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IMPORTANCE The neonatal early-onset sepsis (EOS) calculator is a clinical risk stratification

tool increasingly used to guide the use of empirical antibiotics for newborns. Evidence on the

effectiveness and safety of the EOS calculator is essential to inform clinicians considering

implementation.

OBJECTIVE To assess the association betweenmanagement of neonatal EOS guided by the

neonatal EOS calculator (compared with conventional management strategies) and reduction

in antibiotic therapy for newborns.

DATA SOURCES Electronic searches in MEDLINE, Embase, Web of Science, and Google Scholar

were conducted from 2011 (introduction of the EOS calculator model) through January 31,

2019.

STUDY SELECTION All studies with original data that comparedmanagement guided by the

EOS calculator with conventional management strategies for allocating antibiotic therapy to

newborns suspected to have EOSwere included.

DATA EXTRACTION AND SYNTHESIS Following PRISMA-P guidelines, relevant data were

extracted from full-text articles and supplements. CHARMS (Checklist for Critical Appraisal

and Data Extraction for Systematic Reviews of Prediction Modeling Studies) and GRADE

(Grades of Recommendation, Assessment, Development and Evaluation) tools were used to

assess the risk of bias and quality of evidence. Meta-analysis using a random-effects model

was conducted for studies with separate cohorts for EOS calculator and conventional

management strategies.

MAIN OUTCOMES ANDMEASURES The difference in percentage of newborns treatedwith

empirical antibiotics for suspected or proven EOS betweenmanagement guided by the EOS

calculator and conventional management strategies. Safety-related outcomes involved

missed cases of EOS, readmissions, treatment delay, morbidity, andmortality.

RESULTS Thirteen relevant studies analyzing a total of 175 752 newborns were included.

All studies found a substantially lower relative risk (range, 3%-60%) for empirical antibiotic

therapy, favoring the EOS calculator. Meta-analysis revealed a relative risk of antibiotic use of

56% (95% CI, 53%-59%) in before-after studies including newborns regardless of exposure

to chorioamnionitis. Evidence on safety was limited, but proportions of missed cases of EOS

were comparable betweenmanagement guided by the EOS calculator (5 of 18 [28%]) and

conventional management strategies (8 of 28 [29%]) (pooled odds ratio, 0.96; 95% CI,

0.26-3.52; P = .95).

CONCLUSIONS AND RELEVANCE Use of the neonatal EOS calculator is associated with a

substantial reduction in the use of empirical antibiotics for suspected EOS. Available evidence

regarding safety of the use of the EOS calculator is limited, but shows no indication of

inferiority compared with conventional management strategies.
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E
mpirical therapy of newborns at risk for or with sus-

pectedearly-onset sepsis (EOS) represents themaincon-

tributor to the use of antibiotics in early life.1 The re-

ported number of newborns receiving antibiotic therapy for 1

episode of culture-proven EOS ranges from 18 to 118 in high-

risk infants, and up to 1400 in well-appearing newborns

born tomotherswith chorioamnionitis.2-4Thus, for each case

of culture-proven EOSmany newborns are exposed to poten-

tial harms related to empirical antibiotic therapy. Use of anti-

biotics in newborns is associated with early adverse conse-

quences such as increased risk of necrotizing enterocolitis,

fungal infections, and death in preterm infants.5,6 Moreover,

antibiotics increase antibiotic resistance, mother-child sepa-

ration, and health care costs.7,8 Antibiotic-induced microbi-

ome alterations early in life, with downstream effects on the

developing immune system,9,10 are also associated with in-

creased risksof allergicdiseases, obesity, andautoimmunedis-

eases later in life.6,11,12

Theneonatal EOS calculator is designed to improve the ac-

curacyof empirical antibiotic administration innewbornswith

suspectedEOS. It is basedonapredictive riskmodeldeveloped

using a nested case-control design in a cohort of 608014 new-

borns34weeks’gestationalageorolderbornat14hospitals inthe

UnitedStates,andfurtheradvancedusinglogisticregressionand

recursive partitioning.13,14 The EOS calculator (http://kp.org/

eoscalc)estimatestheEOSriskbasedon5objectivematernal risk

factorsand4clinicalneonatal risk factors. It stratifiesnewborns

into 3 levels of risk with a corresponding recommendation for

management, includingtostartorwithholdempiricalantibiotic

therapy. Implementation of the EOS calculator at Kaiser

PermanenteNorthernCaliforniahospitalsalmosthalvedtherates

ofantibioticadministration(from5.0%to2.6%)amongtermand

late preterm infants in the first 24 hours after birth.15

The EOS calculator prediction model is based on a se-

lectedUSpopulation, anddifferencesbetweenhealth care set-

tings may impede generalizability. For example, EOS inci-

dence rates, maternal group B Streptococcus (GBS) screening

policy, intrapartum antibiotic administration, and/or obser-

vationtime inthehospitalmaydifferbetweentheUnitedStates

and other countries. In view of the need to reduce unneces-

sary antibiotic use early in life, and the increasing use of the

EOS calculator inmany settings,3 there is urgency to summa-

rize the best available evidenceon theEOS calculator to guide

policy making and further research.16-18

The purpose of the current systematic review and meta-

analysiswas to identify, critically appraise, andsynthesizeevi-

dence fromstudies comparingmanagementguidedby theEOS

calculator with conventionalmanagement strategies, and re-

port the ratesofempirical antibiotic therapy for suspectedEOS.

The second objective was to summarize the available safety

data regarding the use of the EOS calculator.

Methods

We used a PRISMA-P (Preferred Reporting Items for System-

atic reviews andMeta-Analyses Protocols) reviewprotocol for

data collection, analysis, and reporting (the eAppendix in the

Supplement contains full methodological details). We regis-

tered the review in advance (CRD42018116188, PROSPERO

database).19,20

Study Eligibility Criteria

Weprespecified eligibility criteria as follows: any studydesign

with original data, comparingmanagement guided by the EOS

calculatorwithconventionalmanagementstrategies,andreport-

ing the rates of empirical antibiotic therapy for suspected EOS

asanoutcome.Noeligibility criteria regarding safetydatawere

set,andalleligiblestudieswerescreenedforall safetyoutcomes.

Toensureindependenceofoutcomeestimates,weexcludeddata

sets thatwere used to develop the EOS calculator.

Information Sources and Search Strategy

Weperformedasystematic searchof all available literaturede-

scribing the EOS calculator in the Cochrane, Embase, and

PubMed/MEDLINE databases, from 2011 (introduction of the

EOS calculatormodel) through January 31, 2019.We searched

in all search fields for eos calculator, eos risk calculator, sepsis

calculator, or sepsis risk calculator. In the title and abstract

fields, we searched for predictive, risk, quantitative, or strati-

fication, combinedwithmodeloralgorithm, andearlyonset sep-

sis, early onset neonatal sepsis, or EOS. Exact search engine

strings are detailed in the review protocol (eAppendix in the

Supplement).We limited our search results to peer-reviewed

articles published in 2011 or later, because the multivariate

model forming the basis of the EOS calculator was published

in 2011.13 No other limits were applied. We examined refer-

ence lists of included studies and relevant reviews to identify

additional eligible studies.We also reviewed all titles and ab-

stracts of all articles citing original EOS calculator publica-

tions identified throughGoogle Scholar and/or Scopus/Webof

Science search engines. All citations were combined and du-

plicates were manually excluded.

Study Selection and Data Extraction

Search resultswere independently screenedby2of us (N.B.A.

and R.B.), who assessed each potentially eligible full-text ar-

ticle according to predetermined inclusion and exclusion cri-

Key Points

Question Is there an association betweenmanagement guided by

the neonatal early-onset sepsis calculator and reduction in

empirical antibiotic therapy for newborns with suspected

early-onset sepsis?

Findings This systematic review andmeta-analysis found that

management guided by an early-onset sepsis calculator was

associated with a significant reduction in empirical antibiotic

therapy compared with conventional management, with a relative

risk of 56% in before-after implementation studies. Safety data

were limited, but no evidence was found of inferiority compared

with conventional management strategies.

Meaning Management guided by the neonatal early-onset sepsis

calculator is associated with a substantial reduction in empirical

antibiotic therapy, but more studies are needed to inform on

safety.
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teria. In case of disagreement, a third researcher (F.B.P.) had

the decisive vote. One of us (N.B.A.) extracted relevant data

from articles as well as any available supplements. Two of us

(R.B. andW.E.B.) verifieddataextraction for completenessand

accuracy. The following general data were extracted: author,

year, country, study design, populations, and inclusion crite-

ria. We extracted data on the rates of newborns treated with

empirical antibiotics for suspected or proven EOS within 72

hours or less after birth, both for management based on the

EOS calculator and conventionalmanagement strategies. For

these scenarios, we calculated the absolute and relative dif-

ferences with 95% CIs. We extracted data on the following

safety outcomes: missed cases of EOS (defined as newborns

withculture-provenEOSnotallocatedantibiotic therapywithin

24 hours after birth), changes in incidence of EOS, EOS mor-

bidityandmortality, readmissions forneonatal sepsis, and tim-

ingofantibiotics, afterEOScalculator implementation.Wealso

noted any adverse events specifically reported by the au-

thors. If multiple articles reported data from the same source

study, resultswere combined to avoid overlap among results.

For studies eligible for meta-analysis, we retrieved supple-

mentary data fromoriginal authors if exact data on antibiotic

use within 72 hours after birth were not present in the origi-

nal publication. In addition, we surveyed original authors for

updates on their data, and retrieved these when available.

Assessment ofMethodological Quality

We assessed the risk of bias of individual studies using 8 ap-

plicable itemsof a dedicated checklist for assessment of stud-

ies evaluatingpredictionmodels (CHARMS[Checklist forCriti-

cal Appraisal and Data Extraction for Systematic Reviews of

PredictionModeling Studies]).21Risk of bias for each item, in-

cludinganoverall risk-of-bias score,wasclassifiedashigh, low,

or unclear; disagreements were resolved via consulting with

one of us (F.B.P.).

Weused theGRADE (GradesofRecommendation,Assess-

ment,Development andEvaluation) tool to estimate thequal-

ityof evidence, fromvery lowtohigh.22,23This estimationwas

performed separately for the use of empirical antibiotics for

EOS and for safety of use of the EOS calculator.

Synthesis of Results and Analysis

We classified studies according to their study design; studies

evaluating cohorts before and after actual implementation of

theEOScalculator, andstudiesperforminghypothetical analy-

sis of newborn databases. We pooled data from actual imple-

mentation studies with comparable homogeneous data be-

foreandafter implementation, andcalculatedcombinedeffect

estimates. Subgroup analysis was performed for studies in-

cluding newborns regardless of exposure to chorioamnion-

itis and for studies restricted to newborns exposed to chorio-

amnionitis.Wequantified inconsistenciesbetween the results

of the studies by using the I2 test. Results were interpreted as

representing either absence of heterogeneity (I2 < 25%), low

heterogeneity (I2 = 25%-50%), moderate heterogeneity

(I2 = 50%-75%), or highheterogeneity (I2 = ≥ 75%).24Data en-

try and meta-analysis were performed using RevMan, ver-

sion 5.3 (TheNordic Cochrane Centre).We calculated relative

risk (RR)with95%CIs.Wepresent theeffectestimatesbyusing

the random-effectsmodel owing to assumptionof clinical and

methodological diversity among the studies, subsequentlyof-

ten leading to statistical heterogeneity. To compare propor-

tions of missed cases of EOS, we used the Cochran-Mantel-

Haenszel method to test for significance (α level P < .05),

performedusingR, version 3.5.0 (RFoundation for Statistical

Computing).25

Results

Characteristics and Participants of Included Studies

After reviewing354 identifiedpublications for studyeligibility,

we selected and evaluated 56 full-text articles (Figure 1). Thir-

teenstudieswere included(Table1).15,26-37For1study,38weused

recentlyaddeddataobtainedthroughsurveyingauthors forup-

dated data.36 No randomized clinical studies were found. Six

studiesevaluated implementationof theEOScalculator inclini-

calpracticeusingbefore-afteranalysisandwerethereforeeligible

formeta-analysis.15,26-30 Seven studies estimatedoutcomesof

using the EOS calculator by hypothetical analysis of newborn

databases.31-37Sevenstudiesusedaretrospectiveapproach,30-36

3usedaprospectiveapproach,15,28,37and3studiesusedacom-

binedapproach.26,27,29Tenof 13 studieswereperformed in the

United States.15,27,29-31,33-37

The 13 included studies involved a total of 175 752 new-

borns. Of these, 172 385 were included in studies comparing

cohorts before (66 949) and after (105 436) EOS calculator

Figure 1. Study Selection Process

240 Results from database search

98 MEDLINE

7 Cochrane

135 Embase

419 Results from cross-referencing

261 Google Scholar

158 Web of Science

305 Excluded (duplicate results)

341 Excluded

298 Excluded based on title
or abstract review

274 No calculator

15 No original data

1 No outcome data

8 No peer review

7 No calculator

24 No original data

4 No outcome data

7 No peer review

1 Development
studya

43 Excluded based on
review of full text

13 Studies included

354 Unique results

Flowchart of search results and study selection.

a Studies excluded because data set was used in early-onset sepsis calculator

development.
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implementation, and 3367were included in studies perform-

ing hypothetical database analysis. Inclusion criteria differed

among studies. The minimal gestational age ranged from 34

to 36 weeks. Three studies were confined to well-appearing

newborns, while the other 10 studies also included sympto-

matic newborns. Inclusionwas limited tonewbornswith adi-

agnosis of maternal chorioamnionitis in 6 studies, and lim-

ited to newborns treated with antibiotics in 2 studies.

Risk of Bias andQuality of Evidence

The overall risk of bias was judged as high for 9 studies, low

for 2 studies, andunclear for 2 studies (eTable 1 in the Supple-

ment). We graded the overall quality of evidence for the pri-

mary outcome of reduction in use of empirical antibiotics as

moderate, owing to the inclusion of very large observational

studies that had large effect sizes and the consistency of re-

sults.Wegraded thequalityof evidence regardingsafetyofuse

Table 1. Characteristics and Use of Empirical Antibiotic Therapy in Included Studiesa

Source Location Setting Design
Births,
No. Included

EOS Calculator Conventional Strategy
Reduction in
Empirical AB

No.

Empirical
AB, No.
(%) Strategy No.

Empirical
AB, No.
(%)

Absolute
%

Relative
Risk, %
(95% CI)

Before-After Analysis

Kuzniewicz
et al,15

2017

United
States Mixed Prospective 204 485 GA ≥35 wk 56 261

1698
(3.0)

CDC informed 95 543
5226
(5.5)

2.5
55.2
(52-58)

Achten
et al,26

2018

The
Netherlands Regional

Retro-
spective and
prospective

3953 GA ≥35 wk 1877 51 (2.7)
National
guideline
informed

2076
100
(4.8)

2.1
56.4
(40-79)

Dhudasia
et al,27

2018

United
States Tertiary

Retro-
spective and
prospective

11 782 GA ≥36 wk 6090 222 (3.6)
CDC and AAP
informed

5692
356
(6.3)

2.6
58.3
(49-69)

Strunk
et al,28

2018

Australia
Tertiary Prospective 4233 GA ≥35 wk 2502 206 (8.2)

Adaptation AAP
guideline

1732
237
(13.7)

5.5
60.2
(50-72)

Hypothetical Database Analysis

Gievers
et al,29

2018

United
States Tertiary

Retro-
spective and
prospective

9039
Chorioamnio-
nitis, GA ≥35
wk

143 13 (9.1) CDC informed 213
203
(95.3)

86.2
9.5
(6-16)

Beavers
et al,30

2018

United
States Tertiary Retrospective NR

Chorioamnio-
nitis, GA ≥35
wk

76 28 (36.8) Preimplementation 180
168
(93.3)

57.0
39.3
(29-53)

Shakib
et al,31

2015

United
States

Tertiary Retrospective 20 262

Chorioamnio-
nitis,
well-appearing,
GA ≥34 wk

698
39-86
(5.6-12.3)b

Actual practice
(CDC and CFN
informed)

NA
430
(61.6)

49.3-56.0b 9.1-20.0b

Kerste
et al,32

2016

The
Netherlands

Regional Retrospective 2094

AB for
suspected
EOS, GA ≥34
wk

108 51 (47.2)

Actual practice
(national
guideline
informed)

NA
108
(100)

52.8c 47.2
(39-58)c

Warren
et al,33

2017

United
States

Tertiary Retrospective NR

AB for
suspected
EOS, GA ≥34
wk

202 47 (23.3) CDC guideline NA
188
(93.1)

69.8c 25.0
(19-32)c

Money
et al,34

2017

United
States

Tertiary Retrospective 19 525

Chorioamnio-
nitis,
well-appearing
for 24 h, GA
≥35 wkc

362 9 (2.5)
Current protocol
(CDC and AAP
informed)

NA
361
(99.7)d 97.2d 2.5 (1-5)d

Carola
et al,35

2018

United
States Tertiary Retrospective 17 908

Chorioamnio-
nitis, GA ≥35
wk

896
209
(23.3)

Actual practice
(AB if
chorioamnionitis)

NA
896
(100)

76.7
23.3
(21-27)

Joshi
et al,36

2019

United
States

Tertiary Retrospective 10 002

Chorioamnio-
nitis,
well-appearing
at birth,
GA ≥34 wk

596 53 (8.9)
Institutional
practice (AB if
chorioamnionitis)

NA
596
(100)

91.1
8.9
(3-11)

Klingaman
et al,37

2018

United
States Tertiary Prospective 505 GA ≥35 wk 505 2 (0.4) CDC informed NA

9
(17.8)

1.4
22.2
(5-102)

Abbreviations: AAP, American Academy of Pediatrics; AB, antibiotics;

CDC, Centers for Disease Control and Prevention; CFN, Committee on the Fetus

and Newborn; EOS, early-onset sepsis; GA, gestational age; NA, not applicable;

NR, not reported.

a Births = number of births in total study period in the eligible GA range;

included = inclusion criteria used to select study population;

chorioamnionitis = newborns with a mother who received a diagnosis of

chorioamnionitis; reduction in AB = (hypothetical) reduction in empirical AB

for EOS achieved by using the EOS calculator.

bReduction range reported (precluding calculation of meaningful CI), as

depending on outcome of newborns in observe-and-evaluate category.

c Studies limited to AB-treated infants; reported results represent estimations

of maximum potential reduction of empirical AB by EOS calculator use.

dSampling of study excluded 41 infants who were symptomatic at birth and 38

infants developing symptoms after initial examination, resulting in an

estimated reduction that does not reflect a potential implementation scenario.
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of the EOS calculator as very low, mainly owing to the small

number of events across all studies.

Reduction in Use of Empirical Antibiotics

When Using the EOS Calculator

All13includedstudiescomparedmanagementguidedbytheEOS

calculatorwith conventionalmanagement strategies andused

the rateofempirical antibioticsprescribed for suspectedEOSas

a main outcome. All studies found a lower RR for antibiotic

therapy, favoring use of the EOS calculator (range, 3%-60%)

(Table1).StudiesevaluatingtheEOScalculator innewbornsborn

to mothers with the risk factor of chorioamnionitis reported

strongerreductions(RR,3%-39%)comparedwithstudiesnotlim-

ited to chorioamnionitis (RR, 25%-60%).

Meta-analysis results of data frombefore and after imple-

mentation of the EOS calculator favoreduse of the EOS calcu-

lator,with anoverall RRof antibiotic useof 45% (95%CI, 35%-

57%) among all 6 studies (Figure 2). We found an RR in

antibiotic use of 56% (95% CI, 53%-59%) in the 4 studies in-

cluding all newborns regardless of exposure to chorioamnio-

nitis.We foundnoheterogeneity among results of these stud-

ies, of which 2 were from the United States,15,27 1 from

Australia,28 and 1 fromtheNetherlands.26For the2 studies re-

stricted tonewborns exposed to chorioamnionitis,29,30 theRR

in antibiotic use was lower (20%), but with a large 95% CI

(4%-91%) and high heterogeneity (I2 = 96%) owing to large

differences between the effect estimates.

SafetyWhen Using the EOS Calculator

Three studieswere specificallydesigned toevaluate the safety

of the EOS calculator as a study objective or by calculating

model performance, using before-after analysis.15,27,28Oneor

more safetyoutcomeswerediscussed in 12of 13 includedstud-

ies (eTable 2 in the Supplement). Across all studies, we found

no indication of an increase in the incidence of EOS, readmis-

sions, antibiotic use between 24 and 72hours after birth, pro-

portion of newborns requiring intensive care, ormortality as-

sociated with the use of the EOS calculator.

We reviewed all cases of EOS reported in the 13 included

studies. Among before-after implementation studies, we

found 5 of 18 missed cases of EOS (28%) in cohorts with EOS

calculator–basedmanagement, comparedwith8of 28missed

cases of EOS (29%) in cohorts with conventional manage-

ment strategies (pooled odds ratio, 0.96; 95% CI, 0.26-3.52;

P = .95) (Table 2). Newborns with missed EOS were eventu-

ally startedonantibiotics in all cases.Among studiesperform-

ing only database analysis, we found 5 of 12 missed cases of

EOS (42%) by hypothetical application of the EOS calculator

(Table 3). Among all studies, almost half of newborns with

missed EOS remained asymptomatic, regardless of manage-

ment strategy (eTable 3 in the Supplement).

Discussion

Reduction of antibiotic overtreatment in neonates is of para-

mount importance to avoid early and late adverse effects. In

this systematic review and meta-analysis of all studies

reporting the results of actual or hypothetical implementa-

tion of the EOS calculator including more than 175000 new-

borns, we found that use of the EOS calculator is associated

with a marked reduction in empirical antibiotic therapy

Figure 2. Forest Plot Presenting Relative Risk for Use of Empirical Antibiotics

Weight, %

Favors

EOS

Calculator

Favors

Conventional

Management

0.04 710.1

Risk Ratio (95% CI)

EOS Calculator

No. of 

Events

Total

No.

Conventional

Management

No. of 

Events

Total

No.Source

All newborns at risk

Risk Ratio

(95% CI)

20.71698 56 261 5226 95 543Kuzniewicz et al,15 2017 0.55 (0.52-0.58)

15.051 1877 100 2076Achten et al,26 2018 0.56 (0.40-0.79)

19.1222 6090 356 5692Dhudasia et al,27 2018 0.58 (0.49-0.69)

18.8201 2502 235 1732Strunk et al,28 2018 0.59 (0.50-0.71)

73.566 730 105 043Subtotal 0.56 (0.53-0.59)

2172 5917Total events

Heterogeneity: τ2 = 0.00; χ2
3 = 0.87; P = .83; I2 = 0%

Test for overall effect: z = 23.58; P <.001 

Newborns exposed to chorioamnionitis

10.613 143 203 213Gievers et al,29 2018 0.10 (0.06-0.16)

15.928 76 168 179Beavers et al,30 2018 0.39 (0.29-0.53)

26.5219 392Subtotal 0.20 (0.04-0.91)

37141Total events

Heterogeneity: τ2 = 1.17; χ2
1 = 26.19; P <.001; I2 = 96%

Test for overall effect: z = 2.09; P = .04 

100.02213 66 949 6288 105 435Total 0.45 (0.35-0.57)

Heterogeneity: τ2 = 0.07; χ2
5 = 49.94; P <.001; I2 = 90%

Test for overall effect: z = 6.55; P <.001

Test for subgroup differences: χ2
1 = 1.79; P = .18; I2 = 44.1%

Data presented for before-after studies included in themeta-analysis. Data were pooled under the assumption of a random-effects Mantel-Haenszel model.

EOS indicates early-onset sepsis.
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compared with conventional management strategies. Stud-

ies restricted to newborns exposed to chorioamnionitis indi-

cate an even larger potential for reduction in antibiotic use in

such newborns. Data on safety were limited due to rarity of

safety outcomes. However, when scrutinizing available data,

we found no indications that use of the EOS calculator leads

to an increase in missed cases of EOS, overall EOS incidence,

readmissions, delay in antibiotic therapy, or EOS-related

morbidity or mortality.

Safety is of critical importance and risk of missing cases

of EOS is a major concern in the evaluation of management

strategies for newborns at risk for orwith suspectedEOS.Risk

management strategies for EOS need to balance the risk of a

missed case of EOS against the harmof unnecessary antibiot-

ics on a population level.5,15 Even well-appearing newborns

with no risk factors can develop EOS. Thus, not every case of

EOS is predictable, and clinical judgment andmonitoring con-

tinue to be an essential part in early diagnosis.39 This is re-

flected in the observation period included in management

guided by the EOS calculator, as well as in promising alterna-

tives such as serial physical examinations after birth.38-41 For

many EOS risk management strategies, the risk of missing a

case of EOS is largely unknown. In contrast, the EOS calcula-

tor provides an individual EOS risk estimate for each new-

born, and our review summarizes the current real-world evi-

denceonthisoutcomeinclinicalpractice.Dependingonsetting

andstrategiesused, theEOScalculatorcanalsoserveasasafety

net by flagging at-risk newborns overseen by conventional

managementstrategies,whicharemorecategorical in their rec-

ommendation for treatment.42,43 Altogether, although evi-

dence of the safety of management guided by the EOS calcu-

lator is limited, it showsno indicationof inferiority compared

with conventional management strategies thus far.

Strengths and Limitations

Strengths of our systematic review include an exhaustive

search strategy, systematic data extraction and analysis fol-

lowing an a priori specified and registered protocol, and sur-

veying of authors of included studies to ensure completeness

of data. It provides a synthesis of a novel tool in area of great

current clinical interest and concern.

Our review also has some limitations. Meta-analysis was

restricted to before-after implementation studies, but in-

cludedmany newborns. The use of a 24-hour post partum as

the cutoff to designate amissed case of EOS is arbitrary, but it

reflects a common timeframe for monitoring of at-risk

newborns.3,15,38,44 Finally, owing to a limited scope, this re-

viewdidnot investigatepotential secondarybenefitsof theEOS

calculator, suchas reductions in laboratory investigations,neo-

natal ward admissions, or related health care costs.15,28,29,45

Careful interpretation of the results from this systematic

review and, in particular, consideration to local circum-

stances is warranted. Included studies were unrandomized,

inducing a high risk of bias and limiting the quality of the

evidence.46 Studies were conducted during a time span in

which adjustments to the EOS calculator were made, which

may skew results from contemporary effects of the EOS

calculator.3 Furthermore, studies were performed predomi-

nantly with newborns born at 35 weeks’ gestation or later, in

tertiary settings, and conductedwithin theUnited States. Be-

causeother settingsandpopulationscancarrydifferences that

canpossiblybeassociatedwith theperformanceof themodel,

this can limit the generalizability of findings in several ways.

First, the EOS calculator was derived from and validated

within the setting of a US health care system, with an EOS in-

cidence rate of 0.6 per 1000 live births, while EOS incidence

rates vary across theworld and setting.47,48 In this review,we

observed similar effects of management by the EOS calcula-

tor instudiesoutside theUnitedStates.26,28Furthermore,base-

line EOS incidence rates reported in included studies varied

between0.2 and 1.0 per 1000 live births, and selecting at-risk

populations resulted in significantly higher a priori risk of

EOS.35Toaccommodate for different incidence rates, theEOS

calculator allows for awide range in a priori risk of EOS (up to

Table 3. Cases of EOS in Database Studies and Hypothetical Management Using the EOS Calculator

Sourcea Included Population EOS Cases, No. AB <24 h AB >24 h (Missed)

Shakib et al,31 2015 GA ≥34 wk, chorioamnionitis 1 1 0

Money et al,34 2017 GA ≥37 wk, chorioamnionitis 1 0 1

Carola et al,35 2018 GA ≥35 wk, chorioamnionitis 5 3 2

Joshi et al,36 2019 GA ≥34 wk 5 3 2

Total, No. (%) NA 12 7 (58) 5 (42)

Abbreviations: AB, antibiotics;

EOS, early-onset sepsis;

GA, gestational age; NA, not

applicable.

aOnly studies with EOS cases

included in Table. Kerste et al32

omitted owing to overlap in cases

with the Achten et al26 study

included in Table 2.

Table 2. Management of EOS Cases Using the EOS Calculator and Conventional Management Strategies in Before-After Studies

Source

Management Guided by EOS Calculator Conventional Management Strategy

P ValueBirths EOS Cases AB <24 h
AB >24 h
(Missed) Births EOS Cases AB <24 h

AB >24 h
(Missed)

Kuzniewicz et al,15 2017 56 261 12 8 4 95 543 24 18 6 NA

Achten et al,26 2018 1877 2 2 0 2076 2 0 2 NA

Dhudasia et al,27 2018 6090 3 2 1 5692 1 1 0 NA

Strunk et al,28 2018 2502 1 1 0 1731 1 1 0 NA

Total, No. (%) 67 019 18 13 (72) 5 (28) 105 365 28 20 (71) 8 (29) .95

Abbreviations: AB, antibiotics; EOS, early-onset sepsis; NA, not applicable.
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4casesper 1000 livebirths) tobeused, since2018.49This range

allows for customizationof this aspect according to settingand

populations, althoughthis feature is controversial andhas thus

far not been validated.49,50

Second, profound differences are seen in current strate-

gies of empirical antibiotic therapy for suspectedEOS.Marked

differences exist among guidelines as well as between prac-

tices under the similar guidelines.1,51,52 On average, approxi-

mately 5% of term newborns in the United States are treated

with empirical antibiotics,53while percentages vary between

2.3% and 7.9% across Europe.54,55 In settings with a high ra-

tio of treated infants to confirmed cases of EOS, the opportu-

nity fora reductionusing theEOScalculator is likely larger than

in settingswhereuseof antibiotics is already limited.Our find-

ing of relatively large reductions associated with manage-

mentguidedbytheEOScalculator innewbornsexposedtocho-

rioamnionitis illustrates this scenario.Althoughuseof theEOS

calculator in these populations is controversial,35,49,50 epide-

miologic data support the safety of limited use of empirical

antibiotics.54,56One study included in this review reported an

RR of 22.2%, even though use of antibiotics without the EOS

calculator would have been relatively low, at 1.8%.37

Finally,significantvariationisseenamongstrategiesfortest-

ingmaternalGBSstatus. IntheUnitedStates,routineGBSscreen-

ingduringpregnancywasimplementedin2002,43whereassome

other countriesuse strategiesbasedonrisk factors.57However,

thederivationcohort includeda significantproportionofnew-

borns born before implementation of routine maternal GBS

screening.13As such, the EOS calculator allows for “unknown”

asavalidvalue for theGBSvariableof thepredictionmodel, al-

lowing for a calculatedEOSriskestimateevenwhenGBSstatus

isunavailable. In addition, the relative contributionofGBSas a

predictive factor in the EOS calculator is only 2.3%, and there-

fore, changes in setting related to GBS statuswill by definition

have a limited associationwith themodel.13 Thus, differences

inmaternalGBStestingstrategiesareunlikely to impede imple-

mentation of use of the EOS calculator.

TheEOScalculatorwasdevelopedandvalidatedusingEOS

defined as a positive (uncontaminated) blood culture within

the first 72 hours of life.13However, EOS canoccur evenwhen

physicians are unable to isolate a pathogen, and antenatal an-

tibiotics may decrease the likelihood of successful pathogen

isolation at birth. Critically, a consensus definition of EOS is

also lacking. Physicians label a case aspresumed, suspected, or

culture-negativeEOSupto 16 timesmoreoften thanEOS is con-

firmed by a positive blood culture, often resulting in treat-

ment with 5 or 7 days of intravenous antibiotics.58,59 Con-

cerns regarding such cases and theEOS calculator include the

theory that antenatal antibioticsmay interferewithblood cul-

ture results, creating false-negative blood cultures, and that

reducingempirical antibioticsmayallowformorecasesofEOS

to develop into severe disease.15,31 However, as we found no

indications of increased incidence or severity of EOS after re-

duction of empirical antibiotic use in EOS calculator imple-

mentation studies, our findings correspondwith theobserva-

tion that concerns for false-negative blood cultures are based

largely on fallacies.58,60

Our reviewshows that the results of theEOScalculator are

promising and underscores the worldwide interest in its

applicability in clinical practice. However, use of a predictive

model as an algorithm to allocate treatment strategies to

newborns represents a largedeviation fromconventional pro-

tocols, and implementation efforts report hesitation and con-

cerns among current practitioners.29,35,61 Ideally, implemen-

tation of a predictionmodel in a different setting is preceded

by validation in that setting.62 For the EOS calculator, this is

impractical owing to the largenumber of newbornsneeded to

validate for rareoutcomes suchasprovenEOS.However,well-

designed prospective studies can be used to overcome re-

searchgaps andensure careful implementationof theEOScal-

culator. Before-after studies such as that byKuzniewicz et al15

carry an inherent risk of historical bias. Amultinational clus-

ter randomized trial comparing conventional practices and/or

guidelineswith the EOS calculator, however, possibly using a

stepped-wedgedesign,would represent the ideal design to in-

vestigate thequestion.14,15,63,64Thisdesignwouldallowfor ran-

domization and comparisonof results among institutions and

countries, while preventing contamination of EOS calculator

experiencewithin institutions. The results of sucha study can

also provide feedback usable for setting-specific adjustments

for the use of the EOS calculator, such as a priori risk of EOS.

This is likely to further improve EOS calculator use and re-

lated outcomes. Finally, future research should best evaluate

the EOS calculator not in isolation, but combinedwithmeth-

ods such as serial physical examinations36,40 and laboratory

marker candidates.59,65

Conclusions

Our systematic review and meta-analysis demonstrate that

the use of the EOS calculator is associated with a substantial

reduction in the use of empirical antibiotics for suspected

EOS. Evidence regarding safety of use of the EOS calculator

is limited, but we found no indication of inferiority com-

pared with conventional management strategies. A risk of

missing cases of EOS or delaying antibiotics exists, but

should be weighed against the relatively large reductions in

unnecessary use of empirical antibiotics. Large prospective

intervention studies outside of the United States, preferably

cluster randomized, will be paramount in comparing the

EOS calculator with current and alternative strategies, and in

implementing the EOS calculator as a tool to safely reduce

unnecessary antibiotics in newborns.
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