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objective was to compare trends in late-onset sepsis rates in
9 population-based networks from 10 countries and to
assess the associated mortality within 7 days of late-onset
sepsis. Methods: We performed a retrospective population-
based cohort study. Infants born at 24-28 weeks’ gestation
between 2007 and 2019 were eligible for inclusion. Late-
onset sepsis was defined as a positive blood or cerebrospinal
fluid culture. Late-onset sepsis rates were calculated for 3
epochs (2007-11, 2012-15, and 2016-19). Adjusted risk
ratios (aRRs) for late-onset sepsis were calculated for each
network. Results: Of a total of 82,850 infants, 16,914 (20.4%)
had late-onset sepsis, with Japan having the lowest rate
(7.1%) and Spain the highest (44.6%). Late-onset sepsis rates
decreased in most networks and remained unchanged in a
few. Israel, Sweden, and Finland showed the largest de-
crease in late-onset sepsis rates. The aRRs for late-onset
sepsis showed wide variations between networks. The rate
of mortality temporally related to late-onset sepsis was
10.9%. The adjusted mean length of stay for infants with
late-onset sepsis was increased by 5-18 days compared to
infants with no late-onset sepsis. Conclusions: One in 5
neonates of 24-28 weeks' gestation develops late-onset
sepsis. Wide variability in late-onset sepsis rates exists be-
tween networks with most networks exhibiting improve-
ment. Late-onset sepsis was associated with increased

mortality and length of stay. © 2024 The Author(s).
Published by S. Karger AG, Basel

Introduction

Neonatal late-onset sepsis remains an important cause
of neonatal morbidity and mortality [1, 2] and is asso-
ciated with adverse neurodevelopmental outcomes [3].
The rate of neonatal late-onset sepsis is inversely related
to gestational age (GA) and birth weight (BW) [4, 5] and
varies between countries [6-8]. For extremely preterm
(EPT) or extremely low birth weight infants, rates range
between 8% and 38% [7, 9-15], and for very low birth
weight (VLBW) infants rates range from 7.4% to 30% [2,
6, 14-21].

Many countries have reported a decrease in late-onset
sepsis rates among VLBW or EPT infants [10, 12, 14, 16,
18, 22-24], while others have not [2, 13]. Factors that may
influence change in late-onset sepsis rates include how it
is defined, baseline rate, and implementation of quality
improvement programs.

It is unclear whether the reduction in late-onset sepsis
rates has been translated to decreased mortality. This
issue is compounded by the fact that changes in mortality
directly related to late-onset sepsis are difficult to quantify
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because infants who develop late-onset sepsis may have
comorbidities increasing mortality risk. Greenberg et al.
[10] reported that a decreased late-onset sepsis rate was
not accompanied by decreased mortality. In contrast,
Hornik et al. [2] reported a decrease in mortality related
to late-onset sepsis, compared to previous cohorts.

The International Network for Evaluating Outcomes
of Neonates (iNeo) has reported large variations in the
survival of VLBW infants [25] as well as temporal im-
provements in mortality rates [26]. The present study’s
aim was to assess temporal trends of late-onset sepsis in
neonates of 24-28 weeks’ gestation and to evaluate late-
onset sepsis-associated mortality.

Methods

We performed a retrospective cohort study of preterm infants
included in the iNeo database to evaluate temporal trends of late-
onset sepsis and the effect of late-onset sepsis on mortality and
length of stay. The study was approved by the Research Ethics
Board of Mount Sinai Hospital, Toronto, and by the iNeo col-
laboration directors. The STROBE methodology (online suppl.
checklist appended; for all online suppl. material, see https://doi.
org/10.1159/000539245) was followed for all available data [27].

International Network for Evaluating Outcomes of Neonates

The iNeo data set contains deidentified data for neonates
admitted to 10 independent networks or registries. The present
study included data from 9 of the networks, representing 10
countries or regions: Australian and New Zealand Neonatal
Network (ANZNN), Canadian Neonatal Network (CNN), Finnish
Medical Birth Register (FinMBR), Israel Neonatal Network
(INN), Neonatal Research Network Japan (NRNJ), Spanish
Neonatal Network (SEN1500), Swedish Neonatal Quality Register
(SNQ), Swiss Neonatal Network (SNN), and Tuscany Neonatal
Network (Tuscan NN). Six networks cover the entire population
(CNN, ANZNN, INN, SNQ, FMBR, and SNN), 2 networks cover
50-60% of the population (NRNJ and SEN1500), and one network
(Tuscan NN) is regional. Comparative information on the net-
works participating in the iNeo collaboration has previously been
published [28].

Population

The study cohort included neonates of 24-28 weeks’ gestation
admitted to a neonatal intensive care unit (NICU) between January
1,2007, and December 31, 2019. Infants who died prior to 4 days of
age, who had major congenital malformations, who had necro-
tizing enterocolitis (NEC stage 2 or 3), or infants with missing data
were excluded.

Definitions

Late-onset sepsis was defined as a positive blood or cere-
brospinal fluid culture for bacterial or fungal pathogens in in-
fants suspected of sepsis. A positive blood culture within 7 days
of a previous positive blood culture and without antibiotic
discontinuation was considered the same episode. Most
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networks defined late-onset sepsis as occurring >3 days after
birth; however, two networks used different cutoff ages: the
Japanese network used >7 days and the Australian-New Zealand
network used >2 days as the cutoff. All late-onset sepsis episodes
were included in the study. Data on pathogens were not rou-
tinely collected by networks. Overall mortality until discharge
included mortality occurring >7 days after delivery as immediate
mortality in the first 7 days of life was most commonly due to
extreme prematurity, intraventricular hemorrhage, and refrac-
tory hypoxemic respiratory failure. Mortality temporally related
to late-onset sepsis was defined as death within 7 days of onset of
a sepsis episode. Length of stay was defined as admission day to
discharge day or transfer to a level 2 facility or to death.
Bronchopulmonary dysplasia (BPD) was defined as supple-
mental oxygen therapy or respiratory support at 36 weeks’
postmenstrual age or at discharge.

Statistics

Baseline characteristics were reported in the form of frequency
(percentage) or mean (standard deviation) values. Late-onset
sepsis rates across networks were stratified by GA in weeks. For
pairwise comparisons of late-onset sepsis between networks,
general linear regression analysis with Poisson distribution was
applied and adjusted risk ratios (aRRs) with 95% confidence in-
tervals (ClIs) were estimated adjusting for GA, gender, multiple
births, and BW z-score (calculated using country-specific charts
used by individual networks for GA and sex). BPD, mortality, and
length of stay for each network were compared for late-onset sepsis
versus no late-onset sepsis groups after adjusting for GA, gender,
multiple births, and BW z-score.

The study population was divided into three birth epochs
(2007-11, 2012-15, and 2016-19), and the late-onset sepsis rates
for each epoch across networks were determined. To have an
effective representation of the current state, we calculated
standardized ratios (SRs) for late-onset sepsis for the 2016-19
epoch using the “indirect standardization” approach [29]. The
expected numbers of neonates with outcomes for each individual
network were calculated from the multivariable logistic regres-
sion model (adjusting for GA, gender, multiple births, and BW
z-score) constructed on the rest of the data set. SR estimates and
the 95% CI for each individual country were displayed graphi-
cally for all networks in an SR plot. All analyses were conducted
using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) with a two-
sided significance level of 0.05. SR plot was conducted by R
(version 4.1.1).

Results

A total of 97,982 infants of 24-28 weeks’ GA were
identified. Excluded were 3,703 infants with major
congenital malformations, 3,690 infants who died
prior to 4 days of age, 6,132 infants with NEC, and
1,607 infants with missing data, resulting in a final
study cohort of 82,850 infants. Table 1 shows the
characteristics of the study population by individual
networks. Comparison of mean BW by epoch for all
networks did not show any significant difference. Late-

Late-Onset Sepsis among Extremely
Preterm Infants of 24-28 Weeks

onset sepsis rates by GA for each network are pre-
sented in Table 2 and show an inverse relationship to
GA. In infants of 24, 25, 26, 27, and 28 weeks’ GA, the
late-onset sepsis rates were 31.8%, 28.4%, 22.9%,
17.5%, and 12.6%, respectively. Across all GAs, Japan
consistently exhibited the lowest late-onset sepsis rates
compared to all other networks. This lower rate was
not attributable to differences in the definition of
sepsis as it persisted even when combining both early-
onset and late-onset sepsis rates (10.5%) for the Jap-
anese network. Spain, Italy (Tuscany), and Israel had
higher rates of late-onset sepsis compared to all other
countries. Among the study cohort, 16,914 infants
(20.4%) had at least one late-onset sepsis episode and
2,210 (4.5% of the total with data) infants had multiple
late-onset sepsis episodes. Pairwise comparisons of the
aRRs for late-onset sepsis between the iNeo networks
are shown in Figure 1. Japan had significantly lower
aRRs compared to all other networks (range
0.14-0.41), while Spain had higher aRRs compared to
all other networks (range 1.56-6.92).

The mean rates of late-onset sepsis for the iNeo net-
works over three time epochs (2006-11, 2012-15, and
2016-19) are shown in Figure 2. For the entire iNeo
network, late-onset sepsis rates decreased from 24.6% to
17.7% over the study period. Most networks observed a
decrease in late-onset sepsis rates with the Israel, Swedish,
and Finnish networks experiencing greater decreases.
Conversely, late-onset sepsis rates remained stable in the
Japanese network at very low levels and in the Tuscany
network at a high level. Figure 3 presents SRs (99% CI) for
late-onset sepsis for each network compared to all others
combined during the last epoch (2016-2019). The Spain
and Tuscany networks had significantly higher SRs, while
the Japanese, Finnish, and Australian-New Zealand
networks had significantly lower SRs than all other
networks.

Late-onset sepsis rates and aRRs for selected outcomes
by the iNeo networks are presented in Table 3. Mortality,
temporally associated with late-onset sepsis, was observed
in 10.9% of the infants (865/7,962 infants; data from 6
networks with available data) and varied from 5.9% to
16.3%. In the entire cohort, the overall mortality rate to
discharge was higher for infants with late-onset sepsis
compared to those without (aRR 1.51;95% CI, 1.44-1.59).
The aRR for BPD was significantly higher in infants with
late-onset sepsis compared to those without across all
networks (aRRs ranging from 1.14 to 1.79). The adjusted
mean NICU length of stay among infants with versus
without late-onset sepsis was increased in the iNeo
networks by 5-18 days.
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Discussion

In this multicenter, multicountry cohort study, one in 5
neonates of 24-28 weeks” GA developed late-onset sepsis.
Moreover, a significant variation in late-onset sepsis rates
across iNeo networks was identified. Most networks showed
a trend toward a decrease in late-onset sepsis rates, whereas
in a few countries the rate remained stable. Late-onset sepsis
was temporally associated with mortality in 1 of 9 infants.

The vision of the iNeo collaboration is to improve
patient-oriented outcomes for preterm infants. This goal can
be achieved by comparing outcomes at the country or re-
gional level [25, 26]. We identified a significant variation in
the rates of late-onset sepsis between countries, serving as an
incentive to evaluate risk factors, epidemiology, and pre-
ventative aspects. Countries such as Japan with significantly
lower aRRs compared to other countries and countries that
have achieved the largest decrease in late-onset sepsis
provide an opportunity to learn effective strategies. Three
countries, Finland, Sweden, and Israel, showed a large de-
crease in late-onset sepsis rates. In Finland and Sweden, we
speculate that an important change over time was a shift in
NICU architecture from rooms that housed multiple infants
to single family-oriented rooms. Lehtonen et al. [30] showed
that neonates from units with versus without infant-parent
rooms had lower odds of mortality and sepsis (adjusted OR
0.80; 95% CI, 0.66-0.97). In this study, Finland and Sweden
had the highest rates of NICUs with single rooms. The
implementation of a family-centered setting has been shown
by Pricoco et al. [31] to significantly decrease the rate of late-
onset sepsis among VLBW infants from 10.7% to 2.5% (p =
0.005). Quality improvement programs in Israel and Sweden
most likely led to the observed decrease in late-onset sepsis
rates in these countries. In Israel, a national quality im-
provement program to decrease late-onset sepsis rates was
implemented. The program monitored the rate and targeted
multiple factors related to late-onset sepsis, leading to a
sustained reduction in rates [23].

Considerable variation in late-onset sepsis rates was shown
between iNeo networks. In some networks, rates remained
unchanged. The Japanese network consistently displayed the
lowest and most stable rates among iNeo networks. The very
low baseline rate accompanied by the high survival rate in
Japan likely explains the difficulty in achieving further de-
creases. Networks with an initially high late-onset sepsis rate
have the most potential for improvement. This was dem-
onstrated in the Israel network that achieved a large reduction
in rate throughout the study period.

Variation in length of stay between iNeo networks of up
to 3 weeks was shown by Seaton et al. [32]. This variation is
partly related to neonatal morbidities such as BPD [33] and
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NM:::I: nd Canada Finland Israel Japan Sweden Switzerdand Spain Tuscany
i CNN FinMBR INN NRNJ SNQ SNN SEN1500 TuscanNN
ANZNN
1.00 2.80 115
A x00 (0.89, 1.12) (2.65, 2.97) (1.06, 1.24)
CNN 116 1.00 116 3.25 0.95 133
(1.11, 1.21) i (1.03, 1.30) (3.07, 3.43) | (0.90.1.01) | (1.23, 1.44)
1.00 281 115
Fn (0.89, 1.13) g (2.49, 3.17) (101, 1.31)
INN 152 131 151 1.00 4.25 124 174 0.96
(1.44, 1.60) | (1.25,1.38) | (1.34, 1.71) - (3.99, 4.52) | (1.17,1.33) | (1.60, 1.89) (0.86, 1.07)
NRNJ 1.00
sNQ 122 1.05 1.22 3.41 1.00 140
(1.15, 1.30) | (0.99, 1.12) | (1.08, 1.38) (3.18, 3.65) : (1.28, 1.53)
244
il (2.24, 2.66) 0
SEN1500 2.48 2,13 247 1.63 6.92 2.03 2.83 1.00 1.56
(2.38, 2.57) | (2.06,2.21) | (2.20, 2.76) | (1.56, 1.70) | (6.57, 7.29) | (1.92, 2.14) | (2.63, 3.06) & (1.41, 1.73)
TuscanNN 159 1.37 158 1.04 4.44 130 182 1.00
(1.43, 1.76) | (1.23,1.52) | (1.36, 1.83) | (0.94, 1.16) | (3.98, 4.96) | (1.16, 1.45) | (1.60, 2.06) .

Fig. 1. Pairwise comparison of late-onset sepsis between iNeo
networks. The table compares pairs of countries. Countries on
the left side of the table are compared to countries listed above by
aRRs (adjusted for GA, gender, multiple births, and BW z-score).
Dark gray indicates the corresponding country in the row has
better results than the corresponding country in the column.
Light gray indicates vice versa. No color indicates no statistically

sepsis. Our study revealed a substantial, network-dependent
decrease in adjusted hospital length of stay for infants with
late-onset sepsis compared to those without. This difference
varied between networks from 5 to 18 days, representing a
large potentially reducible healthcare burden.

We observed a marked variation in late-onset sepsis-
associated mortality between networks. The network with
the highest late-onset sepsis rate had the lowest aRR for
mortality (Spain), and the network with the lowest late-
onset sepsis rate (Japan) had the highest sepsis-associated
mortality rate. Potential explanations for this contra-
dictory finding could lie in the method of detection of
sepsis (one vs. two culture methods), the inclusion or
exclusion of coagulase-negative staphylococcal sepsis
in late-onset sepsis, or the overall mortality within
networks. Japan had overall the lowest mortality,
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significant difference. ANZNN, Australian and New Zealand
Neonatal Network; CNN, Canadian Neonatal Network;
FinMBR, Finnish Medical Birth Register; INN, Israel Neonatal
Network; NRNJ, Neonatal Research Network Japan; SEN1500,
Spanish Neonatal Network; SNQ, Swedish Neonatal Quality
Register; SNN, Swiss Neonatal Network; Tuscan NN, Tuscany
Neonatal Network.

whereas Spain had the highest, which may be reflected
in the higher mortality in Spain even among non-late-
onset sepsis neonates giving lower odds of sepsis-
associated mortality. Flannery et al. [5] reported
that infants with late-onset sepsis had lower survival
(78.2% vs. 94.9%; aRR 0.89; 95% CI, 0.87-0.90).
However, determining whether mortality in an infant
is related or not to late-onset sepsis is challenging. In
some infants, late-onset sepsis may be the cause of
death, while in others death may be due to preexisting
comorbidities [34]. Although NEC is commonly di-
agnosed by Bell’s criteria, there are differences in
definitions between networks [35]. Infants with NEC
were excluded because death occurring in proximity to
NEC is likely related to NEC, and including the infants
would have led to the overestimation of late-onset
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Fig. 2. Late-onset sepsis rates over 3 epochs by iNeo networks. Mean late-onset sepsis rates for each network are
shown for 3 time epochs with standard deviations. ANZNN, Australian and New Zealand Neonatal Network;
CNN, Canadian Neonatal Network; FinMBR, Finnish Medical Birth Register; INN, Israel Neonatal Network;
NRNJ, Neonatal Research Network Japan; SEN1500, Spanish Neonatal Network; SNQ, Swedish Neonatal Quality
Register; SNN, Swiss Neonatal Network; Tuscan NN, Tuscany Neonatal Network.
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Fig. 3. Standardized ratios (SR) comparing the Late-onset
sepsis of each network to all other networks combined.
Vertical bars are the estimated 99% confidence intervals of
the SR. The dotted curves represent the 99% confidence
limits expected under the null hypothesis of similar outcome
rates (SR=1). ANZNN, Australia and New Zealand Neonatal
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Network; CNN, Canadian Neonatal Network; FinMBR,
Finland Medical Birth Register; INN, Israel Neonatal Net-
work; NRNJ, Neonatal Research Network of Japan; SEN1500,
Spanish Neonatal Network; SNQ, Swedish Neonatal Quality
register; SwissNeoNet, Swiss Neonatal Network; TuscanNN,
Tuscany Neonatal Network.
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Table 3. Outcomes of EPT infants of the iNeo networks by each network

ANZNN CNN FinMBR INN NRNJ  SEN1500 SNQ SNN Tuscan  All
NN networks
Study population 16,746 16,401 1,356 6,127 22,300 11,127 4,421 3,487 885 82,850
Late-onset sepsis, n (%) 3,022 3,531 246 1,681 1,578 4,960 1,079 566 252 16,914
(18.1) (21.5)  (18.1) (27.4) (7.1) (44.6) (24.4) (16.2) (28.5) (20.4)
Death within 7 days of 242/ 313/ NA 192/ NA NA 51/ 52/ 15/92 865/
late-onset sepsis episode, 2,432 2,836 1,292 858 452 (16.3) 7,962
n/N (%) (9.9) (11.0) (14.9) (5.9 (11.5) (10.9)
Mortality up Late-onset 346 418 13 315 753 200 66 85 43 2,239
to discharge, sepsis —yes (11.4) (11.8) (5.3 (18.7) (15.2) (12.7) (6.1) (15.0) (17.1) (13.2)
n (%) Late-onset 849 811 52 460 998 607 182 192 51 4,202
sepsis — no (6.2) (6.3) 4.7) (10.3) (16.2) (2.9 (5.4) (6.6) (8.1) (6.4)
aRR (95% CI) 1.15 1.20 0.85 1.20 0.68 2.84 0.75 1.46 132 1.51
(1.02, (1.07, (0.46, (1.06, (0.63, (2.42, (059, (1.16, (0.92, (1.44,
1.30) 1.34) 1.56) 136) 0.74) 3.33) 099) 1.85 1.91) 1.59)
BPD, n (%) Late-onset 1,717 1,759 95 456 1,506 728 476 212 71 7,020
sepsis — yes  (63.3) (55.5) (42.4) (324) (36.5) (52.2) (46.0) (43.4) (33.5) (47.5)
Late-onset 5,164 4,267 230 845 773 7,044 941 484 93 19,841
sepsis — no  (40.0) (354) (23.1) (21.1)  (15.3) (35.6) (29.6) (17.7) (16.0) (32.4)
aRR (95% CI) 1.20 1.23 1.44 1.14 1.79 1.15 1.20 1.76 1.55 1.21
(1.16, (1.18, (1.19, (1.04, (1.65, (1.10, (1.10, (155, (1.18, (1.18,
1.25) 1.28) 1.73) 1.25) 1.94) 1.22) 1.31) 2.00) 2.04) 1.23)
NICU days, Late-onset 100.1 89.1 84.6 833 78.0 1243 93.8 90.1 93.9 90.8
mean (SD) sepsis — yes  (44.5) (46.1)  (29.8) (44.5) (38.7) (57.0) (37.6) (46.6) (45.6) (46.0)
Late-onset 83.3 67.6 723 725 59.3 108.2 79.5 76.8 80.1 84.4
sepsis — no (33.1) (39.5) (28.7) (33.00 (32.0) (43.6) (374) (33.1) (36.2) (41.9)
Adj. mean 9.1 13.3 6.6 7.8 17.6 5.9 7.4 7.3 53 NA
difference (7.8, (11.8, (2.7, (5.7, (16.2, (3.8, (4.9, 4.1, (-0.3,
(95% ClI) 10.5) 14.7) 10.5) 9.8) 18.9) 8.0) 9.9) 10.5) 10.9)

ANZNN, Australian and New Zealand Neonatal Network; CNN, Canadian Neonatal Network; FinMBR, Finnish Medical Birth
Register; INN, Israel Neonatal Network; NRNJ, Neonatal Research Network Japan; SEN1500, Spanish Neonatal Network; SNQ,
Swedish Neonatal Quality Register; SNN, Swiss Neonatal Network; Tuscan NN, Tuscany Neonatal Network; BPD, bronchopulmonary
dysplasia; NICU, neonatal intensive care unit; aRR, adjusted relative risk (adjusted for gestational age, gender, multiple births, birth

weight, z-score).

sepsis-associated mortality [34]. Due to the difficulty
in attribution, there is a paucity of data directly linking
mortality to late-onset sepsis among EPT infants. The
temporal relationship between late-onset sepsis and
mortality in our study suggested that a mortality rate
of nearly 11% was associated with late-onset sepsis.
Our study is one of the largest to date to evaluate late-
onset sepsis among EPT infants. Only infants with
culture-confirmed sepsis were included, and suspected
or “clinical” sepsis was excluded. We only included
infants >24 weeks old as all participating networks
provide active resuscitation at 24 weeks’ gestation [28].

8 Neonatology
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Infants who died prior to day 4 of life were excluded
because they could not meet the 3-day definition of late-
onset sepsis and their inclusion would increase mortality
in the “no-late-onset sepsis” group. There were no in-
fants who died prior to 4 days who had late-onset
sepsis. This is a retrospective study with known lim-
itations; however, this is mitigated to a large extent
because data are prospectively collected. Two net-
works used different definitions which can result in
late-onset sepsis rates being underestimated for Japan
and overestimated for Australia-New Zealand. Blood
culture practices, which are the basis for confirmation

Klinger et al.
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of late-onset sepsis, may differ between networks, as
may antibiotic practices [36]. The rates of late-onset
sepsis are affected by the definition of sepsis used for
the most common pathogen, coagulase-negative
staphylococci, because its diagnosis may require one
or two positive blood cultures, depending on the
network [23]. Coagulase-negative staphylococci ac-
count for approximately 50% of cases, and if a
stringent definition is used, the incidence of late-onset
sepsis will be lower. Networks that take more blood
cultures probably have higher antibiotic therapy use.
We have surveyed sites to ask about their preferences/
practices and identified that the majority practice
single blood culture collection considering the size of
the baby and the amount of blood needed. Microbi-
ological data were not available for all networks; thus
we could not evaluate the effect of causative pathogens
on outcomes or trends. Information regarding pro-
phylactic therapies is not routinely collected by our
network. We do not have information from all
countries regarding outcomes after transfer to level 2
units. However, the majority of units which transfer
babies to level 2 units do so after the initial acute
period; thus the occurrence of late-onset sepsis at level
2 units is rare.

In conclusion, one in 5 neonates of 24-28 weeks’
gestation developed late-onset sepsis. Wide variability in
rates exists between networks with most networks ex-
hibiting a trend toward decreased rates. Late-onset sepsis
was associated with increased morbidity and mortality.
The marked decrease in late-onset sepsis rates in some
networks suggests that interventions may be effective in
preventing late-onset sepsis.
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