision of results, and serious risk of indirectness.
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Summary of findings 3.   Cloxacillin plus amikacin compared with cefotaxime plus gentamicin for neonatal late-onset sepsis

Cloxacillin + amikacin compared with cefotaxime + gentamicin for neonatal late-onset sepsis

Patient or population: newborns with late-onset sepsis

Settings: neonatal intensive care unit in India

Intervention: cloxacillin + amikacin

Comparison: cefotaxime + gentamicin

Illustrative comparative risks* (95% CI)

Assumed risk Corresponding risk

Outcomes

Cefotaxime +
gentamicin

Cloxacillin + amikacin

Relative effect
(95% CI)

No of partici-
pants
(studies)

Certainty of
the evidence
(GRADE)

Comments

All-cause mortality

maximum follow-up

200 per 1000 76 per 1000
(22 to 254)

RR 0.38

(0.11 to 1.27)

90
(1)

⊕⊝⊝⊝a

Very low

OIS: 2894 (RR 0.80, α 0.05, β 0.20)

Serious adverse events

maximum follow-up

200 per 1000 100 per 1000
(34 to 296)

RR 0.50

(0.17 to 1.48)

90
(1)

⊕⊝⊝⊝a

Very low

OIS: 2894 (RR 0.80, α 0.05, β 0.20)

Serious adverse events were partici-
pants who developed shock.

Circulatory support

maximum follow-up

200 per 1000 100 per 1000
(34 to 296)

RR 0.50

(0.17 to 1.48)

90
(1)

⊕⊝⊝⊝a

Very low

OIS: 2894 (RR 0.80, α 0.05, β 0.20)

Nephrotoxicity

maximum follow-up

100 per 1000 25 per 1000
(3 to 205)

RR 0.25

(0.03 to 2.05)

90
(1)

⊕⊝⊝⊝a

Very low

OIS: 6428 (RR 0.80, α 0.05, β 0.20)

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; OIS: optimal information size; RR: risk ratio.

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
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Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

aDowngraded three levels because of very serious risk of bias, very serious imprecision of results, and serious risk of indirectness.
 
 

Summary of findings 4.   Meropenem compared with standard care for neonatal late-onset sepsis

Meropenem compared with standard care for neonatal late-onset sepsis

Patient or population: newborns with late-onset sepsis

Settings: neonatal intensive care units in Europe

Intervention: meropenem

Comparison: standard care (ampicillin + gentamicin or cefotaxime + gentamicin)

Illustrative comparative risks* (95%
CI)

Assumed risk Corresponding risk

Outcomes

Meropenem Standard care

Relative effect
(95% CI)

No of partici-
pants
(studies)

Certainty of
the evidence
(GRADE)

Comments

All-cause mortality

maximum follow-up

52 per 1000 74 per 1000
(29 to 188)

RR 1.42

(0.56 to 3.62)

271
(1)

⊕⊝⊝⊝a

Very low

OIS: 12976 (RR 0.80, α 0.05, β 0.20)

Serious adverse events

maximum follow-up

133 per 1000 205 per 1000
(120 to 355)

RR 1.54

(0.90 to 2.66)

271
(1)

⊕⊝⊝⊝a

Very low

OIS: 4662 (RR 0.80, α 0.05, β 0.20)

Neurological developmen-
tal impairment

maximum follow-up

178 per 1000 155 per 1000
(91 to 263)

RR 0.87

(0.51 to 1.48)

271
(1)

⊕⊝⊝⊝a

Very low

OIS: 3336 (RR 0.80, α 0.05, β 0.20)

This outcome was number of partici-
pants with intracranial bleeding.

Necrotising enterocolitis

maximum follow-up

119 per 1000 81 per 1000
(39 to 168)

RR 0.68

(0.33 to 1.42)

271
(1)

⊕⊝⊝⊝a

Very low

OIS: 5324 (RR 0.80, α 0.05, β 0.20)

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; CIS: optimal information size; RR: risk ratio.
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GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

aDowngraded three levels because of very serious risk of bias, very serious imprecision of results, and serious risk of indirectness.
 
 

Summary of findings 5.   Vancomycin plus gentamicin compared with vancomycin plus aztreonam for late-onset neonatal sepsis

Vancomycin + gentamicin compared with vancomycin + aztreonam for late-onset neonatal sepsis

Patient or population: newborns with late-onset sepsis

Settings: neonatal intensive care units in England

Intervention: vancomycin + gentamicin

Comparison: vancomycin + aztreonam

Illustrative comparative risks* (95% CI)

Assumed risk Corresponding risk

Outcomes

Vancomycin +
aztreonam

Vancomycin + gentam-
icin

Relative effect
(95% CI)

No of partici-
pants
(studies)

Certainty of
the evidence
(GRADE)

Comments

All-cause mortality

maximum follow-up

150 per 1000 98 per 1000
(30 to 320)

RR 0.65

(0.20 to 2.13)

81
(1)

⊕⊝⊝⊝a

Very low

OIS: 4072 (RR 0.80,
α 0.05, β 0.20)

Serious adverse events

maximum follow-up

150 per 1000 98 per 1000
(30 to 320)

RR 0.65

(0.20 to 2.13)

81
(1)

⊕⊝⊝⊝a

Very low

OIS: 4072 (RR 0.80,
α 0.05, β 0.20)

Necrotising enterocolitis

maximum follow-up

NA NA RR 12.69

(0.74 to 218.09)

81
(1)

⊕⊝⊝⊝a

Very low

OIS: NA

*The basis for the assumed risk (e.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is
based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).
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CI: confidence interval; NA: not available; OIS: optimal information size; RR: risk ratio.

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

aDowngraded three levels because of very serious risk of bias, very serious imprecision of results, and serious risk of indirectness.
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B A C K G R O U N D

Description of the condition

Definition

Sepsis is defined as a life-threatening organ dysfunction caused
by a dysregulated host response to infection (Singer 2016). There
is currently no international consensus on specific criteria for
neonatal sepsis (Wynn 2014; Wynn 2016). The most used neonatal
sepsis criteria in clinical trials are based on a combination of clinical
and laboratory parameters (see Table 1) (Morris 2016; Wynn 2014).

Sepsis that occurs before 28 days aTer birth is termed neonatal
sepsis (Bakhuizen 2014; Camacho-Gonzalez 2013). Depending on
the time of onset, neonatal sepsis is termed either early-onset
sepsis or late-onset sepsis. The most accepted distinction between
these two subgroups is cases occurring before 72 hours aTer birth
and aTer 72 hours aTer birth, but other definitions exist (e.g.
48 hours and seven days aTer birth (Bakhuizen 2014; Bizzarro
2008; Camacho-Gonzalez 2013; Manan 2016; Metsvaht 2010; Shah
2014; Shane 2013; Shane 2014; Tripathi 2012; Zaidi 2009; Zea-Vera
2015). This distinction is based on the diMerent aetiologies and
pathophysiology of pathogens typically seen before and aTer 72
hours of age (Camacho-Gonzalez 2013; Metsvaht 2010; Shah 2014;
Shane 2013).

Late-onset sepsis frequently presents with clinical deterioration
including apnoea, tachypnoea, increased ventilatory requirement,
hypotension, abnormal heart rate, hyperglycaemia, abnormal
temperature (hypothermia or hyperthermia), cyanosis, acidosis,
feeding intolerance, abdominal distension, lethargy, and skin
mottling (CraT 2000; Tsai 2014). As some of these clinical
manifestations can be non-specific, it can be diMicult to clinically
distinguish between sepsis and deep-seated infections, such
as meningitis, osteomyelitis, and necrotising enterocolitis (NEC)
(Camacho-Gonzalez 2013; Zea-Vera 2015).

Epidemiology

Since there is neither consensus on criteria for neonatal sepsis nor
agreement on the cut-oM between early-onset and late-onset sepsis
(48 hours, 72 hours, or seven days) (see 'Definition' section above),
it is diMicult to estimate the exact incidence of neonatal sepsis
(Bakhuizen 2014). Studies from the USA and Australia suggest that
late-onset sepsis constitutes 3 per 1000 to 6 per 1000 live births,
while early-onset sepsis ranges from 0.9 per 1000 to 3.5 per 1000 live
births (Isaacs 1999; Schuchat 2000; Vergnano 2005; Vergnano 2011).

Late-onset sepsis is believed to be more common in preterm (less
than 37 weeks' gestation) and low birthweight (less than 2500 g)
neonates (Stoll 2011; Tsai 2014). Large non-randomised studies
suggest that late-onset sepsis has decreased significantly in recent
decades in high-income countries (Horbar 2017; Stoll 2015).

Neonatal sepsis is a major cause of morbidity and mortality. It is the
third leading cause of neonatal mortality globally, constituting 13%
of overall neonatal mortality (Lawn 2005; Liu 2012). In high-income
countries, the mortality rate due to neonatal sepsis ranges from
5% to 20%, and neonatal sepsis results in major disability or death
in 39% of all cases despite initiation of conventional treatment.
Mortality rates higher than 70% can be observed in some low- and
middle-income countries (LMICs) (Bakhuizen 2014; Kabwe 2016;
Weston 2011; Wynn 2014).

Sepsis during the neonatal period can result in several
complications, such as multiple organ failure, cerebral
haemorrhage, periventricular leukomalacia, meningitis, and
respiratory distress syndrome (Sharma 2007; Stoll 2010). In
survivors, sepsis is associated with serious long-term morbidity,
such as cerebral palsy, cognitive and psychomotor delay,
auditory and visual impairment, and bronchopulmonary dysplasia
(Bakhuizen 2014; Benjamin 2006; Klinger 2010; Schlapbach 2011).
Most of these associations are based on observational cohort
studies and therefore do not distinguish between causality and
association. It remains uncertain whether it is possible to prevent
these subsequent sequela by treating neonatal sepsis with an
appropriate empirical antibiotic regimen (Bakhuizen 2014).

Aetiology

The pathogens that cause late-onset sepsis include Gram-
positive and Gram-negative bacteria, as well as fungal infections
(Boghossian 2013). The mortality and the distribution pattern of
pathogens that cause late-onset infection diMer between LMICs
and high-income countries. Important variations may be observed
within and between individual neonatal intensive care units
(NICUs) in each country. The predominant organisms responsible
for neonatal sepsis within regions have also changed over time
(Dong 2015; Stoll 1996).

The most common aetiological pathogen responsible for late-
onset sepsis is coagulase-negative staphylococci, constituting
53% to 78% of all cases of late-onset sepsis in high-income
countries (Bizzarro 2005; Bizzarro 2008; Dong 2015; Isaacs 1996;
Rubin 2002; Stoll 2011; Weston 2011). However, since coagulase-
negative staphylococci are skin commensals, these organisms
are also common blood culture contaminants and there is a
lack of consensus regarding how to interpret blood cultures that
are positive for coagulase-negative staphylococci (Rubin 2002;
Weinstein 2003). Other bacteria prevalent in late-onset sepsis are
Escherichia coli, group B Streptococcus, Klebsiella pneumoniae,
Enterococcus, Candida, and Pseudomonas (Isaacs 1996; Rubin 2002;
Stoll 2011; Vergnano 2011).

In LMICs, coagulase-negative staphylococci are still very common,
constituting 36% to 47% of all cases of late-onset sepsis (Dong
2015; Hammoud 2012). The second most common Gram-positive
pathogen is Staphylococcus aureus (Dong 2015; Zaidi 2005). Gram-
negative pathogens are relatively more common in LMICs (Dong
2015; Zaidi 2005). The most frequent Gram-negative pathogens
are Klebsiella species, E coli, Pseudomonas, and Salmonella
species (Breurec 2016; Hammoud 2012; Vergnano 2005; WHO 1999;
Zaidi 2005). The pathogen with the highest case fatality ratio is
considered to be Pseudomonas aeruginosa (Hammoud 2012; Tsai
2014).

Late-onset sepsis has several risk factors. Major risk factors are
immaturity, mechanical ventilation, intravascular catheterisation,
failure of early enteral feeding with breast milk, prolonged
duration of parenteral nutrition, surgery, underlying respiratory
and cardiovascular diseases, and hospitalisation (Boghossian 2013;
Leal 2012; Stoll 2002; Tröger 2014; Tsai 2014). Furthermore,
neonates are theoretically immunocompromised as several
components of the immune system are not fully developed at
birth (Camacho-Gonzalez 2013; Kumar 2016). Preterm neonates
are especially immunocompromised due to even more immature

Antibiotic regimens for late-onset neonatal sepsis (Review)
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innate and adaptive immune systems (Kan 2016; Rogosch 2012;
Walker 2011; Ygberg 2012; Zemlin 2007).

Description of the intervention

Antibiotics are antimicrobial drugs that treat and prevent bacterial
infections by either killing the bacteria or inhibiting their growth
(Waksman 1947). Early initiation of antibiotic therapy on neonates
with suspected sepsis reduces both mortality and morbidity
(Bakhuizen 2014). The choice of antibiotic used is oTen empirical
and based on several factors, such as age at onset, likely pathogens,
and antibiotic susceptibility patterns (Dong 2015; Manan 2016;
Rubin 2002).

The most used first-line treatment is a beta-lactam antibiotic
(most commonly ampicillin, flucloxacillin, or penicillin) combined
with an aminoglycoside (most commonly gentamicin) (Dong 2015;
Vergnano 2011). However, there has been an increased use of
alternatives, such as vancomycin and cephalosporins, due to
increased drug resistance among the most common pathogen (e.g.
coagulase-negative staphylococci) (Dong 2015; Rubin 2002).

Most guidelines recommend a penicillin plus an aminoglycoside
for all cases of neonatal sepsis (Cortese 2016; Manan 2016; Muller-
Pebody 2011; Vergnano 2005; Vergnano 2011; WHO 2013). However,
other protocols exist where a cephalosporin or a glycopeptide is
used as a first-line option to treat late-onset sepsis (Fernando
2008; Marchant 2013; Stockmann 2014). Guidelines may diMer due
to local antibiotic resistance of the most common pathogens or
whether the empirical regimen is supposed to cover the common
but low virulence coagulase-negative staphylococci (Bizzarro 2015;
Marchant 2013). Vancomycin is to be considered if staphylococcal
infection is suspected (Stockmann 2014).

Antibiotic susceptibility

Antibiotic resistance is a growing problem that increases the
morbidity, mortality, and costs associated with infections globally
(Cohen 1992; Foster 2006; Huynh 2016; Vergnano 2005). Studies
indicate that bacterial resistance to antibiotics results primarily
from the selective pressure exerted by the use and overuse of
antibiotics (Foster 2006; Kunin 1990; McGowan 1994; Murray 1994;
Sáez-Llorens 2000). The spread of drug-resistant organisms in
hospitals is a recognised problem, although neonates admitted
from the community may also carry drug-resistant pathogens
(Bhutta 1996). Studies that compare antibiotic susceptibility over
time in the same unit show increased resistance to the most used
antibiotics (Vergnano 2005).

The pathogens that cause neonatal infections and their antibiotic
susceptibility patterns change over time and may diMer between
countries (Breurec 2016; Isaacs 2003; May 2005; Stoll 2003;
Stoll 2005; Vergnano 2011). Furthermore, the definition and
epidemiology of neonatal sepsis diMers between countries
(Vergnano 2005). This makes the comparison of antibiotic
susceptibility between countries diMicult. When comparing the
epidemiology of neonatal sepsis in LMICs with high-income
countries, some important diMerences emerge in the pattern of
aetiological pathogens and their antibiotic resistance (Khatua 1986;
Tallur 2000; Tessin 1990; Vesikari 1985).

In high-income countries, most pathogens that cause late-onset
sepsis (84%) were susceptible to the commonly used empiric

antibiotics (penicillin/gentamicin and flucloxacillin/gentamicin)
(Vergnano 2011).

In LMICs, estimations suggest that up to 70% of pathogens isolated
from neonatal sepsis may not be covered by the recommended
empirical regimen of ampicillin and gentamicin (Zaidi 2005). Some
studies in LMICs have shown almost universal resistance (92% to
100% resistance) among some of the most common pathogens to
first- and second-line antibiotics (Dagnew 2013; Kabwe 2016; Zaidi
2005).

In addition to antibiotic coverage, supportive care aiming to
reverse the life-threatening organ dysfunction caused by a
dysregulated host response to infection is also part of the
care for neonates with sepsis. This includes respiratory support,
maintenance of peripheral perfusion (intravenous fluids and
inotropics), phototherapy, temperature, and glucose regulation
(Seale 2015; WHO 2013).

Adverse events

Use of ampicillin has been associated in some studies with adverse
events, such as rashes, diarrhoea, nausea, and nephrotoxicity
(Golan 2011; Katzung 2009; Mrvos 2013). Contrary to these findings,
one systematic review of randomised controlled trials (RCTs)
showed that ampicillin only increased the incidence of candidiasis
with no significant increase in rashes, diarrhoea, nausea, or
nephrotoxicity (Gillies 2015).

Aminoglycosides (e.g. gentamicin) have been shown to be toxic
(nephrotoxicity and ototoxicity) in adults. However, their toxicity in
neonates remains unclear (Huth 2011; Jackson 1971; Mattie 1989;
McGlone 2008; Mingeot-Leclercq 1999; Musiime 2015; Schultze
1971; Selimoglu 2007; Wargo 2014).

The most common adverse eMects caused by vancomycin are fever,
phlebitis, and, in rare cases, nephrotoxicity and ototoxicity (Rybak
2009). However, in addition to the development of resistance
towards vancomycin, one must also consider that observational
studies suggest a three- to four-fold increase in nephrotoxicity
when aminoglycosides are combined with vancomycin (Farber
1983; Hailemeskel 1999; Rybak 2009; Sorrell 1985).

Cefotaxime, which is considered an alternative first-line antibiotic,
might have a broad spectrum of activity. However, cefotaxime
is also associated with increased risk of death and invasive
candidiasis in non-randomised studies (Clark 2006a; Cotten 2006;
Stockmann 2014).

In addition to the specific adverse eMects of each antibiotic,
extended use of antibiotics is also associated with higher risk of
neonatal candidaemia (Filioti 2007; Spiliopoulou 2012).

How the intervention might work

Antibiotics are antimicrobial drugs that treat and prevent bacterial
infections by either killing or inhibiting the growth of the bacteria
(Waksman 1947). They can be classified based on:

• their mechanism of action (bactericidal or bacteriostatic);

• bacterial spectrum (broad or narrow); and

• chemical structure (e.g. penicillins, macrolides, quinolones,
tetracyclines, or aminoglycosides) (Bérdy 2005).

Antibiotic regimens for late-onset neonatal sepsis (Review)
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A combination of diMerent antibiotics might have several
advantages. First, it is thought to provide an enhanced eMect
beyond the additive eMects of the individual therapies (Allan 1985).
Second, it can be used to broaden the spectrum of antibiotic
coverage when used empirically to increase the chances of covering
the alleged causative bacteria. Third, a combination therapy is
thought to suppress the development of subpopulations of micro-
organisms resistant to antibiotics (Allan 1985; Milatovic 1987;
Tamma 2012).

Why it is important to do this review

Despite the high burden of neonatal sepsis, high-quality evidence
in diagnosis and treatment is scarce (Zea-Vera 2015). Yet, in
adults, appropriate empirical antibiotic treatment halves the
fatality associated with sepsis (Ibrahim 2000; Leibovici 1998; Paul
2010). Due to the diagnostic challenges of sepsis, and the relative
immunosuppression of the newborn, many neonates receive
antibiotics for suspected sepsis. In fact, antibiotics have become
the most used therapeutics in NICUs (Clark 2006b). Studies suggest
that up to 95% of newborns treated with antibiotics for suspected
sepsis prove to have no evidence of infection (Bedford Russell
2015; Cantey 2015; Luck 2003). This presumed inappropriate use
of antibiotics seems to contribute to the development and spread
of resistant pathogens in NICUs, and seems to be associated
with adverse events (e.g. invasive candidiasis and increased
antimicrobial resistance) (Clark 2006a; Cordero 2003; Cotten 2006;
Cotten 2009; Foster 2006; Kuppala 2011).

The Cochrane Review published in 2005 concluded that there
was inadequate evidence from RCTs in favour of any particular
antibiotic regimen for the treatment of suspected late-onset
neonatal sepsis (Gordon 2005). No other systematic review has
been conducted to date to assess the eMects of diMerent antibiotic
regimens for suspected late-onset sepsis. Therefore, there is a
need for an updated systematic review that assesses the eMects of
diMerent antibiotic regimens for late-onset sepsis.

O B J E C T I V E S

To assess the beneficial and harmful eMects of diMerent antibiotic
regimens for late-onset neonatal sepsis.

M E T H O D S

Criteria for considering studies for this review

Types of studies

We included RCTs, quasi-RCTs, and cluster-RCTs. We included trials
regardless of publication type (e.g. full-text or abstract), publication
status (e.g. preprint or published), publication date, and language.
We excluded crossover trials.

Types of participants

We included participants suspected of or diagnosed with late-onset
sepsis (as defined by trial authors).

We included participants if described as newborns or 72 hours
of life or more (at randomisation), suspected or diagnosed with
neonatal sepsis, meningitis, osteomyelitis, endocarditis, or NEC.

We excluded trials that assessed treatment of fungal infections.

Types of interventions

We accepted any type of antibiotic or combination of antibiotics,
such as the following.

• Broad-spectrum beta-lactam antibiotics, defined as broad-
spectrum penicillins (e.g. ampicillin, amoxicillin, piperacillin,
ticarcillin, carbenicillin, and mezlocillin), cephalosporins
(e.g. cefazolin, cephalexin, cefuroxime, cefotetan, cefoxitin,
ceTriaxone, cefotaxime, ceTazidime, cefepime, cefazolin,
ceTobiprole, ceTolozane, and cefoperazone), carbapenems
(e.g. imipenem, meropenem, doripenem, and ertapenem), and
monobactams (e.g. aztreonam). Narrow-spectrum antibiotics
included narrow-spectrum penicillins (e.g. oxacillin, cloxacillin,
dicloxacillin, nafcillin, methicillin, and penicillin G).

• Beta-lactam antibiotics with beta-lactamase inhibitors such as
avibactam, clavulanic acid, sulbactam, and tazobactam.

• Combination of beta-lactam with aminoglycoside (e.g.
gentamicin).

• Combination of beta-lactam with glycopeptide (e.g. vancomycin
and teicoplanin).

• Combination of glycopeptide with aminoglycoside.

We planned to assess the following comparisons.

• Aminoglycoside added to any type of antibiotic versus any type
of antibiotic (same antibiotic as in the experimental group).

• Broad-spectrum beta-lactam antibiotic and aminoglycoside
versus narrow-spectrum beta-lactam antibiotic (as defined in
the above) and aminoglycoside (same aminoglycoside as in the
experimental group).

• Beta-lactam antibiotic (as defined in the above) and
aminoglycoside versus beta-lactam antibiotic and glycopeptide.

• Any other used antibiotic regimen (not included in the above-
mentioned comparisons) versus any other used antibiotic
regimen (not included in the above-mentioned comparisons).

Types of outcome measures

Primary outcomes

• All-cause mortality.

Secondary outcomes

• Proportion of participants with one or more serious adverse
events. We defined a serious adverse event as any untoward
medical occurrence that resulted in death, was life-threatening,
jeopardised the participant, was persistent, led to significant
disability, hospitalisation, or prolonged hospitalisation (ICH-
GCP 2015). As we expected the reporting of serious adverse
events in many trials to be very heterogeneous and not strictly
according to the recommendations regarding good clinical
practice from the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use
(ICH-GCP) (ICH-GCP 2015), we included the event as a serious
adverse event if the trial authors either: used the term 'serious
adverse event' but not refer to ICH-GCP, or reported the
proportion of participants with an event we consider fulfilled the
ICH-GCP definition (e.g. death or developed shock). If several
such events were reported, we chose the highest proportion
reported in each trial to avoid double-counting.
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• Respiratory support, defined as the need for respiratory
support, such as non-invasive ventilation (e.g. continuous
positive airway pressure (CPAP)) or invasive ventilation (e.g.
respirator).

• Circulatory support, defined as the need for circulatory support
such as fluid bolus or vasoactive medication (e.g. inotropes or
vasopressors).

• Nephrotoxicity measured as decreased urine output, decreased
estimated creatine clearance, or increase in S-creatinine
according to guidelines (such as "Paediatric Risk, Injury,
Failure, Loss, End-Stage Kidney Disease (pRIFLE) system", "Acute
Kidney Injury Network (AKIN) guideline", and "Kidney Disease:
Improving Global Outcomes (KDIGO) guideline") (McWilliam
2017) or as defined by the trial author.

• Presence of moderate-to-severe neurological developmental
and sensory impairment (defined as a functional abnormality
in the function of the brain, spinal cord, muscles, nerves, eyes,
or ears, or as any significant lag in a child's physical or motor,
cognitive, behavioural, emotional or social development, in
comparison with other children of the same age and sex within
similar environments. If formal evaluation tools were used to
assess neurodevelopmental impairment, we planned to use
a threshold of –2 standard deviations (SDs) of the normal.
Furthermore, severe brain injury per se is included, such as
intraventricular haemorrhage grade 3 and 4 (Papile 1978; Volpe
2008), and periventricular leukomalacia.

• NEC during or aTer treatment, defined by Bell's criteria 2 (Bell
1978) (participants with NEC at baseline were not included in the
analysis of this outcome).

• Ototoxicity as defined by the trial authors.

We assessed all dichotomised outcomes as proportions.

We used the trial results reported at maximum follow-up (our
primary time point of interest).

Search methods for identification of studies

We used the criteria and standard methods of Cochrane and
Cochrane Neonatal (see the Cochrane Neonatal search strategy
for Specialized Register; neonatal.cochrane.org/resources-review-
authors). We searched for errata or retractions from included
studies published in full-text on PubMed (www.ncbi.nlm.nih.gov/
pubmed).

Electronic searches

We conducted a comprehensive literature search including: the
Cochrane Central Register of Controlled Trials (CENTRAL 2021, Issue
3) in the Cochrane Library; Ovid MEDLINE (1946 to 12 March 2021);
Embase via Ovid (1974 to 12 March 2021); CINAHL (EBSCOhost; 12
March 2021); LILACS (Bireme; 1982 to 12 March 2021); and Science
Citation Index EXPANDED and Conference Proceedings Citation
Index – Science (1990 to 12 March 2021). We have included the
search strategies for each database in Appendix 1.

We searched ZETOC for abstracts of scientific conferences or
symposia (zetoc.jisc.ac.uk/).

We searched clinical trial registries for ongoing or
recently completed trials. We searched the World Health
Organization's International Clinical Trials Registry Platform
(ICTRP) (www.who.int/ictrp/search/en/), and the U.S. National

Library of Medicine's ClinicalTrials.gov (clinicaltrials.gov), via
Cochrane CENTRAL. Additionally, we searched the ISRCTN Registry
for any unique trials not identified through the Cochrane CENTRAL
search (www.isrctn.com/).

We applied no language restrictions. If we identified any papers
in a language not known by the review author group, we sought
translation assistance and acknowledged the translators in the
Acknowledgements section of the review.

Searching other resources

We checked the reference lists of all relevant primary trials and
reviews for additional references.

To identify unpublished trials we also searched clinical trial
registers of Europe and the USA, websites of pharmaceutical
companies, and websites of the US Food and Drug Administration
(FDA) and the European Medicines Agency.

Data collection and analysis

Selection of studies

Three review authors (SKK, CN, and SS) independently screened
titles and abstracts. We retrieved all relevant full-text study
reports/publication and three review authors (SKK, CN, and SS)
independently screened the full texts and identified trials for
inclusion, and identified and recorded reasons for exclusion of
the ineligible studies. We resolved any disagreements through
discussion or, if required, by consulting another review author
(JCJ). We recorded the selection process in suMicient detail
to complete a PRISMA flow diagram (Moher 2009), and a
Characteristics of excluded studies table.

Where studies had multiple publications, we collated the reports
of the same study so that each study, rather than each report, was
the unit of interest for the review, and such studies had a single
identifier with multiple references.

Data extraction and management

We used data collection forms for trial characteristics and outcome
data that we piloted on at least one trial included in the
review. Three review authors (SKK, CN, and SS) extracted trial
characteristics from included trials. We extracted the following
trials characteristics.

• Methods: trial design, total duration of the trial, number of trial
centres and location, trial setting, withdrawals, and date of the
trial.

• Participants: number of participants in each intervention group,
mean age, age range, gender, diagnostic criteria, inclusion
criteria, and exclusion criteria.

• Interventions: intervention and comparison.

• Outcomes: primary and secondary outcomes specified and
collected, and time points reported.

• Notes: funding for trial, and notable conflicts of interest of trial
authors.

Three review authors (SKK, CN and SS) independently extracted
outcome data from included trials. We noted in the Characteristics
of included studies table if the trial authors did not report outcome
data in a usable way. We resolved disagreements by consensus or
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by involving another review author (JCJ). One review author (SKK)
transferred data into the Review Manager 5 (Review Manager 2020).
We double-checked that data were entered correctly by comparing
the data presented in the systematic review with the study reports.
A second review author (SS) spot-checked study characteristics for
accuracy against the trial report.

Assessment of risk of bias in included studies

Two review authors (SKK and SS) independently assessed the
risk of bias (low, high, or unclear) of all included trials using the
Cochrane 'Risk of bias' tool for the following domains (Higgins
2011).

• Sequence generation (selection bias).

• Allocation concealment (selection bias).

• Blinding of participants and personnel (performance bias).

• Blinding of outcome assessment (detection bias).

• Incomplete outcome data (attrition bias).

• Selective reporting (reporting bias).

• Any other bias.

We resolved any disagreements by discussion or by consulting
a third review author (JCJ). See Appendix 2 for a more detailed
description of risk of bias for each domain.

Assessment of bias in conducting the systematic review

We conducted the review according to the published protocol
(Korang 2021), and reported any deviations from it in the
DiMerences between protocol and review section.

Measures of treatment e@ect

Dichotomous outcomes

We calculated risk ratios (RRs) with 95% confidence intervals (CIs)
for dichotomous outcomes.

Unit of analysis issues

The unit of analysis was the participating infant in individually
randomised trials and the neonatal unit (or subunit) for cluster-
RCTs. For cluster-RCTs, we planned to undertake analyses at the
level of the individual while accounting for the clustering in the data
using the methods recommended in the Cochrane Handbook for
Systematic Reviews of Interventions (Higgins 2019).

Dealing with missing data

We did not impute missing values for any outcomes in our primary
analysis. In two of our sensitivity analyses, we planned to impute
data (see Sensitivity analysis).

We contacted investigators and trial sponsors to verify key trial
characteristics and obtain missing numerical outcome data when
possible (e.g. when we identified a study as an abstract only).

Assessment of heterogeneity

We planned to visually inspect forest plots to assess signs of
heterogeneity, and we planned to explore possible heterogeneity
in our prespecified subgroup analyses. We inspected trial
characteristics across trials to identify clinical heterogeneity.
We assessed the presence of statistical heterogeneity using the
Chi2 test (threshold P < 0.10) and measured the quantities of

heterogeneity using the I2 statistic (Higgins 2002; Higgins 2003).
If we had detected moderate or high heterogeneity (I2 statistic
of 50% or greater), we planned to explore the possible causes
(e.g. diMerences in study design, participants, interventions, or
completeness of outcome assessments).

Assessment of reporting biases

We planned to use a funnel plot to assess publication bias if 10 or
more trials met the inclusion criteria. We also planned to visually
inspect funnel plots to assess the risk of bias. As we planned to
report results when we analysed dichotomous outcomes using RRs,
we did not use any tests to assess funnel plot asymmetry when
analysing dichotomous outcomes (Higgins 2019).

Data synthesis

Meta-analysis

We planned to undertake this meta-analysis according to the
guidance in the Cochrane Handbook for Systematic Reviews of
Interventions (Higgins 2019). We planned to use Review Manager 5
to analyse data (Review Manager 2020).

We planned to assess our intervention eMects using fixed-eMect
meta-analyses (Demets 1987), in accordance with the policies of
Cochrane Neonatal. We used one primary outcome and, therefore,
we considered a P value of 0.05 or less as the threshold for statistical
significance (Jakobsen 2014). We used the eight-step procedure to
assess if the thresholds for significance were crossed (Jakobsen
2014). Where data were only available from one trial, we planned to
use Fisher's exact test for dichotomous data (Fisher 1922).

Where a trial reported multiple trial arms, we planned to include
only the relevant trial arms. If two comparisons were combined in
the same meta-analysis, we would halve the control group to avoid
double-counting.

Trial sequential analysis

Traditional meta-analysis runs the risk of random errors due
to sparse data and repetitive testing of accumulating data
when updating reviews. Therefore, we planned to perform trial
sequential analysis (TSA) on the outcomes, to calculate the
required information size and the cumulative Z-curve's breach of
relevant trial sequential monitoring boundaries (Brok 2008; Brok
2009; Thorlund 2009; Thorlund 2011; TSA 2011; Wetterslev 2008;
Wetterslev 2009; Wetterslev 2017). We wished to control the risks
of type I errors and type II errors. A more detailed description
of TSA can be found at www.ctu.dk/tsa/. We planned to assess
our TSA intervention eMects with both a random-eMects model
(DerSimonian 1986), and a fixed-eMect model (Demets 1987).

For dichotomous outcomes, we planned to estimate the required
information size based on the observed, unweighted proportion of
participants with an outcome in the control group (the cumulative
proportion of participants with an event in the control groups
relative to all participants in the control groups), a relative risk
reduction of 20%, an alpha of 5%, a beta of 20%, and diversity as
suggested by the trials in the meta-analysis.

Subgroup analysis and investigation of heterogeneity

We planned to perform the following subgroup analyses for our
primary outcome.
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• High risk of bias trials compared with low risk of bias trials.

• Gestational age: term (37 weeks or greater) compared with
preterm.

• Trials from high-income countries compared with trials from
LMICs, as defined by the World Bank (World Bank 2017).

• Late-onset sepsis defined by: onset aTer 48 hours, aTer 72 hours,
aTer one week, or as defined by the trial authors.

• Clinically suspected sepsis compared with culture-supported
suspicion of severe bacterial infection.

• Trials including participants with coagulase-negative
staphylococci versus trials excluding participants with
coagulase-negative staphylococci.

We planned to use the formal test for subgroup interactions in
Review Manager 5 (Review Manager 2020). We did not perform any
of the above subgroups due to a lack of data.

Sensitivity analysis

To assess the potential impact of the missing data, we planned
to perform the two following sensitivity analyses on the primary
outcome and the secondary outcome serious adverse events.

• 'Best-worst-case' scenario: we planned to assume that all
participants lost to follow-up in the experimental group had
survived and had no serious adverse event; and all those
participants with missing outcomes in the control group had not
survived and had a serious adverse event.

• 'Worst-best-case' scenario: we planned to assume that all
participants lost to follow-up in the experimental group had not
survived and had a serious adverse event; and that all those
participants lost to follow-up in the control group had survived
and had no serious adverse event.

We planned to present results of both scenarios in our review, but
we did not perform any of the sensitivity analyses due to a lack of
data.

Summary of findings and assessment of the certainty of the
evidence

We used the GRADE approach, as outlined in the GRADE
Handbook (Schünemann 2013), to assess the certainty of
evidence of the following (clinically relevant) outcomes: all-cause

mortality (primary outcome), and five secondary outcomes (serious
adverse events, circulatory failure, nephrotoxicity, neurological
developmental impairment, and NEC) at maximum follow-up.

Three review authors (SKK, SS, and CN) independently assessed
the certainty of the evidence for each of the outcomes above. We
considered evidence from RCTs as high certainty but downgraded
the evidence one level for serious (or two levels for very serious)
limitations based upon the following: design (risk of bias),
consistency across studies, directness of the evidence, precision of
estimates, and presence of publication bias. We used GRADEpro
GDT to create five 'Summary of findings' tables to report the
certainty of the evidence.

The GRADE approach results in an assessment of the certainty of a
body of evidence as one of four grades.

• High certainty: further research is very unlikely to change our
confidence in the estimate of eMect.

• Moderate certainty: further research is likely to have an
important impact on our confidence in the estimate of eMect and
may change the estimate.

• Low certainty: further research is very likely to have an
important impact on our confidence in the estimate of eMect and
is likely to change the estimate.

• Very low certainty: we are very uncertain about the estimate.

R E S U L T S

Description of studies

We assessed all studies according to the Cochrane Handbook for
Systematic Reviews of Interventions (Higgins 2019), and the protocol
for this review (Korang 2021). Characteristics of each study can be
found in the Characteristics of included studies and Characteristics
of excluded studies tables.

Results of the search

Our initial search identified 3356 references. We deemed 55 studies
relevant and obtained full texts for further evaluation (see Figure
1). Of these, we included five trials (Ceriani 2014; Lutsar 2020; Miall-
Allen 1988; Millar 1992; Ramasamy 2014). We identified no ongoing
trials relevant to the review.
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Figure 1.   Study flow diagram.
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Included studies

Five trials met our inclusion criteria (Ceriani 2014; Lutsar 2020;
Miall-Allen 1988; Millar 1992; Ramasamy 2014). For detailed
descriptions, see the Characteristics of included studies table. Four
of the trials were single centre, and one was multicentre.

Participants

The five trials included 580 participants. The mean proportion of
girls was 46% among the trials that reported gender.

Interventions

The trials reported five diMerent antibiotic regimens.

• One trial assessed cefazolin plus amikacin compared with
vancomycin plus amikacin (Ceriani 2014).

• One trial assessed ticarcillin plus clavulanic acid compared with
flucloxacillin plus gentamicin (Miall-Allen 1988).

• One trial assessed cloxacillin plus amikacin compared with
cefotaxime plus gentamicin (Ramasamy 2014).

• One trial assessed meropenem compared with standard care
(ampicillin plus gentamicin or cefotaxime plus gentamicin)
(Lutsar 2020).

• One trial assessed vancomycin plus gentamicin compared with
vancomycin plus aztreonam (Millar 1992).

Co-interventions

Participants in all five trials received standard care in addition to the
allocated antibiotic regimen.

Outcomes

All five included trials reported all-cause mortality and serious
adverse events. None of the trials reported serious adverse events
according to the ICH-GCP, neither did they report serious adverse
events as a composite outcome. Therefore, we reported the
proportion of participants with an event we considered fulfilled
the ICH-GCP definition (e.g. shock or death). As there were several
such events, we chose the highest proportion reported in each trial
to avoid double-counting. One trial reported circulatory support
(Ramasamy 2014), neurological developmental impairment (Lutsar
2020), and nephrotoxicity (Ramasamy 2014). Two trials reported
NEC (Lutsar 2020; Millar 1992). None of the trials reported
respiratory support or ototoxicity.

Antibiotic resistance in included trials

One trial (from diMerent countries in Europe) reported 31 cases of
resistance (towards meropenem) out of the 63 participants with

positive cultures in the meropenem group, compared with 45 cases
of resistance (towards one of the allocated antibiotics) out of the
75 participants with positive cultures in the standard care group
(Lutsar 2020).

One trial (from England) reported one case of resistance (towards
gentamicin) out of the four participants with positive cultures in the
flucloxacillin plus gentamicin group, but there was no resistance
among the five participants with positive cultures in the ticarcillin
plus clavulanic acid group (Miall-Allen 1988).

The remaining three trials (from Argentina, England, and India) did
not report resistance among the included participants towards the
allocated antibiotics (Ceriani 2014; Millar 1992; Ramasamy 2014).

Excluded studies

We assessed 50 trials as relevant upon review of the abstract, but
later excluded them upon review of the full publication.

• We excluded 24 trials because they were a mix of early- and
late-onset neonatal sepsis (Adelman 1987a; Adelman 1987b;
Baqui 2013; Begue 1998; De Louvois 1992; Faix 1988; Fogel 1983;
Gokalp 1991; HaMejee 1984; Hall 1988; Lee 2005; Marks 1978; Mir
2017; Molyneux 2017; Odio 1987; Odio 1995; Taheri 2011; Tessin
1988; Tessin 1989; Tshefu 2015a; Tshefu 2015b; Umaña 1990;
Wiese 1988; Zaidi 2013).

• In eight trials both groups received the same antibiotics
(Auriti 2005; Chowdhary 2006; Gathwala 2010; Hansen 1980;
Langhendries 1993; McCracken 1976; Mulubwa 2020; Rohatgi
2017).

• Four trials included only early-onset neonatal sepsis
(Hammerberg 1989; Metsvaht 2010; Snelling 1983; Tewari 2014).

• One trial included adults (Bassetti 1991).

• Two trials were not randomised (Ebrahim 1969; Oral 1998).

• Eleven trials did not include neonates with late-onset sepsis
(Alinejad 2018; AronoM 1984; Chartrand 1984; Collins 1998;
Deville 2003; Feigin 1976; Jantausch 2003; Kaplan 2003;
Lönnerholm 1982; Viganò 1995; Wells 1984).

When the participant age was unclear or separate data were not
available for late-onset sepsis, we contacted the study authors.
However, we obtained no additional information on these trials.

Risk of bias in included studies

We assessed all the included studies at overall high risk of bias
(Figure 2). We contacted the authors for clarification, as some data
were missing and several bias domains were unclear.
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Figure 2.   Risk of bias summary: review authors' judgements about each risk of bias item for each included study.
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Allocation

Three trials used a computer program to generate the sequence
resulting in assessment of low risk (Ceriani 2014; Lutsar 2020;

Ramasamy 2014). Two trials did not describe how allocation
sequence generation was performed resulting in assessment of
unclear (Miall-Allen 1988; Millar 1992).
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Three trials allocated with concealment using serially numbered
opaque sealed envelopes or had the randomisation list kept
confidential and were at low risk of bias (Ceriani 2014; Lutsar
2020; Ramasamy 2014). Two trials did not describe allocation
concealment and were at unclear risk of bias (Miall-Allen 1988;
Millar 1992).

Blinding

Two trials did not blind participants or treatment providers
resulting in assessment of high risk of performance bias (Ceriani
2014; Lutsar 2020). Two trials did not describe methods of blinding
(Miall-Allen 1988; Millar 1992), and one trial was only described as
single-blinded (without specifications) (Ramasamy 2014), resulting
in unclear risk of performance bias.

Two trials did not blind outcome assessors resulting in assessment
of high risk of detection bias (Ceriani 2014; Lutsar 2020). Three
trials did not describe whether outcome assessors were blinded
resulting in unclear risk of detection bias (Miall-Allen 1988; Millar
1992; Ramasamy 2014).

Incomplete outcome data

All trials used either intention-to-treat analysis or had no or few
dropouts resulting in assessment of low risk of attrition bias.

Selective reporting

All trials reported mortality resulting in assessment of low risk of
reporting bias.

Other potential sources of bias

Review authors observed no other biases.

E@ects of interventions

See: Summary of findings 1 Cefazolin plus amikacin compared
with vancomycin plus amikacin for late-onset neonatal sepsis;
Summary of findings 2 Ticarcillin plus clavulanic acid compared
with flucloxacillin and gentamicin for late-onset neonatal sepsis;
Summary of findings 3 Cloxacillin plus amikacin compared
with cefotaxime plus gentamicin for neonatal late-onset sepsis;
Summary of findings 4 Meropenem compared with standard care
for neonatal late-onset sepsis; Summary of findings 5 Vancomycin
plus gentamicin compared with vancomycin plus aztreonam for
late-onset neonatal sepsis

We included five trials (580 participants) that met all the
inclusion criteria (Ceriani 2014; Lutsar 2020; Miall-Allen 1988;
Millar 1992; Ramasamy 2014). We were able to assess in part
all-cause mortality, serious adverse events, circulatory support,
nephrotoxicity, neurological developmental impairment, and NEC
as primary and secondary outcomes. However, the five trials
assessed comparisons with diMerent antibiotic regimens. Hence,
we performed no meta-analyses, no TSA, and no subgroup analysis
on any outcomes. We estimated the optimal information size for all
of the outcomes and the optimal information size was not reached
for any of the comparisons (Summary of findings 1; Summary of
findings 2; Summary of findings 3; Summary of findings 4; Summary
of findings 5).

Cefazolin plus amikacin compared with vancomycin plus
amikacin

We found one trial comparing cefazolin plus amikacin with
vancomycin plus amikacin (Summary of findings 1).

Primary outcome

All-cause mortality

One trial randomising 109 participants comparing cefazolin plus
amikacin with vancomycin plus amikacin showed no evidence of a
diMerence in all-cause mortality (RR 0.70, 95% CI 0.29 to 1.66; very
low-certainty evidence; Analysis 1.1) (Ceriani 2014).

Secondary outcomes

Serious adverse events

One trial randomising 109 participants comparing cefazolin plus
amikacin with vancomycin plus amikacin showed no evidence of a
diMerence in serious adverse events (RR 0.70, 95% CI 0.29 to 1.66;
very low-certainty evidence; Analysis 1.2) (Ceriani 2014).

Respiratory support

The trial did not report respiratory support.

Circulatory support

The trial did not report circulatory support.

Nephrotoxicity

The trial did not report nephrotoxicity.

Neurological developmental impairment

The trial did not report neurological developmental impairment.

Necrotising enterocolitis

The trial did not report NEC.

Ototoxicity

The trial did not report ototoxicity.

Ticarcillin plus clavulanic acid compared with flucloxacillin
plus gentamicin

We found one trial comparing ticarcillin plus clavulanic acid with
flucloxacillin plus gentamicin (Summary of findings 2).

Primary outcome

All-cause mortality

One trial randomising 28 participants comparing ticarcillin plus
clavulanic acid with flucloxacillin plus gentamicin showed no
evidence of a diMerence in all-cause mortality (RR 0.20, 95% CI 0.01
to 3.82; very low-certainty evidence; Analysis 2.1) (Miall-Allen 1988).

Secondary outcomes

Serious adverse events

One trial randomising 28 participants comparing ticarcillin plus
clavulanic acid with flucloxacillin plus gentamicin showed no
evidence of a diMerence in serious adverse events (RR 0.20, 95% CI
0.01 to 3.82; Analysis 2.2; very low-certainty evidence) (Miall-Allen
1988).
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Respiratory support

The trial did not report respiratory support.

Circulatory support

The trial did not report circulatory support.

Nephrotoxicity

The trial did not report nephrotoxicity.

Neurological developmental impairment

The trial did not report neurological developmental impairment.

Necrotising enterocolitis

The trial did not report NEC.

Ototoxicity

The trial did not report ototoxicity.

Cloxacillin plus amikacin compared with cefotaxime plus
gentamicin

We found one study comparing cloxacillin plus amikacin with
cefotaxime plus gentamicin (Summary of findings 3).

Primary outcome

All-cause mortality

One trial randomising 90 participants comparing cloxacillin plus
amikacin with cefotaxime plus gentamicin showed no evidence of
a diMerence in all-cause mortality (RR 0.38, 95% CI 0.11 to 1.27; very
low-certainty evidence; Analysis 3.1) (Ramasamy 2014).

Secondary outcomes

Serious adverse events

One trial randomising 90 participants comparing cloxacillin plus
amikacin with cefotaxime plus gentamicin showed no evidence of
a diMerence in serious adverse events (RR 0.50, 95% CI 0.17 to 1.48;
very low-certainty evidence; Analysis 3.2) (Ramasamy 2014).

Respiratory support

The trial did not report respiratory support.

Circulatory support

One trial randomising 90 participants comparing cloxacillin plus
amikacin with cefotaxime plus gentamicin showed no evidence of a
diMerence in circulatory support (RR 0.50, 95% CI 0.17 to 1.48; very
low-certainty evidence; Analysis 3.3) (Ramasamy 2014).

Nephrotoxicity

One trial randomising 90 participants comparing cloxacillin plus
amikacin with cefotaxime plus gentamicin showed no evidence of a
diMerence in nephrotoxicity (RR 0.25, 95% CI 0.03 to 2.05; very low-
certainty evidence; Analysis 3.4) (Ramasamy 2014).

Neurological developmental impairment

The trial did not report neurological developmental impairment.

Necrotising enterocolitis

The trial did not report NEC.

Ototoxicity

The trial did not report ototoxicity.

Meropenem compared with standard care (ampicillin plus
gentamicin or cefotaxime plus gentamicin)

We found one trial comparing meropenem compared with standard
care (ampicillin plus gentamicin or cefotaxime plus gentamicin)
(Summary of findings 4).

Primary outcome

All-cause mortality

One trial randomising 271 participants comparing meropenem
with standard care (ampicillin plus gentamicin or cefotaxime
plus gentamicin) showed no evidence of a diMerence in all-cause
mortality (RR 1.42, 95% CI 0.56 to 3.62; very low-certainty evidence;
Analysis 4.1) (Lutsar 2020).

Secondary outcomes

Serious adverse events

One trial randomising 271 participants comparing meropenem
with standard care (ampicillin plus gentamicin or cefotaxime plus
gentamicin) showed no evidence of a diMerence in serious adverse
events (RR 1.54, 95% CI 0.90 to 2.66; very low-certainty evidence;
Analysis 4.2) (Lutsar 2020).

Respiratory support

The trial did not report respiratory support.

Circulatory support

The trial did not report circulatory support.

Nephrotoxicity

The trial did not report nephrotoxicity.

Neurological developmental impairment

One trial randomising 271 participants comparing meropenem
with standard care (ampicillin plus gentamicin or cefotaxime plus
gentamicin) showed no evidence of a diMerence in neurological
developmental impairment (RR 0.87, 95% CI 0.51 to 1.48; very low-
certainty evidence; Analysis 4.3) (Lutsar 2020).

Necrotising enterocolitis

One trial randomising 271 participants comparing meropenem
with standard care (ampicillin plus gentamicin or cefotaxime plus
gentamicin) showed no evidence of a diMerence in NEC (RR 0.68,
95% CI 0.33 to 1.42; very low-certainty evidence; Analysis 4.4)
(Lutsar 2020).

Ototoxicity

The trial did not report ototoxicity.

Vancomycin plus gentamicin compared with vancomycin plus
aztreonam

We found one trial comparing vancomycin plus gentamicin
compared with vancomycin plus aztreonam (Summary of findings
5).
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Primary outcome

All-cause mortality

One trial randomising 81 participants comparing vancomycin plus
gentamicin with vancomycin plus aztreonam showed no evidence
of a diMerence in all-cause mortality (RR 0.65, 95% CI 0.20 to 2.13;
very low-certainty evidence; Analysis 5.1) (Millar 1992).

Secondary outcomes

Serious adverse events

One trial randomising 81 participants comparing vancomycin plus
gentamicin with vancomycin plus aztreonam showed no evidence
of a diMerence in serious adverse events (RR 0.65, 95% CI 0.20 to
2.13; very low-certainty evidence; Analysis 5.2) (Millar 1992).

Respiratory support

The trial did not report respiratory support.

Circulatory support

The trial did not report circulatory support.

Nephrotoxicity

The trial did not report nephrotoxicity.

Neurological developmental impairment

The trial did not report neurological developmental impairment.

Necrotising enterocolitis

One trial randomising 81 participants comparing vancomycin plus
gentamicin with vancomycin plus aztreonam showed no evidence
of a diMerence in NEC (RR 12.69, 95% CI 0.74 to 218.09; very low-
certainty evidence; Analysis 5.3) (Millar 1992).

Ototoxicity

The trial did not report ototoxicity.

D I S C U S S I O N

Summary of main results

Evidence from five RCTs including 580 participants contributed
data to our predefined outcomes. There is insuMicient information
to assess the relative eMects of any of the antibiotics compared.
Furthermore, these trials had high risk of bias. In summary, the
certainty of the evidence was very low.

We conducted no meta-analyses due to a lack of relevant data.
The optimal information size was not reached for any of the
comparisons (Summary of findings 1; Summary of findings 2;
Summary of findings 3; Summary of findings 4; Summary of
findings 5).

When assessing all-cause mortality: one trial randomising 109
participants showed no evidence of a diMerence when comparing
cefazolin plus amikacin with vancomycin plus amikacin (RR 0.70,
95% CI 0.29 to 1.66; very low-certainty evidence) (Ceriani 2014);
one trial randomising 28 participants showed no evidence of a
diMerence when comparing ticarcillin plus clavulanic acid with
flucloxacillin plus gentamicin (RR 0.20, 95% CI 0.01 to 3.82; very
low-certainty evidence) (Miall-Allen 1988); one trial randomising 90
participants showed no evidence of a diMerence when comparing

cloxacillin plus amikacin with cefotaxime plus gentamicin (RR
0.38, 95% CI 0.11 to 1.27; very low-certainty evidence) (Ramasamy
2014); one trial randomising 71 participants showed no evidence
of a diMerence when comparing meropenem with standard care
(ampicillin plus gentamicin or cefotaxime plus gentamicin) (RR
1.42, 95% CI 0.56 to 3.62; very low-certainty evidence) (Lutsar
2020); one trial randomising 81 participants showed no evidence
of a diMerence when comparing vancomycin plus gentamicin with
vancomycin plus aztreonam (RR 0.65, 95% CI 0.20 to 2.13; very low-
certainty evidence) (Millar 1992).

When assessing serious adverse events: one trial randomising 109
participants showed no evidence of a diMerence when comparing
cefazolin plus amikacin with vancomycin plus amikacin (RR 0.70,
95% CI 0.29 to 1.66; very low-certainty evidence) (Ceriani 2014);
one trial randomising 28 participants showed no evidence of a
diMerence when comparing ticarcillin plus clavulanic acid with
flucloxacillin plus gentamicin (RR 0.20, 95% CI 0.01 to 3.82; very
low-certainty evidence) (Miall-Allen 1988); one trial randomising 90
participants showed no evidence of a diMerence when comparing
cloxacillin plus amikacin with cefotaxime plus gentamicin (RR
0.50, 95% CI 0.17 to 1.48; very low-certainty evidence) (Ramasamy
2014); one trial randomising 271 participants showed no evidence
of a diMerence when comparing meropenem with standard care
(ampicillin plus gentamicin or cefotaxime plus gentamicin) (RR
1.54, 95% CI 0.90 to 2.66; very low-certainty evidence) (Lutsar
2020); one trial randomising 81 participants showed no evidence
of a diMerence when comparing vancomycin plus gentamicin with
vancomycin plus aztreonam (RR 0.65, 95% CI 0.20 to 2.13; very low-
certainty evidence) (Millar 1992).

None of the trials reported respiratory support.

When assessing circulatory support, one trial randomising 90
participants showed no evidence of a diMerence when comparing
cloxacillin plus amikacin with cefotaxime plus gentamicin (RR 0.50,
95% CI 0.17 to 1.48; very low-certainty evidence) (Ramasamy 2014).

When assessing nephrotoxicity, one trial randomising 90
participants showed no evidence of a diMerence when comparing
cloxacillin plus amikacin with cefotaxime plus gentamicin (RR 0.25,
95% CI 0.03 to 2.05; very low-certainty evidence) (Ramasamy 2014).

When assessing neurological developmental impairment, one trial
randomising 271 participants showed no evidence of a diMerence
when comparing meropenem with standard care (ampicillin plus
gentamicin or cefotaxime plus gentamicin) (RR 0.87, 95% CI 0.51 to
1.48; very low-certainty evidence) (Lutsar 2020).

When assessing NEC: one trial randomising 271 participants
showed no evidence of a diMerence when comparing meropenem
with standard care (ampicillin plus gentamicin or cefotaxime plus
gentamicin) (RR 0.68, 95% CI 0.33 to 1.42; very low-certainty
evidence) (Lutsar 2020); one trial randomising 81 participants
showed no evidence of a diMerence when comparing vancomycin
plus gentamicin with vancomycin plus aztreonam (RR 12.69, 95% CI
0.74 to 218.09; very low-certainty evidence) (Millar 1992).

None of the trials reported ototoxicity.

The benefits and harms of diMerent antibiotic regimens remain
unclear owing to the lack of well-powered trials, and the high risk
of systematic errors.
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Overall completeness and applicability of evidence

We were unable to perform any meta-analyses due to lack
of relevant data and the identified trials were underpowered.
Therefore, it was not possible to conclude whether one antibiotic
regimen was superior to another in neonates with late-onset sepsis.
More and larger RCTs with low risk of bias are needed.

Quality of the evidence

Heterogeneity

As no meta-analysis was performed, we did not assess
heterogeneity.

Risk of systematic error ('bias')

We found no trials and no outcome results at low risk of bias.

It was not possible to assess publication bias, as we were only able
to include five studies.

Risk of random error ('play of chance')

It was not possible to perform TSA, as we performed no meta-
analyses.

GRADE

We assessed the certainty of the evidence for each outcome by
using the GRADE approach (Summary of findings 1; Summary of
findings 2; Summary of findings 3; Summary of findings 4; Summary
of findings 5). The GRADE assessment generally showed that the
evidence was of very-low certainty.

Potential biases in the review process

The main limitation of this review was the low number of
randomised participants and hence paucity of evidence for the
use of diMerent antibiotic regimens. Another limitation was that
some trials did not distinguish between early-onset and late-
onset neonatal sepsis, which resulted in a large number of
potentially relevant trials that were excluded. We used the broadest
possible definition of late-onset sepsis and the broadest choice of
possible antibiotic regimens. This could potentially have caused
the inclusion of trials with very a heterogeneous population and
many diMerent interventions. Despite this broad approach, we only
found five trials.

If that had been the case, we would have considered whether meta-
analysis could be justified.

As indicated in our Background section, there might be substantial
diMerences between the pathogens across countries. The optimal
antibiotic regimen might, therefore, vary according to country and
local risks of antibiotic resistance. We did not include enough trials
to confirm that this was the case.

Despite the anticipated diMerences between antibiotic resistance at
diMerent sites, there could still be important diMerences between
antibiotic regimens on clinical outcomes that would lead to
generalised recommendations (Paul 2010).

For future updates, we will systematically assess the clinical
heterogeneity (Barbateskovic 2021).

Agreements and disagreements with other studies or
reviews

The additional trials included in this version did not change the
overall conclusions and recommendations of the former review
(Gordon 2005). The largest included trial only randomised 271
participants and compared meropenem with standard care (Lutsar
2020). The authors found no evidence to suggest that meropenem
was superior to standard care. Although the largest of our included
trials, this sample size is presumably underpowered to detect
any evidence of a diMerence between two antibiotic regimens
on clinically important outcomes such as mortality and serious
adverse events.

A U T H O R S '   C O N C L U S I O N S

Implications for practice

Current evidence does not allow confirmation, or rejection, of one
antibiotic regimen being superior to another.

Implications for research

The primary focus should be to develop an international consensus
definition of neonatal sepsis (McGovern 2020; Wynn 2014; Wynn
2016).

Then high-quality randomised controlled trials are needed to
assess the eMects of diMerent antibiotic regimens for sepsis in
newborn infants. Such trials should:

• randomise a suMicient number of participants to demonstrate a
reliable result;

• assess all-cause mortality and serious adverse events;

• be conducted with low risk of bias;

• adhere to consensus definitions of suspected and diagnosed
late-onset neonatal when such emerge;

• measure antibiotic resistance among the culture-positive
participants;

• Assess diMerences between sites, countries, and regions
included.
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Characteristics of included studies [ordered by study ID]

 

Study characteristics

Methods Design: randomised controlled trial, single centre

Duration: 7 days; however, if pretreatment cultures were positive or there was a lack of clinical im-
provement, treatment continued to 10 days

Date: March 2006 to August 2010

Location: La División de Neonatologia del Hospital Italiano de Buenos Aires, Argentina

Participants 109 neonates aged > 3 days of life with suspected or confirmed neonatal sepsis

Gender (boys/girls): not specified

Age: not specified

Diagnostic criteria: confirmed sepsis defined when, before a clinical picture compatible with sepsis, the
blood culture or CSF were positive. Sepsis was most likely described when cultures were negative and
the newborn presented clinical signs of sepsis and ≥ 2 of the following test results diagnostics: < 5000
white blood cells/mm3, < 1500 neutrophils/mm3, NI/NT ≥ 0.2, C-reactive protein > 10 mg/L, and num-
ber of platelets < 100,000/mm3. Nosocomial or late-onset sepsis was considered when the clinical signs
of bacterial infection showed up after the 3rd day of life and even before discharge. Assessed by physi-
cians to have neonatal sepsis and indicated to get vancomycin.

Exclusion criteria: received vancomycin or other antibiotics prior to arrival or randomisation.

Interventions Intervention 1: cefazolin + amikacin

Intervention 2: vancomycin + amikacin

Antibiotics were administered intravenously at doses and intervals according to gestational and post-
natal age (not specified).

Outcomes Primary outcomes

• Clinical cure (normalised blood test, normal clinical assessment, food tolerance, normal temperature,
negative blood cultures/CSF culture, normalisation of initial abnormal blood tests)

• Treatment failure
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Follow-up: 7-10 days after end of treatment

Notes In Spanish, translated with help from Spanish nurse Cindy Bustamante and Translated with
www.DeepL.com/Translator.

Funded by Carlos A Gia.

Email: jose.ceriani@hospitalitaliano.org.ar

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Used a computer program to perform sequence generation.

Allocation concealment
(selection bias)

Low risk Allocation details stored in opaque envelopes with sequential numbering.

Blinding of participants
and personnel (perfor-
mance bias)
All outcomes

High risk Participants and personnel were not blinded.

Blinding of outcome as-
sessment (detection bias)
All outcomes

High risk Blinding of outcome assessment not performed.

Incomplete outcome data
(attrition bias)
All outcomes

Low risk No dropouts.

Selective reporting (re-
porting bias)

Low risk Reported all-cause mortality.

Other bias Low risk Appeared free of other components that could have put it at risk of bias.

Ceriani 2014  (Continued)

 
 

Study characteristics

Methods Design: randomised clinical trial, multicentre

Duration: 8–14 days to allocated treatment

Date: September 2012 to November 2014

Location: 18 NICUs in Estonia, Greece, Italy, Lithuania, Spain, and Turkey

Participants 272 neonates aged > 3 days of life with clinical or culture confirmed late-onset neonatal sepsis

Gender (boys/girls): 53% boys in both groups

Age (median in days): 16 in both groups

Diagnostic criteria: postnatal age between 72 hours and 90 days and clinical or culture confirmed late-
onset sepsis. Culture-confirmed late-onset sepsis defined as the presence of ≥ 1 positive culture from a
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normally sterile site and ≥ 1 abnormal clinical or laboratory parameter within the 24 hours prior to ran-
domisation.

If postmenstrual age > 44 weeks, the International Paediatric Sepsis Consensus Conference criteria had
to be met (Goldstein 2005). For neonates with postmenstrual age < 44 weeks, the criteria defined by the
European Medicines Agency Expert Meeting on Neonatal and Paediatric Sepsis were used (Oeser 2013)
and the presence of ≥ 2 clinical and 2 laboratory parameters within the 24 hours prior to randomisa-
tion.

Exclusion criteria: administration of any systemic antibiotics for > 24 hours within the 7 days prior to
randomisation unless the change was driven by lack of efficacy, late-onset sepsis caused by micro-or-
ganisms suspected or known to be resistant to study antibiotics, severe congenital malformations if
the baby was not expected to survive > 3 months, presence of renal failure or requirement of haemofil-
tration or peritoneal dialysis (or a combination) and known intolerance of study medication.

Interventions Intervention 1: meropenem 20 mg/kg 8 hourly with the exception of those with gestational age (GA) <
32 weeks or postnatal age < 2 weeks who received the same dose 12 hourly.

Intervention 2: standard care (ampicillin + gentamicin or cefotaxime + gentamicin depending on site)

Outcomes Composite primary endpoint

• Treatment success (survival, no modification of allocated therapy, resolution/improvement of clinical
and laboratory markers, no need of additional antibiotics and presumed/confirmed eradication of
pathogens)

Secondary outcomes

• Safety, clinical and laboratory response on day 3

• Survival at day 28

• Time to NICU discharge

• Presence of hearing disturbances and abnormalities in brain ultrasound

• Acquisition of meropenem-resistant Gram-negative organisms in rectal swabs and occurrence of re-
lapses or new infections after successful outcome

Resolution or improvement of clinical and laboratory parameters was evaluated by the study statisti-
cian using predefined algorithms.

Clinical relapses were defined as recurrence of late-onset sepsis together with initiation of a new
course of antibiotic treatment, and microbiological relapse as an isolation of a phenotypically similar
organism from a normally sterile site in a neonate with signs of infection.

An adverse event was defined as any untoward medical occurrence or deviation of laboratory parame-
ters of any causality in a neonate receiving study treatment.

Follow-up: 28 days after start of treatment

Notes Email: Irja.lutsar@ut.ee

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Central randomisation using a computer-generated randomisation list.

Allocation concealment
(selection bias)

Low risk Randomisation list was kept confidential to trial team and sites received auto-
mated treatment assignment centrally via the e-CRF.

Lutsar 2020  (Continued)
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Blinding of participants
and personnel (perfor-
mance bias)
All outcomes

High risk Participants and personnel were not blinded.

Blinding of outcome as-
sessment (detection bias)
All outcomes

High risk Blinding of outcome assessment not performed.

Incomplete outcome data
(attrition bias)
All outcomes

Low risk 1 dropout in the standard care group.

Selective reporting (re-
porting bias)

Low risk Followed the prepublished protocol, and reported mortality.

Other bias Low risk Appeared free of other components that could have put it at risk of bias.

Lutsar 2020  (Continued)

 
 

Study characteristics

Methods Design: randomised controlled study

Duration: maximum 10 days, but until 48 hours after participant were asymptomatic and afebrile

Date: not specified

Location: Hammersmith Hospital, London, UK

Participants 28 neonates with suspected infection after 48 hours of age

Gender (boys/girls): 13/15

Age (mean in days): 17.5 (intervention 1), 18.2 (intervention 2)

Inclusion criteria: > 48 hours after birth with confirmed sepsis, signs highly suggestive of sepsis or who
were at particular high risk of developing sepsis

Exclusion criteria: administration of any systemic antibiotics in the 24 hours preceding entry to the trial

Interventions Intervention 1: ticarcillin + clavulanic acid 80 mg/kg 12 hourly or 8 hourly if neonate weighed > 2 kg

Intervention 2: flucloxacillin 25 mg/kg 12 hourly + gentamicin 2.5 mg/kg 12 hourly

Outcomes • Mortality

• Treatment failure

• Bacteriological resistance

Follow-up: 4–6 weeks after end of treatment

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Miall-Allen 1988 
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Random sequence genera-
tion (selection bias)

Unclear risk Not described.

Allocation concealment
(selection bias)

Unclear risk Not described.

Blinding of participants
and personnel (perfor-
mance bias)
All outcomes

Unclear risk Not described.

Blinding of outcome as-
sessment (detection bias)
All outcomes

Unclear risk Not described.

Incomplete outcome data
(attrition bias)
All outcomes

Low risk 1 dropout in the ticarcillin + clavulanic acid group. The reason was clearly stat-
ed.

Selective reporting (re-
porting bias)

Low risk Trial reported all-cause mortality.

Other bias Low risk No other biases identified

Miall-Allen 1988  (Continued)

 
 

Study characteristics

Methods Design: randomised controlled study

Duration: median duration of antibiotic treatment in both groups was 5 days

Date: February 1989 and April 1990

Location: Peter Congdon Regional Neonatal Unit in Leeds, UK

Participants 81 neonates with suspected sepsis after the first week of life

Gender: not reported

Age: not reported

Inclusion criteria: neonates < 33 weeks' gestational age with episodes of suspected bacterial infection
occurring after the 1st week of life.

Diagnosis of suspected infection was made clinically and the clinical signs included apnoea, bradycar-
dia, metabolic acidosis, hypotension, unstable temperature, and poor peripheral perfusion.

Exclusion criteria: not reported

Interventions Intervention 1: intravenous vancomycin 22 mg/kg every 12 hours with gentamicin 3 mg/kg every 12
hours (41 neonates)

Intervention 2: intravenous vancomycin 22 mg/kg every 12 hours with aztreonam 15 mg/kg every 12
hours (40 neonates)

Outcomes • Mortality

• Faecal colonisation

Millar 1992 
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• Incidence of necrotising enterocolitis

• Incidence of chronic lung disease

• Median hospital stay

Notes  

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Unclear risk Not described.

Allocation concealment
(selection bias)

Unclear risk Not described.

Blinding of participants
and personnel (perfor-
mance bias)
All outcomes

Unclear risk Not described.

Blinding of outcome as-
sessment (detection bias)
All outcomes

Unclear risk Not described.

Incomplete outcome data
(attrition bias)
All outcomes

Low risk No dropouts.

Selective reporting (re-
porting bias)

Low risk Reported mortality.

Other bias Low risk No other biases identified.

Millar 1992  (Continued)

 
 

Study characteristics

Methods Design: randomised controlled trial

Duration: all neonates were given antibiotics for ≥ 10 days. Duration of antibiotics was extended if re-
quired depending on clinical response and repeat blood culture report

Date: not described

Location: extramural nursery of the Paediatrics Department, JIPMER, Pondicherry, a tertiary care
teaching hospital in India

Participants 90 neonates with suspected late-onset neonatal sepsis

Gender (boys/girls): 56/34

Age: not reported

Inclusion criteria: neonates aged 3–28 days with the evidence of late-onset sepsis by both clinical and
laboratory parameters. The clinical parameters used were poor feeding, poor activity, seizures, ap-
noea, respiratory distress, umbilical discharge and abdominal distension, whereas the septic screen
tests included microerythrocyte sedimentation rate, C-reactive protein, absolute neutrophil count, and
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band cell count. Neonates with ≥ 1 of the above clinical parameters and 2 positive septic screen tests
were included in the study.

Exclusion criteria: babies with major congenital anomalies, extreme prematurity (< 28 weeks), very low
birthweight (< 1500 g), congenital heart disease, severe asphyxia (5-minute Apgar < 5), and who had re-
ceived antibiotics before admission

Interventions Intervention 1: cefotaxime + gentamicin (50 neonates)

Intervention 2: cloxacillin + amikacin (40 neonates)

Antibiotics were administered intravenously but doses and intervals were not specified.

Outcomes Primary outcomes

• Mortality before discharge from hospital

• Complications including: shock, DIC, acidosis, renal failure, and rehospitalisation within 2 weeks of
discharge

Secondary outcomes

• Treatment failure

• Subsequent fungal infections

• Duration of hospital stay

• Cost analysis

• Problems on follow-up

Follow-up: 2 weeks and 1 month after discharge

Notes Email: drnbiswal@yahoo.com

Risk of bias

Bias Authors' judgement Support for judgement

Random sequence genera-
tion (selection bias)

Low risk Computer-generated random numbers.

Allocation concealment
(selection bias)

Low risk Allocations kept in sealed envelopes.

Blinding of participants
and personnel (perfor-
mance bias)
All outcomes

Unclear risk Described as single-blinded but it was unclear in what way.

Blinding of outcome as-
sessment (detection bias)
All outcomes

Unclear risk Described as single-blinded but it was unclear in what way.

Incomplete outcome data
(attrition bias)
All outcomes

Low risk No dropouts.

Selective reporting (re-
porting bias)

Low risk Reported all-cause mortality.

Other bias Low risk No other biases identified.

Ramasamy 2014  (Continued)
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CSF: cerebrospinal fluid; DIC: disseminated intravascular coagulation; e-CRF: electronic case report form; NICU: neonatal intensive care
unit; NI/NT: neutrophil ratio immature on total neutrophils.
 

Characteristics of excluded studies [ordered by study ID]

 

Study Reason for exclusion

Adelman 1987a Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Adelman 1987b Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Alinejad 2018 Participants did not have late-onset neonatal sepsis.

AronoM 1984 Did not included neonates with sepsis.

Auriti 2005 Both groups received amoxicillin.

Baqui 2013 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Bassetti 1991 Participants were adults.

Begue 1998 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Chartrand 1984 Did not included neonates with sepsis.

Chowdhary 2006 Both groups received the same antibiotics.

Collins 1998 Participants did not have late-onset neonatal sepsis.

De Louvois 1992 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Deville 2003 Did not have late-onset sepsis.

Ebrahim 1969 Not a randomised controlled trial.

Faix 1988 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Feigin 1976 Participants did not have late-onset neonatal sepsis.

Fogel 1983 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Gathwala 2010 Both groups received the same antibiotics.

Gokalp 1991 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Haffejee 1984 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.
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Study Reason for exclusion

Hall 1988 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Hammerberg 1989 Only included participants with early-onset neonatal sepsis.

Hansen 1980 Both groups received ampicillin + gentamycin.

Jantausch 2003 Did not have late-onset sepsis.

Kaplan 2003 Did not have late-onset sepsis.

Langhendries 1993 Both groups received the same antibiotic.

Lee 2005 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Lönnerholm 1982 Participants were not suspected for sepsis, a severe infection or deep-seated infection.

Marks 1978 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

McCracken 1976 Both groups received the same antibiotic.

Metsvaht 2010 Included only participants with early-onset sepsis.

Mir 2017 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Molyneux 2017 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Mulubwa 2020 Both groups received the same antibiotic.

Odio 1987 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Odio 1995 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Oral 1998 Not a randomised controlled trial.

Rohatgi 2017 Both groups received the same antibiotics.

Snelling 1983 Included only participants with early-onset sepsis.

Taheri 2011 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Tessin 1988 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Tessin 1989 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Tewari 2014 Included only participants with early-onset sepsis.
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Study Reason for exclusion

Tshefu 2015a Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Tshefu 2015b Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Umaña 1990 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Viganò 1995 Did not have late-onset sepsis.

Wells 1984 Did not have late-onset sepsis.

Wiese 1988 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

Zaidi 2013 Included a mix of early- and late-onset neonatal sepsis. Unable to provide separate data for late-
onset.

 

 

D A T A   A N D   A N A L Y S E S

 

Comparison 1.   Cefazolin plus amikacin versus vancomycin plus amikacin

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

1.1 All-cause mortality 1 109 Risk Ratio (M-H, Fixed, 95% CI) 0.70 [0.29, 1.66]

1.2 Serious adverse events 1 109 Risk Ratio (M-H, Fixed, 95% CI) 0.70 [0.29, 1.66]

 
 

Analysis 1.1.   Comparison 1: Cefazolin plus amikacin versus
vancomycin plus amikacin, Outcome 1: All-cause mortality

Study or Subgroup

Ceriani 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.81 (P = 0.42)
Test for subgroup differences: Not applicable

Cefalozin plus amikacin
Events

7

7

Total

52

52

Amikacin plus amikacin
Events

11

11

Total

57

57

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.70 [0.29 , 1.66]

0.70 [0.29 , 1.66]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours cefal+ami Favours vanco+ami
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Analysis 1.2.   Comparison 1: Cefazolin plus amikacin versus
vancomycin plus amikacin, Outcome 2: Serious adverse events

Study or Subgroup

Ceriani 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.81 (P = 0.42)
Test for subgroup differences: Not applicable

Cefalozin plus amikacin
Events

7

7

Total

52

52

Amikacin plus amikacin
Events

11

11

Total

57

57

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.70 [0.29 , 1.66]

0.70 [0.29 , 1.66]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours cefal+ami Favours vanco+amil

 
 

Comparison 2.   Ticarcillin plus clavulanic acid versus flucloxacillin plus gentamicin

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

2.1 All-cause mortality 1 28 Risk Ratio (M-H, Fixed, 95% CI) 0.20 [0.01, 3.82]

2.2 Serious adverse events 1 28 Risk Ratio (M-H, Fixed, 95% CI) 0.20 [0.01, 3.82]

 
 

Analysis 2.1.   Comparison 2: Ticarcillin plus clavulanic acid versus
flucloxacillin plus gentamicin, Outcome 1: All-cause mortality

Study or Subgroup

Miall-Allen 1988

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.07 (P = 0.29)
Test for subgroup differences: Not applicable

Ticarcillin+clavulanic acid
Events

0

0

Total

14

14

Flucloxacillin+gentamycin
Events

2

2

Total

14

14

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.20 [0.01 , 3.82]

0.20 [0.01 , 3.82]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours tic+clav Favours fluco+genta

 
 

Analysis 2.2.   Comparison 2: Ticarcillin plus clavulanic acid versus
flucloxacillin plus gentamicin, Outcome 2: Serious adverse events

Study or Subgroup

Miall-Allen 1988

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.07 (P = 0.29)
Test for subgroup differences: Not applicable

Ticarcillin+clavulanic acid
Events

0

0

Total

14

14

Flucloxacillin+gentamycin
Events

2

2

Total

14

14

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.20 [0.01 , 3.82]

0.20 [0.01 , 3.82]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours tic+clav Favours fluco+genta
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Comparison 3.   Cloxacillin plus amikacin versus cefotaxime plus gentamicin

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

3.1 All-cause mortality 1 90 Risk Ratio (M-H, Fixed, 95% CI) 0.38 [0.11, 1.27]

3.2 Serious adverse events 1 90 Risk Ratio (M-H, Fixed, 95% CI) 0.50 [0.17, 1.48]

3.3 Circulatory support 1 90 Risk Ratio (M-H, Fixed, 95% CI) 0.50 [0.17, 1.48]

3.4 Nephrotoxicity 1 90 Risk Ratio (M-H, Fixed, 95% CI) 0.25 [0.03, 2.05]

 
 

Analysis 3.1.   Comparison 3: Cloxacillin plus amikacin versus
cefotaxime plus gentamicin, Outcome 1: All-cause mortality

Study or Subgroup

Ramasamy 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.57 (P = 0.12)
Test for subgroup differences: Not applicable

Cloxacillin+amikacin
Events

3

3

Total

40

40

Cefotaxime+gentamicin
Events

10

10

Total

50

50

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.38 [0.11 , 1.27]

0.38 [0.11 , 1.27]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours clox+ami Favours cefo+genta

 
 

Analysis 3.2.   Comparison 3: Cloxacillin plus amikacin versus
cefotaxime plus gentamicin, Outcome 2: Serious adverse events

Study or Subgroup

Ramasamy 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.26 (P = 0.21)
Test for subgroup differences: Not applicable

Cloxacillin+amikacin
Events

4

4

Total

40

40

Cefotaxime+gentamicin
Events

10

10

Total

50

50

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.50 [0.17 , 1.48]

0.50 [0.17 , 1.48]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours clox+ami Favours cefo+genta

 
 

Analysis 3.3.   Comparison 3: Cloxacillin plus amikacin versus
cefotaxime plus gentamicin, Outcome 3: Circulatory support

Study or Subgroup

Ramasamy 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.26 (P = 0.21)
Test for subgroup differences: Not applicable

Cloxacillin+amikacin
Events

4

4

Total

40

40

Cefotaxime+gentamicin
Events

10

10

Total

50

50

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.50 [0.17 , 1.48]

0.50 [0.17 , 1.48]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours clox+ami Favours cefo+genta
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Analysis 3.4.   Comparison 3: Cloxacillin plus amikacin versus
cefotaxime plus gentamicin, Outcome 4: Nephrotoxicity

Study or Subgroup

Ramasamy 2014

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.29 (P = 0.20)
Test for subgroup differences: Not applicable

Cloxacillin+amikacin
Events

1

1

Total

40

40

Cefotaxime+gentamicin
Events

5

5

Total

50

50

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.25 [0.03 , 2.05]

0.25 [0.03 , 2.05]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours clox+ami Favours cefo+genta

 
 

Comparison 4.   Meropenem versus standard care (ampicillin plus gentamicin or cefotaxime plus gentamicin)

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

4.1 All-cause mortality 1 271 Risk Ratio (M-H, Fixed, 95% CI) 1.42 [0.56, 3.62]

4.2 Serious adverse events 1 271 Risk Ratio (M-H, Fixed, 95% CI) 1.54 [0.90, 2.66]

4.3 Neurological developmental
impairment

1 271 Risk Ratio (M-H, Fixed, 95% CI) 0.87 [0.51, 1.48]

4.4 Necrotising enterocolitis 1 271 Risk Ratio (M-H, Fixed, 95% CI) 0.68 [0.33, 1.42]

 
 

Analysis 4.1.   Comparison 4: Meropenem versus standard care (ampicillin plus
gentamicin or cefotaxime plus gentamicin), Outcome 1: All-cause mortality

Study or Subgroup

Lutsar 2020

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.73 (P = 0.46)
Test for subgroup differences: Not applicable

Meropenem
Events

10

10

Total

136

136

Standard care
Events

7

7

Total

135

135

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

1.42 [0.56 , 3.62]

1.42 [0.56 , 3.62]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours meropenem Favours standard care
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Analysis 4.2.   Comparison 4: Meropenem versus standard care (ampicillin plus
gentamicin or cefotaxime plus gentamicin), Outcome 2: Serious adverse events

Study or Subgroup

Lutsar 2020

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.57 (P = 0.12)
Test for subgroup differences: Not applicable

Meropenem
Events

28

28

Total

136

136

Standard care
Events

18

18

Total

135

135

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

1.54 [0.90 , 2.66]

1.54 [0.90 , 2.66]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours meropenem Favours standard care

 
 

Analysis 4.3.   Comparison 4: Meropenem versus standard care (ampicillin plus gentamicin
or cefotaxime plus gentamicin), Outcome 3: Neurological developmental impairment

Study or Subgroup

Lutsar 2020

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.52 (P = 0.61)
Test for subgroup differences: Not applicable

Meropenem
Events

21

21

Total

136

136

Standard care
Events

24

24

Total

135

135

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.87 [0.51 , 1.48]

0.87 [0.51 , 1.48]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours meropenem Favours standard care

 
 

Analysis 4.4.   Comparison 4: Meropenem versus standard care (ampicillin plus
gentamicin or cefotaxime plus gentamicin), Outcome 4: Necrotising enterocolitis

Study or Subgroup

Lutsar 2020

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.03 (P = 0.30)
Test for subgroup differences: Not applicable

Meropenem
Events

11

11

Total

136

136

Standard care
Events

16

16

Total

135

135

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.68 [0.33 , 1.42]

0.68 [0.33 , 1.42]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours meropenem Favours standard care

 
 

Comparison 5.   Vancomycin plus gentamicin versus vancomycin plus aztreonam

Outcome or subgroup title No. of studies No. of partici-
pants

Statistical method Effect size

5.1 All-cause mortality 1 81 Risk Ratio (M-H, Fixed, 95% CI) 0.65 [0.20, 2.13]

5.2 Serious adverse events 1 81 Risk Ratio (M-H, Fixed, 95% CI) 0.65 [0.20, 2.13]

5.3 Necrotising enterocolitis 1 81 Risk Ratio (M-H, Fixed, 95% CI) 12.69 [0.74, 218.09]
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Analysis 5.1.   Comparison 5: Vancomycin plus gentamicin versus
vancomycin plus aztreonam, Outcome 1: All-cause mortality

Study or Subgroup

Millar 1992

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.71 (P = 0.48)
Test for subgroup differences: Not applicable

Vancomycin+gentamicin
Events

4

4

Total

41

41

Vancomycin+aztreonam
Events

6

6

Total

40

40

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.65 [0.20 , 2.13]

0.65 [0.20 , 2.13]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours vanco+genta Favours vanco+azt

 
 

Analysis 5.2.   Comparison 5: Vancomycin plus gentamicin versus
vancomycin plus aztreonam, Outcome 2: Serious adverse events

Study or Subgroup

Millar 1992

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 0.71 (P = 0.48)
Test for subgroup differences: Not applicable

Vancomycin+gentamicin
Events

4

4

Total

41

41

Vancomycin+aztreonam
Events

6

6

Total

40

40

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

0.65 [0.20 , 2.13]

0.65 [0.20 , 2.13]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours vanco+genta Favours vanco+azt

 
 

Analysis 5.3.   Comparison 5: Vancomycin plus gentamicin versus
vancomycin plus aztreonam, Outcome 3: Necrotising enterocolitis

Study or Subgroup

Millar 1992

Total (95% CI)
Total events:
Heterogeneity: Not applicable
Test for overall effect: Z = 1.75 (P = 0.08)
Test for subgroup differences: Not applicable

Vancomycin+gentamicin
Events

6

6

Total

41

41

Vancomycin+aztreonam
Events

0

0

Total

40

40

Weight

100.0%

100.0%

Risk Ratio
M-H, Fixed, 95% CI

12.69 [0.74 , 218.09]

12.69 [0.74 , 218.09]

Risk Ratio
M-H, Fixed, 95% CI

0.01 0.1 1 10 100
Favours vanco+genta Favours vanco+azt

 

 

A D D I T I O N A L   T A B L E S
 

Clinical criteria Laboratory criteria

• Abdominal distension

• Skin and subcutaneous lesions such as petechial rash, abscesses, sclerema

• Cardiovascular signs (tachycardia/bradycardia, hypotension, poor perfusion)

• Respiratory signs (apnoea, cyanosis, tachypnoea, need for ventilator, increased oxygen re-
quirement)

• Abnormal temperature (fever or hypothermia)

• Central nervous system signs (lethargy, hypotonia, seizure)

• Feeding problems

• WBC

• Immature WBC:total WBC ratio

• Platelet count

• C-reactive protein

• Metabolic acidosis

• Neutropenia

• Abnormal fibrinogen

Table 1.   Commonly used clinical and laboratory criteria of sepsis 

Antibiotic regimens for late-onset neonatal sepsis (Review)

Copyright © 2021 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

48



Cochrane
Library

Trusted evidence.
Informed decisions.
Better health.

 
 

Cochrane Database of Systematic Reviews

• Hyperglycaemia and hypogly-
caemia

Table 1.   Commonly used clinical and laboratory criteria of sepsis  (Continued)

WBC: white blood cell.
 

 

A P P E N D I C E S

Appendix 1. Search strategies

Cochrane Central Register of Controlled Trials (CENTRAL; 2021, Issue 3) in the Cochrane Library

#1 MeSH descriptor: [Infant] explode all trees

#2 (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth weight or VLBW or LBW)

#3 #1 or #2

#4 MeSH descriptor: [Neonatal Sepsis] explode all trees

#5 (sepsis NEAR/3 (neonat* or neo nat*))

#6 (sepsis NEAR/3 (newborn* or new born* or newly born*))

#7 (septic* NEAR/3 (neonat* or neo nat*))

#8 (septic* NEAR/3 (newborn* or new born* or newly born*))

#9 (infect* NEAR/3 (neonat* or neo nat*))

#10 (infect* NEAR/3 (newborn* or new born* or newly born*))

#11 (bacter* NEAR/3 (neonat* or neo nat*))

#12 (bacter* NEAR/3 (newborn* or new born* or newly born*))

#13 (gram NEAR/2 negative)

#14 #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13

#15 MeSH descriptor: [Anti-Bacterial Agents] explode all trees

#16 (antibiot* OR antimicrob* OR lactam* OR aminoglycoside* OR glycoprotein OR penicillin OR oxacillin OR cloxacillin OR dicloxacillin
OR nafcillin OR methicillin OR ampicillin OR amoxicillin OR piperacillin OR ticarcillin OR carbenicillin OR mezlocillin OR cephalosporins OR
cefazolin OR cephalexin OR cefuroxime OR cefotetan OR cefoxitin OR ceTriaxone OR cefotaxime OR ceTazidime OR cefepime OR cefazolin
OR ceTobiprole OR cefoperazone OR carbapenems OR imipenem OR meropenem OR doripenem OR ertapenem OR monobactams OR
aztreonam)

#17 #15 OR #16

#18 #3 and #14 and #17

MEDLINE Ovid (1946 to March 2021)

1. exp Infant/

2. (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth weight or VLBW or LBW).mp. [mp=title,
abstract, original title, name of substance word, subject heading word, floating sub-heading word, keyword heading word, organism
supplementary concept word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier,
synonyms]

3. 1 or 2

4. exp Neonatal Sepsis/
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5. (sepsis adj3 (neonat$ or neo nat$)).ti,ab.

6. (sepsis adj3 (newborn$ or new born$ or newly born$)).ti,ab.

7. (septic$ adj3 (neonat$ or neo nat$)).ti,ab.

8. (septic$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

9. (infect$ adj3 (neonat$ or neo nat$)).ti,ab.

10. (infect$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

11. (bacter$ adj3 (neonat$ or neo nat$)).ti,ab.

12. (bacter$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

13. (gram adj2 negative).ti,ab.

14. 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13

15. exp Anti-Bacterial Agents/

16. (antibiot* or antimicrob* or lactam* or aminoglycoside* or glycoprotein or penicillin or oxacillin or cloxacillin or dicloxacillin or nafcillin
or methicillin or ampicillin or amoxicillin or piperacillin or ticarcillin or carbenicillin or mezlocillin or cephalosporins or cefazolin or
cephalexin or cefuroxime or cefotetan or cefoxitin or ceTriaxone or cefotaxime or ceTazidime or cefepime or cefazolin or ceTobiprole or
cefoperazone or carbapenems or imipenem or meropenem or doripenem or ertapenem or monobactams or aztreonam).ti,ab.

17. 15 or 16

18. 3 and 14 and 17

19. (randomized controlled trial or controlled clinical trial).pt. or clinical trials as topic.sh. or trial.ti.

20. (random* or blind* or placebo* or meta-analys*).mp. [mp=title, abstract, original title, name of substance word, subject heading word,
floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supplementary concept word, rare
disease supplementary concept word, unique identifier, synonyms]

21. 18 and (19 or 20)

Embase Ovid (1974 to March 2021)

1. exp infant/

2. (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth weight or VLBW or LBW).mp. [mp=title,
abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating
subheading word, candidate term word]

3. 1 or 2

4. exp newborn sepsis/

5. (sepsis adj3 (neonat$ or neo nat$)).ti,ab.

6. (sepsis adj3 (newborn$ or new born$ or newly born$)).ti,ab.

7. (septic$ adj3 (neonat$ or neo nat$)).ti,ab.

8. (septic$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

9. (infect$ adj3 (neonat$ or neo nat$)).ti,ab.

10. (infect$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

11. (bacter$ adj3 (neonat$ or neo nat$)).ti,ab.

12. (bacter$ adj3 (newborn$ or new born$ or newly born$)).ti,ab.

13. (gram adj2 negative).ti,ab.
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14. 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13

15. exp antiinfective agent/

16. (antibiot* or antimicrob* or lactam* or aminoglycoside* or glycoprotein or penicillin or oxacillin or cloxacillin or dicloxacillin or nafcillin
or methicillin or ampicillin or amoxicillin or piperacillin or ticarcillin or carbenicillin or mezlocillin or cephalosporins or cefazolin or
cephalexin or cefuroxime or cefotetan or cefoxitin or ceTriaxone or cefotaxime or ceTazidime or cefepime or cefazolin or ceTobiprole or
cefoperazone or carbapenems or imipenem or meropenem or doripenem or ertapenem or monobactams or aztreonam).ti,ab.

17. 15 or 16

18. 3 and 14 and 17

19. Randomized controlled trial/ or Controlled clinical study/ or trial.ti.

20. (random* or blind* or placebo* or meta-analys*).mp. [mp=title, abstract, heading word, drug trade name, original title, device
manufacturer, drug manufacturer, device trade name, keyword, floating subheading word, candidate term word]

21. 18 and (19 or 20)

CINAHL (EBSCOhost; March 2021)

S14 S10 AND S13

S13 S11 OR S12

S12 TX ( random* or blind* or placebo* or meta-analys* ) OR TI trial

S11 PT randomized controlled trial OR PT controlled clinical trial

S10 S3 AND S6 AND S9

S9 S7 OR S8

S8 TI ( (antibiot* or antimicrob* or lactam* or aminoglycoside* or glycoprotein or penicillin or oxacillin or cloxacillin or dicloxacillin or
nafcillin or methicillin or ampicillin or amoxicillin or piperacillin or ticarcillin or carbenicillin or mezlocillin or cephalosporins or cefazolin
or cephalexin or cefuroxime or cefotetan or cefoxitin or ceTriaxone or cefotaxime or ceTazidime or cefepime or cefazolin or ceTobiprole or
cefoperazone or carbapenems or imipenem or meropenem or doripenem or ertapenem or monobactams or aztreonam)

S7 MH antibiotics

S6 S4 OR S5

S5 TI ( (((sepsis or septic* or infect* or bacter*) N3 (neonat* or neo nat* or newborn* or new born* or newly born*)) or (gram N2 negative)) )
OR AB ( (((sepsis or septic* or infect* or bacter*) N3 (neonat* or neo nat* or newborn* or new born* or newly born*)) or (gram N2 negative)) )

S4 MH Neonatal Sepsis

S3 S1 OR S2

S2 TX (infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth weight or VLBW or LBW)

S1 MH infant

LILACS (Bireme; 1982 to March 2021)

(infan$ or newborn or neonat$ or premature or preterm or very low birth weight or low birth weight or VLBW or LBW) and (((sepsis
or septic$ or infect$ or bacter$) and (neonat$ or neo nat$ or newborn$ or new born$ or newly born$)) or (gram near negative)) and
(antibiot$ OR antimicrob$ OR lactam$ OR aminoglycoside$ OR glycoprotein OR penicillin OR oxacillin OR cloxacillin OR dicloxacillin OR
nafcillin OR methicillin OR ampicillin OR amoxicillin OR piperacillin OR ticarcillin OR carbenicillin OR mezlocillin OR cephalosporins OR
cefazolin OR cephalexin OR cefuroxime OR cefotetan OR cefoxitin OR ceTriaxone OR cefotaxime OR ceTazidime OR cefepime OR cefazolin
OR ceTobiprole OR cefoperazone OR carbapenems OR imipenem OR meropenem OR doripenem OR ertapenem OR monobactams OR
aztreonam) [Words] and (random$ or blind$ or placebo$ or meta-analys$) [Words]

Science Citation Index EXPANDED (1900 to March 2021) and Conference Proceedings Citation Index – Science (1990 to March 2021)
(Web of Science)

#5 #4 AND #3 AND #2 AND #1
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#4 TI=(random* or blind* or placebo* or meta-analys* or trial*) OR TS=(random* or blind* or placebo* or meta-analys*)

#3 TS=(antibiot* OR antimicrob* OR lactam* OR aminoglycoside* OR glycoprotein OR penicillin OR oxacillin OR cloxacillin OR dicloxacillin
OR nafcillin OR methicillin OR ampicillin OR amoxicillin OR piperacillin OR ticarcillin OR carbenicillin OR mezlocillin OR cephalosporins OR
cefazolin OR cephalexin OR cefuroxime OR cefotetan OR cefoxitin OR ceTriaxone OR cefotaxime OR ceTazidime OR cefepime OR cefazolin
OR ceTobiprole OR cefoperazone OR carbapenems OR imipenem OR meropenem OR doripenem OR ertapenem OR monobactams OR
aztreonam)

#2 TS=(((sepsis or septic* or infect* or bacter*) and (neonat* or neo nat* or newborn* or new born* or newly born*)) or (gram near negative))

#1 TS=(infan* or newborn or neonat* or premature or preterm or very low birth weight or low birth weight or VLBW or LBW)

Appendix 2. 'Risk of bias' tool

We used the standard methods of Cochrane and Cochrane Neonatal to assess the methodological quality of the included trials. For each
included trial, we sought information regarding the method of randomisation, blinding, and reporting of all outcomes of all infants enrolled
in the trial. We assessed each criterion as being at low, high, or unclear risk of bias. Three review authors independently assessed each
study. We resolved any disagreement by discussion. We added this information to the 'Characteristics of included studies' table. We
evaluated the following issues and entered the findings into the 'Risk of bias' table.

1. Sequence generation (checking for possible selection bias). Was the allocation sequence adequately generated?

For each included study, we categorised the method used to generate the allocation sequence as:

• low risk (any truly random process, e.g. random number table; computer random number generator);

• high risk (any non-random process, e.g. odd or even date of birth; hospital or clinic record number); or

• unclear risk.

2. Allocation concealment (checking for possible selection bias). Was allocation adequately concealed?

For each included study, we categorised the method used to conceal the allocation sequence as:

• low risk (e.g. telephone or central randomisation; consecutively numbered sealed opaque envelopes);

• high risk (open random allocation; unsealed or non-opaque envelopes, alternation; date of birth); or

• unclear risk.

3. Blinding of participants and personnel (checking for possible performance bias). Was knowledge of the allocated intervention
adequately prevented during the study?

For each included study, we categorised the methods used to blind study participants and personnel from knowledge of which intervention
a participant received. Blinding was assessed separately for diMerent outcomes or class of outcomes. We categorised the methods as:

• low risk, high risk, or unclear risk for participants; and

• low risk, high risk, or unclear risk for personnel.

4. Blinding of outcome assessment (checking for possible detection bias). Was knowledge of the allocated intervention
adequately prevented at the time of outcome assessment?

For each included study, we categorised the methods used to blind outcome assessment. Blinding was assessed separately for diMerent
outcomes or class of outcomes. We categorised the methods as:

• low risk for outcome assessors;

• high risk for outcome assessors; or

• unclear risk for outcome assessors.

5. Incomplete outcome data (checking for possible attrition bias through withdrawals, dropouts, protocol deviations). Were
incomplete outcome data adequately addressed?

For each included study and for each outcome, we described the completeness of data including attrition and exclusions from the analysis.
We noted whether attrition and exclusions were reported, the numbers included in the analysis at each stage (compared with the total
randomised participants), reasons for attrition or exclusion where reported, and whether missing data were balanced across groups or
were related to outcomes. Where suMicient information was reported or supplied by the trial authors, we reincluded missing data in the
analyses. We categorised the methods as:

• low risk (< 20% missing data);

• high risk (≥ 20% missing data); or
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• unclear risk.

6. Selective reporting bias. Were reports of the study free of suggestion of selective outcome reporting?

For each included study, we described how we investigated the possibility of selective outcome reporting bias and what we found. For
studies in which study protocols were published in advance, we compared prespecified outcomes versus outcomes eventually reported in
the published results. If the study protocol was not published in advance, we contacted study authors to gain access to the study protocol.
We assessed the methods as:

• low risk (where it was clear that all of the study's prespecified outcomes and all expected outcomes of interest to the review were
reported);

• high risk (where not all the study's prespecified outcomes had been reported; one or more reported primary outcomes were not
prespecified outcomes of interest and were reported incompletely and so could not be used; study failed to include results of a key
outcome that would have been expected to have been reported); or

• unclear risk.

7. Other sources of bias. Was the study apparently free of other problems that could put it at a high risk of bias?

For each included study, we described any important concerns we had about other possible sources of bias (e.g. whether there was a
potential source of bias related to the specific study design or whether the trial was stopped early due to some data-dependent process).
We assessed whether each study was free of other problems that could have put it at risk of bias as:

• low risk;

• high risk;

• unclear risk.

If needed, we planned to explore the impact of the level of bias through undertaking sensitivity analyses.

W H A T ' S   N E W

 

Date Event Description

12 March 2021 Amended The authors have revised the protocol prior to conducting the
updated review (Korang 2021). This protocol and the subsequent
review will replace the review of "Antibiotic regimens for sus-
pected late onset sepsis in newborn infants" (Gordon 2005).

 

H I S T O R Y

Protocol first published: Issue 12, 2020
Review first published: Issue 4, 2021

 

Date Event Description

7 July 2016 Amended Converted to new review format.

 

C O N T R I B U T I O N S   O F   A U T H O R S

SKK: conceived, designed, and draTed the review. He extracted, analysed and interpreted the data.

SS: extracted data, commented on, and revised the review.

CN: extracted data, commented on, and revised the review.

MG: provided general advice and revised the review.

GG: provided general advice and revised the review.
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ULT: provided general advice and revised the review.

JCJ: conceived, designed, provided general advice, and revised the review. He analysed and interpreted the data.

All authors agreed on the final review version.
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D I F F E R E N C E S   B E T W E E N   P R O T O C O L   A N D   R E V I E W

• We decided to describe the antibiotic resistance occurring within the included trials towards the allocated antibiotic regimens
narratively. We did this to further strengthen the review as recommended by Leibovici and colleagues (Leibovici 2016).

• We decided to include two subgroups assessing the diMerent inclusion criteria for sepsis (primarily for future updates).

I N D E X   T E R M S

Medical Subject Headings (MeSH)

Amikacin  [adverse eMects]  [therapeutic use];  Ampicillin  [adverse eMects]  [therapeutic use];  Anti-Bacterial Agents  [adverse eMects]
 [*therapeutic use];  Aztreonam  [adverse eMects]  [therapeutic use];  Bias;  Cefazolin  [adverse eMects]  [therapeutic use];  Clavulanic
Acid  [adverse eMects]  [therapeutic use];  Drug Therapy, Combination;  Floxacillin  [adverse eMects]  [therapeutic use];  Gentamicins
 [adverse eMects]  [therapeutic use];  Neonatal Sepsis  [*drug therapy];  Randomized Controlled Trials as Topic;  Ticarcillin  [adverse
eMects]  [therapeutic use];  Vancomycin  [adverse eMects]  [therapeutic use]

MeSH check words

Humans; Infant, Newborn
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