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Abstract

Objective: To evaluate the hypothesis that early-onset sepsis increases risk of death or 

neurodevelopmental impairment (NDI) among preterm infants; and that among infants without 

EOS, prolonged early antibiotics alters risk of death/NDI.

Study design: Retrospective cohort study of infants born at NICHD Neonatal Research Network 

centers (2006-2014) at 22-26 weeks gestation and birth weight 401-1000 grams. EOS defined as 

growth of a pathogen from blood or cerebrospinal fluid culture ≤72 hours after birth. Prolonged 
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early antibiotics was defined as antibiotics initiated ≤72 hours and continued ≥5 days without 

culture-confirmed infection, necrotizing enterocolitis or spontaneous perforation. Primary outcome 

was death before follow-up or NDI assessed 18-26 months corrected age. Poisson regression was 

used to estimate adjusted relative risk (aRR) and confidence interval (CI) for EOS outcomes. A 

propensity score (PS) for receiving prolonged antibiotics was derived from early clinical factors 

and used to match infants (1:1) with and without prolonged antibiotic exposure. Log binomial 

models were used to estimate aRR for outcomes in matched infants.

Results: Among 6565 infants, those with EOS had higher aRR (95% CI) for death/NDI 

compared with infants managed with prolonged antibiotics [1.18 (1.06-1.32)] and to infants 

without prolonged antibiotics [1.23 (1.10-1.37)]. PS matching was achieved for 4362 infants. No 

significant difference in death/NDI [1.04 (0.98-1.11)] was observed with or without prolonged 

antibiotics among the matched cohort.

Conclusion: EOS was associated with increased risk of death/NDI among extremely preterm 

infants. Among matched infants without culture-confirmed infection, prolonged early antibiotic 

administration was not associated with death/NDI.

The American Academy of Pediatrics recommends discontinuation of empiric antibiotics 

when blood cultures for early-onset sepsis (EOS) remain sterile after 48 hours’ incubation 

(1). However, neonatal providers frequently diagnose “culture-negative infection” when an 

infant’s perinatal history, clinical condition or laboratory testing suggest infection even when 

bacterial cultures are sterile (2). Antibiotics are continued in such cases to prevent the 

mortality and morbidity associated with culture-confirmed infection (3). The use of 

prolonged early antibiotics for presumed culture-negative infection varies widely across 

hospitals (4–7). We previously reported that the proportion of extremely preterm infants 

administered prolonged early antibiotics among Neonatal Research Network (NRN) centers 

ranges from 10-72% for infants identified as at low risk for EOS based on delivery 

characteristics, and from 20-80% among the remaining infants (8). In contrast, rates of 

culture-confirmed EOS ranged from 0-6.7% and 0-10.4% across sites, respectively (8). Wide 

center-level variation in prolonged antibiotic use provides the opportunity to investigate 

outcomes of clinically similar infants managed with different antibiotic regimens.

There is increasing appreciation of the impact of antibiotic exposures on the developing 

neonatal microbiome (9), including evidence for interaction of the microbiota with brain 

development and function (10,11). Extremely preterm infants have a high prevalence of both 

antibiotic administration and of neurological sequelae (7,12). In this study, our first objective 

was to assess the composite risk of death or neurodevelopmental impairment (NDI) at 18-26 

months corrected age (CA) for infants with culture-confirmed EOS, compared with infants 

with sterile cultures managed with or without prolonged early antibiotics. Our next objective 

was to compare the risk of death or NDI between infants with sterile cultures managed with 

and without prolonged early antibiotics, using propensity score (PS) methods (13) to control 

for potential differences in illness severity.
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METHODS

This is a retrospective cohort study of infants born at NRN centers between 01/01/2006 and 

12/31/2014 and enrolled in a registry of high-risk infants maintained by the NRN. Eligibility 

criteria were: gestational age (GA) 22 0/7-26 6/7 weeks, birth weight (BW) 401-1000 grams, 

inborn and survival >12 hours. Infants with major birth defects (14) may differ in indications 

for early antibiotics and in outcomes compared with infants without birth defects and were 

excluded. The registry includes prospectively collected maternal pregnancy and delivery 

information; infant data from birth until death, discharge/transfer, or 120 days of age; and if 

hospitalized at 120 days, final date of discharge/transfer or death up to one year of age (15). 

Surviving infants were eligible for a follow-up assessment. The institutional review board at 

each center approved participation in the registry and follow-up, with written parental 

consent or waiver of consent determined by each center’s board.

EOS was defined as blood or cerebrospinal fluid (CSF) culture obtained ≤72 hours of age 

that grew pathogenic bacteria or fungi, for which the infant received antibiotics ≥5 days or 

died with intent to receive antibiotics ≥5 days. Micrococcus, Propionibacterium, 
Corynebacterium, Bacillus species, and coagulase-negative staphylococci were considered 

contaminants. Prolonged early antibiotics was defined as a “yes” response to the question 

“Did the infant receive antibiotics for ≥5 days, starting within the first 72 hours?”, and 

included intended use ≥5 days in an infant who died.

For both objectives, the primary composite outcome was death before follow-up or NDI in 

survivors. Death, NDI in survivors, and components of NDI were investigated as secondary 

outcomes. Surviving infants were evaluated at visits between 10/2007-8/2017 and were 

assessed at 18-22 months CA (births before 07/01/2012) or 22-26 months CA (births on or 

after 07/01/2012). Follow-up assessments included review of the medical history with the 

primary caretaker. The child’s vision and hearing status were determined by history, testing 

after discharge (if available), and examination at the visit. Neurologic examination and a 

developmental evaluation using the Bayley Scales of Infant Development, Third Edition 

(Bayley-3) were administered by certified examiners (16). Cerebral palsy (CP) was defined 

using the gross motor function classification system (GMFCS) as mild (level ≤1), moderate 

(level 2-3), or severe (level 4-5) (17). NDI was defined as one or more of the following: 

bilateral blindness (corrected vision <20/200 in both eyes), hearing impairment (permanent 

hearing loss affecting communication with or without amplification), GMFCS level ≥2 with 

or without CP, or a Bayley-3 cognitive composite score <85 (18).

Statistical Analyses:

Infants with missing exposure variables were excluded from all analyses. 

Neurodevelopmental outcomes were considered missing if assessment occurred at <14 or 

>30 months CA (2% of those assessed). All analyses were adjusted for maternal education, 

maternal insurance, maternal race/ethnicity, maternal hypertension, antepartum hemorrhage, 

antenatal steroids, maternal antibiotics received during the delivery admission, clinical 

chorioamnionitis, membrane rupture >18 hours, cesarean delivery, infant GA (categorical), 

BW (continuous), male sex, intubation at birth, temperature <60 minutes of birth, severe 
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intraventricular hemorrhage (IVH) ≤7 days age and start of enteral feeds ≤3 days age 

(12,19–22). IVH classified by Papile criteria as grade 3 or 4 was considered severe (23).

Each study objective had additional exclusions and different analytic approaches. To assess 
the effect of EOS, infants who died ≤12 hours of age; infants with necrotizing enterocolitis 

(NEC, defined by modified Bell stage ≥ IIA (24,25)), spontaneous intestinal perforation 

(SIP, defined as intestinal perforation without proven NEC) at ≤3 days or infants with blood 

or CSF culture obtained at ≤3 days growing a contaminant were excluded. Poisson 

regression models with robust variance estimators (26) were used to assess risk of the 

primary outcome of death >12 hours and before follow-up or survival with NDI while 

adjusting for the covariates listed above as well as for study center.

Adjusted relative risks (aRR), 95% confidence intervals (CI), and p-values by the Wald chi-

square test from these models were reported. To assess the effect of prolonged early 
antibiotics, infants who died or were diagnosed with NEC or SIP ≤5 days and infants with a 

blood or CSF culture obtained at ≤5 days growing a pathogen or contaminant were excluded. 

We used a PS-based analysis to adjust for imbalance of baseline characteristics in infants 

with and without prolonged early antibiotic exposure. A logistic regression model was fit to 

the dependent variable “prolonged early antibiotic exposure” to derive a propensity score 

defined as the probability of antibiotic use conditional on the covariates listed above as well 

as the highest respiratory support at 24 hours. Greedy nearest-neighbor matching without 

replacement using a caliper width of 0.2 of the standard deviation of the logit of the PS was 

used to match each infant managed with prolonged antibiotics with an infant managed 

without prolonged antibiotics but with similar PS (27). Adequacy of matching was assessed 

by comparing proportions and means of variables in the two groups before and after 

matching and by standardized mean differences (13,28). Absolute differences <0.10 were 

considered acceptable (28, 29). Composite of death >5 days of age and before follow-up or 

survival with NDI and secondary outcomes were assessed in the matched cohort using log 

binomial models to estimate relative risks (RR) and 95% CI while accounting for the paired 

nature of the matched sample by using generalized estimating equations methods (13). For 

secondary analyses, we constructed models that included post-matching adjustment for key 

confounders (GA, BW, male sex, severe IVH diagnosed ≤7 days and maternal education); 

study center; and for high frequency ventilation, a variable with residual imbalance after PS 

matching (30). Analyses were completed using SAS statistical software version 9.4 (SAS 

Institute, Cary, NC).

RESULTS

During the study period, 7631 infants with GA 22-26 weeks and BW 401-1000 grams were 

born at the 24 NRN centers and survived >12 hours. Of these, 238 infants with birth defects 

(3%), and 39 infants missing exposure variables were excluded, leaving 7354 (96%) infants 

in the base cohort before additional analysis-specific exclusions.

EOS:

After exclusions, 6565 infants were analyzed (Figure 1; available at www.jpeds.com). The 

proportion of eligible infants who survived to follow-up but were excluded due to missing 
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neurodevelopmental assessment was similar among infants with EOS (8/98, 8%), with 

prolonged antibiotics (345/2615, 13%) and without prolonged antibiotics (367/2700, 14%), 

p=0.29. Culture-confirmed EOS occurred in 153 infants (2.3%). Among infants without 

EOS, 3191 (48.6%) received prolonged early antibiotics and 3221 (49.1%) did not. Most 

maternal and neonatal characteristics differed among the three groups (Table 1). After 

adjusting for these characteristics, the composite outcome of death >12 hours or survival 

with NDI was increased for infants who had EOS (Table 2). Forty-one percent of infants 

with EOS died compared with 29% of culture-negative infants given prolonged early 

antibiotics and 28% without prolonged early antibiotics. Among survivors, risk of NDI was 

higher for infants with EOS compared with culture-negative infants who received prolonged 

early antibiotics and compared with infants who did not receive prolonged early antibiotics. 

Details of EOS infecting organisms are provided in Table 3; online. No difference was 

found in death/NDI among infants without EOS who were managed with and without 

prolonged antibiotics (Table 2).

Prolonged early antibiotic use:

After exclusions, 5807 infants were analyzed (Figure 1). Of these, 2978 infants (51%) 

received prolonged early antibiotics and 2829 (49%) did not. Propensity scores generated for 

the two groups showed good overlap (Figure 2; available at www.jpeds.com) and PS 

matching resulted in 2181 pairs (75% of the eligible cohort). After matching, differences in 

means and proportions of baseline characteristics were reduced between the groups and 

standardized mean differences of <0.10 were achieved in all variables except high-frequency 

ventilation at 24 hours (Table 4). Fifty percent of infants with prolonged early antibiotic 

exposure died >5 days or survived with NDI compared with 48% of matched infants without 

exposure to prolonged early antibiotics [RR 1.04 (95% CI: 0.98-1.11), P = .18] (Table 5). 

Estimated relative risk of death alone, NDI in survivors and components of NDI were also 

similar. Post-matching adjustment did not substantially alter these comparisons.

DISCUSSION

In this study, infants who had culture-confirmed EOS were more likely to die or survive with 

NDI as assessed at 18-26 months CA compared with infants without EOS who did or did not 

receive prolonged early antibiotics, when accounting for multiple confounders and other 

predictors of this outcome. When we compared infants without EOS, NEC, or SIP, we found 

the composite outcome of death or NDI at 18-26 months CA was 4% more likely to occur in 

infants managed with prolonged antibiotics with the confidence limits crossing zero and 

ranging from a 2% lower risk to an 11% higher risk. For this comparison, we used a 

propensity score matched cohort, and also employed post-matching adjustment to rigorously 

address the issue of confounding. We also made this comparison using the full cohort from 

which our PS analysis was derived, and found similar results. Our results demonstrate that 

risk of death/NDI for infants with culture-confirmed EOS is higher compared with infants 

without this diagnosis. This finding is likely no surprise to neonatal clinicians. Perhaps less 

expected is our observation that among those without culture-confirmed EOS, the 

administration of prolonged antibiotics was not associated with any significant difference in 

outcomes of death and/or NDI. One straightforward explanation is that the infants receiving 
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prolonged antibiotics did not have bacterial infection and antibiotics made no difference to 

their outcomes. Another possible explanation is that any advantage or disadvantage offered 

by prolonged antibiotics administration does not impact mortality or NDI as measured in 

this study.

Although epidemiologic studies address EOS-attributable mortality (31–34), information on 

the impact of culture-confirmed EOS on neurodevelopmental outcomes among preterm 

infants is scarce. A study from Israel demonstrated that very-low birth weight (VLBW, BW 

<1500 grams) infants with EOS are more likely to have brain injury compared with 

uninfected infants, but this report had no information on post-discharge outcomes (35). A 

prior study conducted among extremely preterm infants cared for in NRN centers from 

1993-2001 found an increased risk of death or NDI among infants with culture-confirmed 

infection (34). The contribution of EOS to these findings is difficult to determine because 

the analysis combined cases of EOS and late-onset sepsis (LOS), and <3% of the infected 

study cohort had EOS alone. In a French study of infants born at 22-32 weeks gestation, 

those who had both EOS and LOS had a higher risk of CP at 5 years of age than uninfected 

infants (36). No difference was observed among those who had EOS alone, although this 

finding was based on evaluation of only 11 children. Our study demonstrates the negative 

overall impact of EOS in a large cohort of extremely preterm infants: 68% of those with 

EOS died or survived with NDI compared with 53% of infants without culture-confirmed 

EOS.

Because culture-confirmed EOS is universally treated with antibiotics, the potential impacts 

of the infection itself versus the antibiotics used cannot be separated. In contrast, provider 

and institutional variation in early antibiotic administration duration in the absence of 

culture-confirmed EOS provides the opportunity to assess the impact of prolonged early 

antibiotics after adjustment for patient-level risk factors. Multiple prior studies have reported 

adverse hospital outcomes among preterm infants administered prolonged early antibiotics 

(37–39). A study of extremely preterm infants born 1998-2001 and cared for at NRN centers 

reported that prolonged early antibiotic administration was associated with increased odds 

for in-hospital death (37), although a similar study of those born 2008-2014 reported less 

frequent use of prolonged early antibiotics and a smaller association between treatment and 

death (adjusted odds ratio 1.17 [95% CI: 0.99–1.40] p=0.07) (5). Initial antibiotic duration 

among VLBW infants admitted to centers in the Canadian Neonatal Network (CNN) was 

associated with increased odds of a composite outcome of mortality or significant morbidity 

(severe neurologic injury, retinopathy of prematurity, NEC, LOS or bronchopulmonary 

dysplasia), although the association with death at >7 days was not significant (40).

Few studies have explored the impact of prolonged antibiotics on outcomes after hospital 

discharge among preterm infants. CNN investigators assessed the relationship of antibiotic 

utilization rate (AUR), defined as total days of antibiotics divided by the length of stay, with 

death and severe NDI at 18-21 months among infants born at <29 weeks’ gestation (41). 

They measured antibiotics administered in the absence of standard indications as quartiles of 

AUR (41). Comparing infants with the highest quartile of AUR to infants with the lowest 

quartile of AUR, this study found elevated adjusted odds for the composite outcome of death 

or NDI and for death alone, but not for NDI among survivors. A limitation of this study is 
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that mortality effects length of stay which may in turn influence the association between 

high AUR and death. We restricted our analysis of prolonged early antibiotic exposure to 

infants who survived >5 days to ensure the exposure could occur in all eligible infants. We 

found no evidence that prolonged early antibiotics either contribute to or protect against the 

composite or individual outcomes of death or NDI. The differing results for the outcome of 

death may be driven by the different approaches in the two studies.

Confounding by indication is a common concern in retrospective studies addressing the 

impact of antibiotic administration. It is likely that in many cases, infants who receive 

prolonged early antibiotics for culture-negative infection are sicker than those infants who 

do not. Prior studies approached this by adjusting for covariates in a regression model. Using 

this approach, we found no difference in outcomes between infants without EOS conditional 

on prolonged antibiotic use. We then applied a different approach to allow visualization of 

the balance of early clinical status among infants receiving prolonged antibiotics or not. We 

used propensity scores to match infants on multiple demographic and clinical characteristics 

that may influence management decisions and ultimately contribute to a child’s risk of the 

composite outcome. This approach allowed us to focus on the 75% of infants among whom 

there is the most clinical variation in care, as it eliminates infants for whom most clinicians 

administered prolonged antibiotics, as well as those for whom most clinicians did not. 

Characteristics such as younger gestational age, maternal chorioamnionitis, and prolonged 

rupture of membranes that were more frequent among infants who received prolonged early 

antibiotics were better balanced in the matched cohort. We additionally conducted post-

match adjustment of key variables and variables with residual imbalance after matching. 

Despite these adjustments, we cannot entirely rule out an impact of residual confounding.

Our study has additional limitations. In the database we used for this study, information 

about early antibiotics did not include type, indication and total duration of use. We did not 

collect additional laboratory data that can influence persistent antibiotic use, nor did we have 

information regarding probiotic use. Using the PS to match infants with and without 

prolonged antibiotic exposure provides balance on the characteristics considered, but 

unmeasured characteristics may still be unequally distributed between the groups resulting 

in biased estimates. As noted, approximately 25% of the cohort could not be matched (Table 

6; online), largely due to a lack of practice variation among these infants.

We do not interpret the lack of association in our study as ‘safety’ of prolonged antibiotics 

but as an absence of benefit. Death and NDI are not appropriate outcomes to gauge safety; 

they are the key metrics of anticipated benefit. We did not have the data to compare interim 

outcomes such as drug side effects, alterations in microbiota or longer-term outcomes such 

as atopy and allergies to inform true safety. To our knowledge, no study addressing the 

impact of antibiotics administered to preterm infants has reported a benefit of prolonged 

antibiotics when used in the absence of culture-confirmed infection. Yet neonatal providers 

continue to express concerns about poor detection rates of microbiological cultures and rely 

on inflammatory biomarkers to guide antibiotic duration. Given the existing evidence of 

potential harm from antibiotic-associated dysbiosis and the lack of demonstrable benefit, we 

must question the practice of prolonged antibiotic use among extremely preterm infants 

when optimally-collected microbiological cultures are sterile.
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Abbreviations:

aRR Adjusted relative risk

BW Birth weight

CA Corrected age

CI Confidence interval

CP Cerebral palsy

CPAP Continuous positive airway pressure

CSF Cerebrospinal fluid

EOS Early-onset sepsis

GA Gestational age

GMFCS Gross motor function classification system

IVH Intraventricular hemorrhage

LOS Late-onset sepsis

NDI Neurodevelopmental impairment

NEC Necrotizing enterocolitis

NICHD Eunice Kennedy Shriver National Institute of Child Health and 

Human Development

NRN Neonatal Research Network

PS Propensity score

ROM Rupture of membranes

SIP Spontaneous intestinal perforation
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Figure 1, online: Derivation of study cohorts.
Figure 1, online legend: The 720 infants excluded from the EOS analysis due to missing 

outcome included 481 infants lost to follow-up, 140 with incomplete assessment, and 99 

infants assessed outside of the allowable age. The 701 infants excluded from the prolonged 

antibiotic analysis due to missing outcome included 468 infants lost to follow-up, 135 with 

incomplete assessment, and 98 infants assessed outside of the allowable age. Abbreviations: 

GA, gestational age; BW, birth weight; NEC, necrotizing enterocolitis; SIP, spontaneous 

intestinal perforation; EOS, early onset sepsis.
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Figure 2, 
online: Distribution of propensity score generated from demographics and early clinical 

presentation.
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Table 3,

online: EOS causing organisms

Organism(s)--Blood Organism(s)--CSF
a n (column %)

Gram positive 42 (27.5)

Viridans streptococci 1 (0.7)

 Group B strep 28 (18.3)

 Staph aureus 3 (2.0)

 Viridans streptococci 3 (2.0)

 Enterococcus 2 (1.3)

 MRSA 2 (1.3)

 Strep pneumoniae 2 (1.3)

 Alpha hemolytic strep 1 (0.7)

Gram negative 100 (65.4)

E. coli 1 (0.7)

 E. coli 65 (42.5)

 E. coli E. coli 7 (4.6)

 Haemophilus 10 (6.5)

 Klebsiella 4 (2.6)

 Acinetobacter 2 (1.3)

 Capnocytophaga 2 (1.3)

 Citrobacter 2 (1.3)

 Morganella morganii 2 (1.3)

 Bacteroides 1 (0.7)

 Campylobacter 1 (0.7)

 Eikenella corrodens 1 (0.7)

 Pseudomonas aeruginosa 1 (0.7)

 Sphingomonas paucimobilis 1 (0.7)

Fungi 2 (1.3)

 Candida albicans 1 (0.7)

 Saccharomyces 1 (0.7)

Polymicrobial 6 (3.9)

Acinetobacter baumannii, Acinetobacter lwoffii, Micrococcus 1 (0.7)

 E. coli, CONS 1 (0.7)

 E. coli, Group B strep 1 (0.7)

 E. coli, Strep viridans 1 (0.7)

 Neisseria, Haemophilus 1 (0.7)

 Strep bovis, Corynebacterium 1 (0.7)

Not specified 3 (2.0)

 Missing 2 (1.3)
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Organism(s)--Blood Organism(s)--CSF
a n (column %)

 Other bacteria (699) 1 (0.7)

Total number of cases 153

a
Three of the 10 infants with a positive CSF culture had meningitis alone (1 Viridans streptococci, 1 E. coli, 1 Acinetobacter plus Micrococcus); 7 

had E. coli on both blood and CSF cultures.
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