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Chorioamnionitis (CA) is considered a key risk factor for very preterm birth and for
developing early onset sepsis (EOQS) in preterm infants, but recent data suggest that
CA might be protective against late onset sepsis (LOS). We performed a systematic
review and meta-analysis of studies exploring the association between CA and sepsis.
A comprehensive literature search was performed in PubMed/MEDLINE and EMBASE,
from their inception to December 1, 2018. A random-effects model was used to
calculate odds ratios (OR) and 95% confidence intervals (Cl). Sources of heterogeneity
were analyzed by subgroup and meta-regression analyses. The following categories
of sepsis were analyzed: EOS, LOS, unspecified onset sepsis (UOS), culture-proven,
and clinical sepsis. CA was subdivided into clinical and histological chorioamnionitis.
Funisitis was also analyzed. We found 3,768 potentially relevant studies, of which 107
met the inclusion criteria (387,321 infants; 44,414 cases of CA). Meta-analysis showed
an association between any CA and any EOS (OR 4.29, Cl 3.63-5.06), any LOS (OR
1.29, Cl 1.11-1.54), and any UOS (OR 1.59, CI 1.11-1.54). Subgroup analysis showed
that CA was associated with culture-proven EOS (OR 4.69, Cl 3.91-5.56), clinical EOS
(OR 3.58, Cl 1.90-6.76), and culture-proven LOS (OR 1.31, Cl 1.12-1.53), but not
with clinical LOS (OR 1.52, ClI 0.78-2.96). The presence of funisitis did not increase
the risk of either EOS or LOS when compared with CA without funisitis. CA-exposed
infants had lower gestational age (—1.11 weeks, Cl —1.37 to —0.84) than the infants not
exposed to CA. Meta-regression analysis showed that the lower gestational age of the CA
group correlated with the association between CA and LOS but not with the association
between CA and EOS. In conclusion, our data suggest that the positive association
between chorioamnionitis and LOS may be modulated by the effect of chorioamnionitis
on gestational age.

Keywords: chorioamnionitis, neonatal sepsis, immunomodulation, very preterm birth, extremely preterm birth,
meta-analysis, meta-regression, systematic review
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INTRODUCTION

Very preterm birth is defined by a gestational age (GA) below 32
weeks, and extremely preterm birth is defined by a GA below 28
weeks (1). The etiological background of very/extremely preterm
birth can be divided into two main categories: intrauterine
infection/inflammation and placental vascular dysfunction (2-
4). The first category is associated with chorioamnionitis (CA),
preterm labor, premature rupture of membranes (PROM),
placental abruption, and cervical insufficiency, whereas the
second category is associated with gestational hypertensive
disorders and condition known as fetal indication/fetal growth
restriction (2-4). Belonging to the first group, CA is the
maternal response to an intrauterine infection/inflammation and
implies the presence of inflammatory cells in the extraplacental
membranes (chorion and amnion) (5, 6). Acute CA generally
represents the presence of intraamniotic infection or “amniotic
fluid infection syndrome” but can also occur in the in the absence
of proven infection (6). This may partly be due to lack of
detection of some bacterial species by the culturing methods
routinely employed (7, 8).

CA is not only considered to be a leading cause of
very/extremely preterm birth but also a main factor in
the development of subsequent neonatal complications (9-
11). Numerous individual studies and meta-analyses have
addressed the association between CA and complications
of very/extremely preterm birth such as bronchopulmonary
dysplasia (12, 13), necrotizing enterocolitis (14), retinopathy
of prematurity (15, 16), patent ductus arteriosus (17, 18),
intraventricular hemorrhage (19), cerebellar hemorrhage (20),
neonatal brain injury (21), or cerebral palsy (22).

Very/extremely preterm infants are at high risk for neonatal
sepsis (23-27). Early onset sepsis (EOS) is defined as a blood
or cerebrospinal fluid culture obtained within 72h after birth.
EOS is typically caused by microorganisms transmitted vertically
from the mother to the infant before birth or during delivery
(23, 24). Frequently, preterm EOS begins in the uterus and
the microbial-induced maternal inflammation initiates labor and
elicits an inflammatory response in the fetus (23-25). Therefore,
CA and/or intraamniotic infection are strongly associated with
EOS in preterm infants (23-25).

Late-onset sepsis (LOS) occurs after 72h of life and may be
caused by microorganisms acquired at delivery or during the
course of hospital care (23, 25). Very/extremely preterm infants
are at an increased risk of LOS because of the relative immaturity
of their immune system as well as the frequently required
prolonged hospitalization, with ongoing risk of infection, and
exposure to invasive procedures and devices (23, 25, 26, 28).
Coagulase-negative staphylococci (CoNS) are the most frequent
pathogens causing nosocomial sepsis among preterm infants.
Interestingly, Strunk et al. reported in a cohort of infants with
a GA below 30 weeks that histological CA was associated with
reduced risk of developing LOS, both with CoNS and other
bacteria (25). They speculate that “chorioamnionitis may result
in maturation of the fetal and neonatal immune system and
therefore indirectly modulates the risk of LOS with nosocomial
organisms” (25).

Surprisingly, to the best of our knowledge, the association
between CA and neonatal sepsis has not yet been the subject of
a systematic review. We therefore aimed to carry out a systematic
review and meta-analysis of observational studies reporting on
the association between CA and EOS and/or LOS in preterm
infants. We paid particular attention to how the criteria used to
define CA and sepsis affected the potential association between
the two conditions. We also analyzed the role of potential
confounders or intermediate factors, such as GA, birth weight
(BW), presence of fetal inflammatory response (i.e., funisitis), or
exposure to antenatal corticosteroids, on the association between
CA and neonatal sepsis.

METHODS

We used a similar methodology to earlier meta-analyses on the
association of CA and short-term outcomes of prematurity (13,
16, 17, 19). A protocol (available at https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=117190) was developed
and published a priori in which the objectives, inclusion criteria,
method for evaluating study quality, included outcomes and
covariates, and statistical methodology were specified (29) We
report the study according to the guidelines for the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) (30).

Sources and Search Strategy

A comprehensive literature search was performed in the
PubMed/MEDLINE and EMBASE databases from their
inception to December 1, 2018. The search strategy involved the
following keywords in various combinations: “chorioamnionitis,”
“intrauterine infection,” “intrauterine inflammation,” “antenatal
infection,” antenatal inflammation,” “funisitis,” “preterm infant,”
“prematurity;” “cohort,” “sepsis,” “(neonatal) early-onset sepsis,”
and “(neonatal) late-onset sepsis.” The full search strategy can be

found in the Supplementary Data 1.

Study Selection

Studies were included if they examined preterm (GA < 37
weeks) infants and reported primary data that could be used
to measure the association between exposure to CA and the
development of neonatal sepsis. Studies using BW instead of
GA as the inclusion criteria were included only when inclusion
BW was below 1,500 g. Therefore, we selected studies assessing
the outcomes of infants exposed to CA when sepsis was one of
the reported outcomes, and studies assessing the risk factors for
sepsis when CA was one of the reported risk factors. We also
included studies reporting on intra-amniotic infection resulting
from microbial invasion of the amniotic cavity (MIAC) because
MIAC is also within the spectrum of CA (31). MIAC was defined
as a positive amniotic fluid culture for microorganisms. The
results of the total search were screened independently by two
reviewers (G. A. L. and O. M. R\) in several rounds: first by title
only, second by title and abstract and thirdly by consulting the full
text. The reviewers resolved discrepancies in inclusion through
discussion and by consulting a third reviewer (P. D.).

Frontiers in Immunology | www.frontiersin.org

June 2020 | Volume 11 | Article 972


https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=117190
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=117190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Villamor-Martinez et al.

Chorioamnionitis and Neonatal Sepsis

Data Extraction

Utilizing a predetermined worksheet, data was extracted from
the included studies by three researchers (G. A. L, O. M.
R., and E. V.-M). Two additional researchers (P. D. and E.
V.) checked the extracted data for accuracy and completeness.
Discrepancies were resolved by checking the primary data report
and by discussion. We extracted the following data from each
study: citation information, the language of the publication, the
location where research was conducted, the time period of the
study, study objectives, study design, inclusion/exclusion criteria,
patient characteristics, definitions of CA (clinical, histological,
or microbiological), definitions of sepsis (culture-proven or
clinical), and results (including raw numbers, summary statistics,
and adjusted analyses on CA and sepsis where available). Onset of
sepsis was classified in three groups: EOS, LOS, and unspecified
onset sepsis (UOS).

Quality Assessment

The Newcastle-Ottawa Scale (NOS) for cohort or case-control
studies was used to assess the methodological quality of the
included studies (32). The NOS evaluates three aspects of a given
study: selection, comparability, and exposure/outcome. These are
scored individually and tallied up to a possible total of 9 points.
The NOS was independently used by two researchers (G. A. L.
and E. V.-M) to evaluate the quality of each study. Discrepancies
were resolved by reaching consensus through discussion.

Statistical Analysis

Studies were combined and analyzed using COMPREHENSIVE
META-ANALYSIS V 3.0 software (CMA, RRID:SCR_012779,
Biostat Inc., Englewood, NJ, USA). The odds ratio (OR) and
the 95% confidence interval (CI) for dichotomous variables were
calculated from the extracted data of the studies. For continuous
variables, the mean difference (MD) was calculated together with
the 95% CI. When studies reported continuous variables as the
median and the range/interquartile range, we estimated the mean
and standard deviation using the method of Wan et al. (33). Due
to anticipated heterogeneity, summary statistics were calculated
with a random-effects model. This accounts for the variability
between studies as well as within studies. For subgroup analyses
the mixed-effects model was used (34). With this approach, a
random-effects model is used within each subgroup, while a
fixed-effect model is used to combine subgroups to generate
the overall effect. The study-to-study variance (tau-squared) was
calculated across all studies. Statistical heterogeneity was tested
using Cochran’s Q statistic and the I? statistic (34). Publication
bias was assessed with Egger’s regression test (35) and visual
inspection of funnel plots. K represents the number of studies
used in each analysis.

Univariate random-effects meta-regression was used to
explore whether the differences in covariates between studies
might influence the outcome effect size (34). We carried out
meta-regression analysis only if there were more than 10 studies
that reported on a covariate. The following possible sources
of variability were defined beforehand: CA type (clinical or
histological), sepsis type (culture-proven or clinical), differences
in GA and BW between infants with and without CA, use of

antenatal corticosteroids, mode of delivery, rate of GA, rate of
PROM, and rate of preeclampsia.

RESULTS

Description of Studies

We screened 3,768 studies after removing duplicates, of which
107 studies met the inclusion criteria (4, 25, 36-141). The
PRISMA flow diagram of the search is shown in Figure 1. The
included studies evaluated 387,321 infants, including 44,414
infants with CA. An overview of the characteristics of the
included studies can be found in Supplementary Table 1. There
were 75 studies that evaluated the outcomes of CA, and sepsis
was one of these outcomes, and 26 studies that looked at potential
risk factors for sepsis, including CA. Seven studies were designed
to primarily examine the association between CA and sepsis.
From the included studies, 58 used a histological definition of
CA and 28 studies used a clinical definition of CA. Nine studies
distinguished between both definitions of CA in their reporting
(36, 45, 65, 80, 93, 97, 104, 106, 108). Five studies reported on
MIAC (77, 83, 84, 105, 113). In six studies, the CA definition was
not further specified and categorized as “unspecified” for further
analysis (37, 42, 75, 103, 129). Nine studies (37, 46, 77, 98, 115,
118, 129, 139, 141) used the 7-day limit to differentiate between
EOS and LOS.

Quality Assessment

A summary of the NOS quality assessment can be found in
Supplementary Table 2. Four studies received a quality score of
5 points, 24 studies a score of 6 points, 57 studies a score of 7
points, 9 studies a score of 8 points and 13 studies received a score
9 points. Studies lost points for quality for not adjusting the risk
of sepsis for confounders (k = 90), for not defining sepsis clearly
(k = 6), for not defining CA clearly (k = 21), and for adjusting
the risk of sepsis only for one confounder (k = 6).

Meta-Analysis Based on Unadjusted Data
Early Onset Sepsis
As shown in Figure2A, meta-analysis found a positive
association between CA (any type) and EOS (any type) (k = 70,
OR 4.29, 95% CI 3.63-5.06). When subdividing by CA definition,
meta-analysis showed that histological CA (k = 43, OR 3.46, 95%
CI 2.74-4.4.38, Figure 3), clinical CA (k = 20, OR 4.76, 95% CI
3.68-6.15, Figure 4), histological/clinical CA (k = 1, OR 6.17,
95% CI 1.18-32.23, Figure 4), MIAC (k = 3, OR 5.38, 95% CI
1.76-16.44, Figure 4), and unspecified CA (k = 3, OR 14.14,
95% CI 6.46-30.95, Figure 4) were associated with EOS (any
type). The exclusion of the studies reporting on MIAC, combined
clinical/histological CA, and unspecified CA did not substantially
affect the OR of the association between CA and EOS (Table 1).
When subdividing by EOS definition, meta-analysis showed
that CA (any type) was associated with culture-proven EOS
(k = 56, OR 4.69, 95% CI 3.93-5.60, Figure 2B) and clinical
EOS (k = 15, OR 3.58, 95% CI 1.90-6.76, Figure2C). As
shown in Figure 2B, subgroup analysis based on CA type
showed that histological CA (k = 26, Supplementary Figure 1),
clinical CA (k = 24 Supplementary Figure 2), MIAC (k
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FIGURE 1 | PRISMA diagram of the systematic search.
= 3, Supplementary Figure 2), and unspecified CA (k =  clinical CA (k = 4), but not with histological CA (k = 9), or

3, Supplementary Figure 2) were associated with culture- MIAC (k = 2). Meta-regression could not find differences
proven EOS. In contrast, as shown in Figure2C and  between the effect size of the association CA-culture-proven
Supplementary Figure 3, clinical EOS was associated with ~ EOS and the effect size of the association CA-clinical EOS (p
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FIGURE 2 | Random effects meta-analyses of chorioamnionitis and early onset sepsis (EOS), subdivided by definition of chorioamnionitis. (A) Any EOS; (B)
culture-proven EOS; (C) clinical EOS; (D) meta-regression comparing culture-proven and clinical EOS. MIAC, microbial invasion of the amniotic cavity.
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Study name Statistics for each study

Odds Lower Upper

ratio limit limit p-Value
Ecevit 2014 046 0.03 6.93 0576
Pristauz 2009 0.51 0.08 3.16 0472
Kim 2015 0.78 0.07 8.78 0844
Kacerovsky 2014 1.02 0.06 16.79 0.988
Dulay 2008 1.04 0.18 586 0.969
Averbuch 1995 1.19 028 497 0813
Nasef 2013 1.24 0.32 474 0754
Trevisanuto 2013 126 0.58 270 0.559
Been 2010 126 0.53 3.02 0602
Lee 2015 1.70 0.54 540 0.365
Lee S.Y. 2012 196 091 419 0.084
Arayici2014 2.02 1.21 3.38 0.007
Buhimschi 2007 220 060 8.03 0235
Strunk 2012 2.31 1.03 515 0.041
Anblagan 2016 258 0.82 8.06 0.103
Stimac 2014 291 1.81 468 0.000
Burgner 2017 298 1.51 585 0.002
Buhimschi 2009 343 019 6281 0.406
Howman 2012 375 015 9446 0.421
Lau 2005 3.98 1.66 9.57 0.002
Jeon 2014 449 206 9.80 0.000
Janota 2001 480 089 2596 0.069
Ahn 2012 494 094 26.00 0.059
Ogunyemi 2003 512 2.31 11.34 0.000
Erdemir 2013 523 1.03 2659 0.046
Mwanyumba 2003 5.28 1.48 18.85 0.010
Park 2017 537 098 2946 0.053
Wynn 2013 576 3.7 892 0.000
Popowski 2011 747 256 2181 0.000
Xie 2015 7.59 1.00 57.79 0.050
Jones 2013 7.7 168 3532 0.008
Dempsey 2005 793 223 28.16 0.001
Hendson 2011 898 205 3940 0.004
Stepan 2016 919 049 17295 0.138
Yoon 1995 965 050 18488 0.132
Liu 2014 10.07 054 189.45 0.123
Arora 2015 10.39 3.23 33.43 0.000
Tsiartas 2013 10.39 135 80.13 0.025
Stranak 2016 11.11 276 4477 0.001
Lee S.Y.R. 2012 11.76 060 23023 0.104
Park 2004 14.00 166 118.31 0.015
De Felice 2005 16.87 3.78 7532 0.000
Ohyama 2002 25.48 150 433.05 0.025
Histological CA 346 274 438 <0.001
Heterogeneity: /2= 38%; p = 0.007

FIGURE 3 | Random effects meta-analysis of histological chorioamnionitis (CA) and all early onset sepsis (culture proven or clinical).

Odds ratio and 95% ClI
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il
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= 0.150, Figure 2D). There was no evidence of publication
bias for studies reporting on EOS (Supplementary Figure 4),
assessed with Egger’s regression test and visual inspection of the
funnel plots.

Late Onset Sepsis

As shown in Figures 5A, 6, meta-analysis found a positive
association between CA (any type) and LOS (any type) (k
= 29, OR 1.29, 95% CI 1.11-1.54). When subdividing by

CA definition, meta-analysis showed that histological CA (k
= 21, OR 1.38, 95% CI 1.13-1.68, Figure 6), and MIAC (k
= 1, OR 9.90, 95% CI 1.90-51.54, Figure 6) were associated
with LOS (any type). In contrast, subgroup analysis could
not find an association between LOS (any type) and clinical
CA (k = 6, OR 1.21, 95% CI 0.95-1.55, Figure6), or
unspecified CA (k = 1 OR 0.61, 95% CI 0.28-1.33, Figure 6).
The exclusion of the studies reporting on MIAC, combined
clinical/histological CA, and unspecified CA did not substantially
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Study name
Odds Lower
ratio limit
Schuchat 2000 0.98 0.44
Maziad 2010 1.67 0.83
Salem 2006 1.96 1.02
Mikhael 2014 3.41 0.70
Alexander 1998 3.66 1.45
Lorthe 2017 3.72 1.47
Gagliardi 2014 3.81 3.01
Garcia-Murioz 2014 3.85 3.08
Dutta 2010 4.68 1.03
Pappas 2013 4,74 242
Soraisham 2009 547 3.06
G S Ofman 2016 566  3.07
Gonzalez-Luis 2002 6.00 241
Yancey 1996 6.42 2.23
Klinger 2009 6.69 5.36
Barrera-Reyes 2011 6.81 2.29
Figueroa-Damian 1999 6.84 1.67
Botet 2011 9.25 2.10
Ronnestad 2005 10.69 3.66
Alam 2014 59.25 18.63
Clinical CA 4.76 3.68
Microbial invasion of EEQggtaﬁz-Trunllo 2018 1;35 lgg
jotic cavity (MIAC) ™ ' :
amniol Kacerovsky 2014 17.79 0.82
MIAC 5.40 1.76
Adams 1993 6.11 1.33
Unspecified CA Tsai 2012 6.93 0.71
Tudela 2012 20.09 13.26
Unspecified CA 14.14 6.46
" < O'shea 1998 6.17 1.18
Histological/Clinical CA | el i clinical cA 647 1.8
proven or clinical).

Statistics for each study

FIGURE 4 | Random effects meta-analyses of clinical, microbiological, unspecified, and histological/clinical chorioamnionitis (CA) and all early onset sepsis (culture

Odds ratio and 95% CI

Uit pval
m p-Value
2.21 0.962 —J'—
3.40 0.153 T
3.74 0.042 —Oo—
16.61 0.130
9.22 0.006 -0
9.38 0.005 ——
4.84 0.000 <
4.81 0.000 <
21.30 0.046
9.26 0.000 SO
9.78 0.000 —0—]
10.45 0.000 —0—
14.92 0.000 —0T
18.53 0.001 —_—0T
8.36 0.000 <
20.30 0.001 —OT
28.07 0.008 — T
40.70 0.003 _—CI:
31.19 0.000
188.40 0.000 —0
6.15 < 0.001 <
9.03 0.043 e O
165.59 0.018
386.71 0.066
16.57 0.003 ppas———
28.03 0.020 S
67.89 0.096
30.46 0.000 —0=
30.95 <0.001
32.20 0.031
32.41 0.031
>
0.01 0.1 1 10 100

Chorioamnionitis
increases sepsis

Chorioamnionitis
reduces sepsis

TABLE 1 | Meta-analysis on the association between any chorioamnionitis® and sepsis, divided by onset, and definition of sepsis.

Sepsis onset Sepsis definition Number of studies (k) OR 95% ClI P
Total Histological Clinical

Early Any sepsis 64 42 22 4.10 3.45-4.86 <0.001
Culture proven 50 26 24 4.40 3.66-5.29 <0.001
Clinical 13 9 4 3.34 1.71-6.53 <0.001

Late Any sepsis 27 21 6 1.31 1.12-1.53 0.001
Culture proven 16 12 4 1.33 1.13-1.57 0.001
Clinical 5 5 0 1.52 0.78-2.96 0.216

Unspecified Any sepsis 29 22 7 1.61 1.30 - 1.99 <0.001
Culture proven 20 15 5 1.48 1.16-2.27 <0.001
Clinical 6 5 1 213 1.30-3.48 0.003

aStudies reporting on microbial invasion of the amniotic cavity (MIAC), combined clinical/histological chorioamnionitis, or on unspecified chorioamnionitis were excluded from the analysis.

affect the OR of the association between CA and LOS
(Table 1).

When subdividing by LOS definition, meta-analysis
showed that CA (any type) was associated with culture-
proven LOS (k = 18, OR 1.31, 95% CI 1.12-1.53, Figure 5B
and Supplementary Figure 5), but not with clinical LOS
(k 5, OR 152, 95% CI 0.78-2.96, Figure5C and
Supplementary Figure 6). The analysis on the association

between clinical LOS and CA was exclusively based on
data on histological CA. As shown in Figure5B and
Supplementary Figure 5, subgroup analysis based on CA
type showed that histological CA (k = 12), clinical CA (k = 4),
and MIAC (k = 1) were associated with culture-proven LOS.
Meta-regression could not find differences between the effect
size of the association CA-culture-proven LOS and the effect size
of the association CA-clinical LOS (p = 0.920, Figure 5D). There
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A Any late onset sepsis

Chorioamnionitis ~ k Odds Lower Upper Odds ratio and 95% ClI
definition ratio limit limit p-Value
Histological 21 1.38 1.13 1.68 0.001 O
Clinical 6 121 095 155 0.127
MIAC 1 9.90 1.90 51.54 0.006
Unspecified 1 0.61 0.28 1.33 0.218
OVERALL 29 1.29 111 1.54 0.001 ¢
Heterogeneity: 12 = 69%; p < 0.001 0.01 01 1 10 100
Chorioamnionitis Chorioamnionitis
reduces sepsis increases sepsis
B Culture proven late onset sepsis
Chorioamnionitis  k Odds Lower Upper Odds ratio and 95% CI
definition ratio limit limit p-Value
Histological 12 134 1.07 168 0.011 <
Clinical 4 1.32 1.05 167 0.017 <>
MIAC 1 9.90 1.96 49.98 0.005
Unspecified 1 061 030 1.24 0.176
OVERALL 18 1.31 112 1.53 0.001 *
0.01 0.1 1 10 100
Heterogeneity: 12 = 64%; p < 0.001 Chorioamnionitis Chorioamnionitis
’ reduces sepsis increases sepsis
C Clinical late onset sepsis
Chorioamnionitis  k Odds Lower Upper Odds ratio and 95% CI
definition ratio  limit limit p-Value
Histological 5 1.52 0.78 296 0.216 | | <}: > | |
0.01 0.1 1 10 100
Hetemgenelty: F= 53%; p= 0.073 Chorioamnionitis Chorioamnionitis
reduces sepsis increases sepsis
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FIGURE 5 | Random effects meta-analyses of chorioamnionitis and late onset sepsis (LOS), subdivided by definition of chorioamnionitis. (A) Any LOS; (B)
culture-proven LOS; (C) clinical LOS; (D) meta-regression comparing culture-proven and clinical LOS. MIAC, microbial invasion of the amniotic cavity.
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Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper
ratio limit limit p-Value
Bry 2015 0.60 0.1 3.40 0.564 O
Stepan 2016 0.73 0.04 1208 0.823
Choi 2008 0.73 020 268 0630 —_—
Trevisanuto 2013 0.86 0.29 252 0785 —p—
Kim 2015 0.88 036 220 0.791 -_—
Strunk 2012 0.91 068 124 0562 o
Chau 2012 0.99 0.42 233 0.985
Pappas 2013 1.07 0.91 126 0420 1
Ahn 2012 1.11 0.55 222 0774 —
Burgner 2017 1.1 0.87 141 0408 -
" i Been 2010 1.1 068 182 0681 =
Histolngice) £ Ecevit 2014 114 013 1039 0.906
Liu 2014 1.19 052 274 0682 b Cal
Tsiartas 2013 1.27 037 434 0705 —_—t—
Ogunyemi 2003 1.87 1.24 2.82 0.003 -0
Lau 2005 1.99 136 292 0.000 -0
Erdemir 2013 2.67 0.54 13.26 0.231
Mu 2008 3.35 130 865 0.013 e
Howman 2012 4.21 141 1262 0.010 ——t
Puri 2016 4.22 0.87 20.59 0.075
Anblagan 2016 18.00 579 5599  0.000 -t
Histological CA 1.38 1.13 1.68 0.001 <o
Pappas 2013 0.90 072 113 0.369 <>
Barrera-Reyes 2011 1.02 0.39 262 0974 s ]
Botet 2011 1.19 075 188 0461 —_O—
Clinical CA Garcia-Munoz Rodrigo 2014 120 107 135 0.002 ]
Shah 2015 421 1.01 144 0.033 o
Gagliardi 2014 1.69 144 199 0.000 Lo
Clinical CA 1.21 095 155 0.127 >
MIAC | Kirchner 2007 9.90 2.07 4749 0.004 _Z(;
MIAC 9.90 190 51.54 0.006
Alshaikh 2014 0.61 035 110 0.099 —O—
Unspecified CA | (E0SG0 a 061 028 133 0217 _
OVERALL |  OVERALL 1.29 111 154 0.001 *
0.01 0.1 1 10 100
Hye 12 = RO
Heterogeneity: /%= 69%; p <0.001 Chorioamnionitis Chorioamnionitis
reduces sepsis increases sepsis
FIGURE 6 | Random effects meta-analyses of histological, clinical, microbiological, and unspecified chorioamnionitis (CA) and all late onset sepsis.

was no evidence of publication bias for studies reporting on LOS
(Supplementary Figure 4), assessed with Egger’s regression test
and visual inspection of funnel plots.

Unspecified Onset Sepsis
As shown in Figure 7A and Supplementary Figure 7, meta-
analysis found a significant positive association between CA (any
type) and UOS (any type) (k = 31, OR 1.59, 95% CI 1.11-
1.54). When subdividing by CA definition, meta-analysis showed
that histological CA (k = 22, OR 1.61, 95% CI 1.30-1.99), and
clinical CA (k =7, OR 1.63, 95% CI 1.16-2.29) were significantly
associated with UOS (any type, Supplementary Figure 7).
When subdividing by UOS definition, meta-analysis
showed that CA (any type) was associated with culture-proven
UOS (k = 22, OR 1.48, 95% CI 1.23-1.76, Figure 7B and
Supplementary Figure 8) and clinical UOS (k = 6, OR 2.13,
95% CI 1.30-3.48, Figure 7C and Supplementary Figure 9). As
shown in Figure 7B and Supplementary Figure 8, subgroup
analysis based on CA type showed that histological CA (k = 15),
and clinical CA (k = 5) were associated with culture-proven
UOS. In contrast, only histological CA was associated with
clinical UOS (k = 5, Figure 7C and Supplementary Figure 9).
Meta-regression could not find differences between the effect

size of the association CA-culture proven UOS and the effect
size of the association CA-clinical UOS (Figure 7D). There was
no evidence of publication bias for studies reporting on UOS
(Supplementary Figure 4), assessed with Egger’s regression test
and visual inspection of funnel plots.

Funisitis

Additional meta-analyses were performed to determine if
funisitis, as a fetal-inflammatory response, was associated with
the development of neonatal sepsis. As shown in Figure 8, 10
studies reported on EOS and infants with histological CA with
or without funisitis; eight studies on LOS and infants with
histological CA with or without funisitis; and five studies on UOS
and infants with histological CA with or without funisitis. Meta-
analysis showed that funisitis did not increase the risk of sepsis
(EOS, LOS, or UOS), when compared with CA without funisitis
(Figure 8).

Meta-Analysis of Covariates and
Meta-Regression

We performed additional meta-analyses to explore the possible
differences in baseline characteristics between the groups
exposed and non-exposed to CA. Exposure to CA was
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A Any unspecified onset sepsis
Chorioamnionitis k Odds Lower Upper Odds ratio and 95% CI
definition ratio limit limit p-Value
Histological 22 161 130 1.99 <0.001 O
Clinical 7 163 1.16 229 0.005
Both 1 0.63 0.13 298 0.564
Unspecified 1 169 0.76 3.74 0.195
OVERALL 31 1.59 111 1.54 <0.001 ¢
Heterogeneity: 12 = 62%; p < 0.001 0.01 01 1 10 100
Chorioamnionitis Chorioamnionitis
reduces sepsis increases sepsis
B . -
Culture proven unspecified onset sepsis
Chorioamnionitis  k Odds Lower Upper Odds ratio and 95% CI
definition ratio limit limit p-Value
Histological 15 142 114 1.78 0.002 O
Clinical 5 162 1.16 227 0.005 <>
Both 1 0.63 0.14 286 0.552
Unspecified 1 169 0.83 342 0.145
OVERALL 22 148 1.23 1.76 <0.001 ¢
0.01 0.1 1 10 100
Heterogeneity: 2 = 59%; p < 0.001
Chorioamnionitis Chorioamnionitis
reduces sepsis increases sepsis
C Clinical unspecified onset sepsis
Chorioamnionitis k Odds Lower Upper Odds ratio and 95% CI
definition ratio limit limit p-Value
Histological 5 2.04 123 337 0.006 4
Clinical 1 538 0.53 55.04 0.156 B
OVERALL 6 213 1.30 3.48 0.003 <P
. 0.01 0.1 1 10 100
Heterogeneity: 12 = 51%; p = 0.069
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FIGURE 7 | Random effects meta-analyses of unspecified onset sepsis (UOS), subdivided by definition of chorioamnionitis. (A) Any UOS; (B) culture-proven UOS; (C)
clinical UOS; (D) meta-regression comparing culture-proven and clinical UOS.
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Study name
Odds

ratio  limit
Ohyama 2002 022 0.01
Been 2010 049 013
Kim 2015 063 0.02
Strunk 2012 086 0.31
Liu 2014 1.04 0.14
Early onset sepsis Lee S.Y.R. 2012 196 017
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Unspecified onset sepsis Plakkal 2013 1.80 0.90
Dessardo 2014 1.84 0.84
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FIGURE 8 | Random effects meta-analyses of funisitis (compared with chorioamnionitis without funisitis) and sepsis (culture proven or clinical), subdivided by onset of

significantly associated with lower GA and BW, as shown in
Table 2. Additionally, when compared with CA-unexposed, CA-
exposed infants had significantly higher rates of exposure to
antenatal corticosteroids and PROM, and significantly increased
rates of mortality, but significantly lower rates of preeclampsia,
cesarean section, or small for GA (Table 3).

Meta-regression was performed to determine the potential
modulatory effect of GA and BW on the association between
sepsis and CA. As shown in Figure 9A, the effect size of the
association between CA and EOS was not affected by the
differences in GA between the CA-exposed and CA-unexposed
group (R = 0.0; p = 0.490). In contrast, meta-regression
showed that mean differences in GA modified the effect size of
the association between CA and LOS (R*> = 0.54, p = 0.001,
Figure 9B). Meta-regression for mean differences in BW could
not show a correlation with the effect size of the association
CA-EOS (Supplementary Figure 10A) or with the effect size
of the association CA-LOS (Supplementary Figure 10B). Meta-
regressions of the associations CA-EOS and CA-LOS with other
covariates (antenatal corticosteroids, cesarean section, small for
GA, PROM) did not show correlations with these covariates
(Supplementary Table 2).

Meta-Analysis Subdivided by Gestational
Age

To further assess the effect of GA on the association CA-
sepsis, we pooled the studies where the mean difference

in GA was, according to the classical threshold of p-
value (p > 0.05) (142), “non-significant” and compared it
with meta-analysis of studies where the mean difference
in GA was S“statistically significant” (p < 0.05). Meta-
analysis found that CA was a risk factor for EOS both in
studies where infants had a similar GA across groups (k =
15, OR 3.76, 95% CI 2.66-5.32, Supplementary Figure 11),
and in studies where infants had significantly lower GA
in the CA group (k = 22, OR 3.95, 95% CI 3.11-5.02,
Supplementary Figure 11). In contrast, the association between
CA and LOS was only observed in the subgroup meta-analysis
of studies where CA-exposed infants had lower GA (k = 16,
OR 1.33, 95% CI 1.11-1.60, Supplementary Figure 12), but
not in the subgroup of studies where infants had similar
GA across groups (k = 7, OR 1.06, 95% CI 0.72-1.57,
Supplementary Figure 12).

Meta-Analysis Based on Adjusted Data

We pooled studies that provided adjusted data on the
association between CA and sepsis. Meta-analysis of adjusted
data found an association between CA and EOS (k = 15,
OR 2.51, 95% CI 1.51-4.14, Supplementary Figure 13), but
not between CA and LOS (k = 7, OR 1.04, 95% CI 0.79-
1.38, Supplementary Figure 14). Meta-analysis of unadjusted
data of the same group of studies found that CA was
associated with both EOS (OR 5.10, 95% CI 3.07-8.46,
Supplementary Figure 13) and LOS (OR 1.42, 95% CI 1.08-1.87,
Supplementary Figure 14).
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TABLE 2 | Meta-analysis of chorioamnionitis and continuous variables.

Meta-analysis CA Type K Mean difference 95% CI z P Heterogeneity
Q P (%)
Gestational age (weeks) Clinical 13 -0.84 —1.32t0 —0.36 —-20.8 0.000 1358.6 0.000 99.1
Histological 47 —1.11 —-1.37t0 -0.84 —-20.8 0.000 888.5 0.000 94.8
Microbiological 5 —2.23 —-3.10to —1.36 —-14.8 0.000 160.4 0.000 97.5
Any Type 67 —1.11 —1.34t0 —0.89 —70.8 0.000 2961.5 0.000 97.8
Birth weight (g) Clinical 12 —19.12 —83.91t045.6 -1.3 0.563 490.5 0.000 97.8
Histological 47 —49.96 —73.6to0 —26.1 —64.9 0.000 255.9 0.000 82.0
Microbiological 4 —226.8 —434.5t0 —19.14 —4.93 0.032 121 0.007 75.2
Any Type 65 —48.30 —70.25 to —26.35 —62.6 0.000 1078.8 0.000 94.0
Maternal age (years) Clinical 6 0.62 —0.50t0 1.76 —-10.9 0.280 59.4 0.000 91.6
Histological 25 -0.11 —0.48100.27 2.2 0.580 40.3 0.027 40.5
Any Type 33 —0.01 —0.34100.33 -10.4 0.976 116.1 0.000 72.4
CA, chorioamnionitis; k, number of studies included. Mean difference represent the mean of the CA-exposed group minus the mean of the CA-unexposed group.
TABLE 3 | Meta-analysis of chorioamnionitis and dichotomous variables.
Meta-analysis CA Type k OR 95% CI V4 P Heterogeneity
Q P (%)
Diabetes Any Type 8 0.20 0.01t0 4.38 -15 0.310 3.4 0.844 0.0
Antenatal corticosteroids? Clinical 1.54 1.38t0 1.71 7.2 0.000 181.3 0.000 97.8
Histological 28 1.36 1.25t01.48 7.9 0.000 103.8 0.000 75.9
Any Type 37 1.42 1.33t01.52 10.3 0.000 262.9 0.000 86.3
Pre-eclampsia Histological 14 0.16 0.10t0 0.27 —17.4 0.000 47.7 0.000 72.7
Any Type 16 0.09 0.09 to 0.21 -18.2 0.000 61.5 0.000 75.6
Preterm rupture of membranes Clinical 7 3.80 2.27 10 6.38 37.2 0.000 111.3 1.000 94.6
Histological 28 2.74 2.18103.44 22.4 0.000 102.3 0.000 73.6
Any Type 36 2.84 2.32103.47 43.4 0.000 220.4 0.000 0.45
Cesarean section Clinical 11 0.55 0.20t0 1.57 225 0.267 2721.7 0.000 99.6
Histological 26 0.40 0.30t0 0.52 -18.9 0.000 140.1 0.000 82.1
Any Type 39 0.43 0.34 t0 0.55 10.7 0.000 3613.7 0.000 98.9
Small for gestational age Clinical 3 0.33 0.16 10 0.66 -5.3 0.002 4.8 0.089 58.7
Histological 16 0.36 0.231t0 0.55 -13.7 0.000 70.6 0.000 78.7
Any Type 19 0.35 0.14 t0 0.81 -5.3 0.000 76.1 0.000 76.2
Mortality Clinical 9 1.64 1.34 t0 2.01 14421 0.000 23.5 0.003 65.9
Histological 32 1.54 1.28t01.85 6.1 0.000 51.0 0.013 39.3
Any Type 44 1.59 1.39t01.82 13.3 0.000 84.1 0.000 48.9

CA, chorioamnionitis; k, number of studies included; OR, odds ratio. An OR higher than 1 indicates that CA is a risk factor for the outcome, an OR below indicates that CA is a protective

factor for the outcome. @Complete or partial course.

DISCUSSION

This is the first meta-analysis investigating the association
between CA and sepsis in preterm infants. The meta-analysis
based on unadjusted data showed a strong association between
CA and EOS and a weaker, but still positive, association
between CA and LOS. Exposure to funisitis was not associated
with a higher risk of sepsis when compared with exposure to
CA in the absence of funisitis. As in previous meta-analysis
on the association between CA and short term outcomes of
prematurity (12, 13, 16, 17, 19), we observed differences in basal

characteristics between the CA-exposed and the CA-unexposed
group. CA was associated with a lower GA and BW, higher rates
of exposure to antenatal corticosteroids, and the preterm rupture
of membranes, as well as lower rates of cesarean section and
small for gestational age. Meta-regression analysis showed that
the lower GA of the CA group correlated with the association
between CA and LOS but not with the association between CA
and EOS. Therefore, the pathogenic effect of CA on LOS appears
to be modulated by the effect of chorioamnionitis on GA.

We chose to combine studies by using ORs rather than risk
ratios (RRs) because it allowed us to compare the unadjusted ORs
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FIGURE 9 | Meta-regression plot of association between chorioamnionitis and
(A) early onset sepsis, and (B) late onset sepsis controlling for difference in
gestational age between exposed and non-exposed groups.

with the adjusted ORs reported in some studies. However, while
the RR has a relatively simple interpretation, OR interpretation
is less intuitive, as the concept of “odds” is less easy to grasp
(143, 144). Interpretation of ORs in the same way as RRs can lead
to overestimation of effect sizes when the risk in either group is
high (above 20%) and the OR is large (144). In order to check
if there were important discrepancies between ORs and RRs in
our study, we calculated the RRs for some analyses. In the case of
the association between CA and EOS, the RR was 3.45, whereas
the OR was 4.29 (~24% higher). In the case of the association
between CA and LOS, the RR was 1.21 whereas the OR was 1.29
(~6.6% higher). Therefore, in CA-exposed infants, the risk of
EOS was 3.5-fold higher and the risk of LOS was 1.2-fold higher
than the respective risk in infants non-exposed to CA. These
increases in risk were slightly overestimated by the OR.

Since very/extremely preterm birth is always a pathological
condition, any study aimed to analyze the association between its
etiology and its outcome will face the limitation of the absence of
a healthy control group (145). As mentioned in the introduction,

very/extremely preterm birth etiology can be divided into
two main categories: intrauterine infection/inflammation and
placental vascular dysfunction (2-4). The distribution of these
two etiological entities across the different gestational ages is
not uniform: the lower the GA, the greater the possibility that
an infectious/inflammatory process is the trigger for preterm
birth (2, 146). Our meta-analysis showed that infants exposed to
CA were born ~1.1 weeks earlier than “control” infants. Meta-
regression showed that this difference in GA did not affect the
association between CA and EOS but modulated the association
between CA and LOS. The difference in GA was associated with
54% (R?) of the variance in the association between CA and LOS
across studies and each week that infants with CA were born
earlier than control infants resulted in an increase in LOS log
OR of 0.33 (the equivalent of going from an OR of 1.00 to an
OR of 2.14). This modulatory role of GA may be related to the
maturation of the immunological system (26, 147), but also to
the fact that CA-exposed preterm infants would require longer
hospitalization and more days of invasive therapies, rendering
them more susceptible to LOS.

Besides the meta-regression analysis, other data of the present
study underline the modulatory role of GA on the association
between CA and LOS. When we performed a subgroup analysis
of studies without a significant difference (p > 0.05) in GA
between the CA-exposed group and the CA-unexposed group,
the association between CA and EOS was still strong (odds
ratio 3.76), but the association between CA and LOS could
not be demonstrated. When we pooled the few studies that
corrected for GA, as well as for other potential confounders,
the association between CA and EOS was tempered but still
positive, and the association between CA and LOS could not be
further demonstrated. This effect of the use of adjusted data has
been previously described in meta-analyses on the association
between CA and bronchopulmonary dysplasia (12, 13), cerebral
palsy (22), retinopathy of prematurity (16), patent ductus
arteriosus (17), and intraventricular hemorrhage (19). Moreover,
the decreased risk of LOS in CA-exposed infants previously
reported by Strunk et al. was only observed after correction for
GA (25). Adjustment for GA is commonly used in observational
studies examining predictors of outcomes in preterm infants
(3, 148, 149). However, GA may represent both a risk factor
per se and a mediator in the causal pathway linking cause of
preterm birth (i.e., CA) to outcome (i.e., LOS). As pointed out by
Ananth and Schisterman, GA is often mislabeled as a confounder
when it may be an intermediate (149). Adjustment for GA in
the presence of unmeasured factors that may affect both GA
and neonatal outcome, may result in bias (3, 148-151). This bias
may even change the direction of estimates, unless all mediator-
outcome confounders are taken into account in the analysis, a
condition that is unlikely to be achieved (3, 148-152). Therefore,
observational studies and meta-analyses of observational studies
that analyze the association between conditions like CA or
pre-eclampsia and outcome of preterm birth provide valuable
information for descriptive or prognostic purposes. However,
inferring causal effects is not possible (145, 149).

There is a reasonable biological plausibility for the
immunomodulatory role of intrauterine infection/inflammation
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on the etiopathogenesis of neonatal sepsis. Nevertheless, our
comprehension of the mechanisms that link intrauterine
infection/inflammation and preterm birth is still incomplete.
The maternal lower genital tract is generally considered to be the
primary source of bacteria, but other potential sources, such as
the oral cavity, need to be considered (7, 8). The microorganisms
more frequently cultivated from amniotic fluid in pregnancies
complicated by preterm birth are Ureaplasma urealyticum,
Mpycoplasma hominis, Fusobacterium nucleatum, Gardnerella
vaginalis, and Bacteroides spp. (7, 8). These microorganisms are
able to stimulate the intrauterine inflammatory process but have
relatively low virulence and rarely induce EOS, which is mainly
related to such bacteria as group B streptococcus or Escherichia
coli (153). In addition, an important proportion of the organisms
associated with intra-amniotic infection are uncultivated or
difficult-to-cultivate bacteria (7, 8). Nevertheless, as suggested
by Strunk et al., even culture-negative, asymptomatic CA that
does not result in EOS might lead to a persistent alteration of
the neonatal immune system (11). Accordingly, evidence from
animal and human studies supports that CA could diminish
innate immune responses and thereby increase the susceptibility
of preterm infants to LOS (154-157).

Not all the situations of intrauterine infection/inflammation
will lead to an inflammatory process reaching the fetus (158).
Funisitis is considered the histologic counterpart of the fetal
inflammatory response syndrome (9, 158). Our meta-analysis
could not demonstrate a stronger association between funisitis
and the risk of developing neonatal sepsis (EOS, LOS, or
UOS), when compared with CA in the absence of funisitis
(Figure 8). This is an argument against the role of the
immunomodulation induced by the fetal inflammatory response
in the etiopathogenesis of neonatal sepsis. Similarly, we observed
in previous meta-analyses that funisitis was not an additional
risk factor for developing intraventricular hemorrhage (19),
patent ductus arteriosus (17), respiratory distress syndrome (13),
or bronchopulmonary dysplasia (13) in preterm infants. In
contrast, funisitis significantly increased the risk of retinopathy of
prematurity (16). However, all these meta-analyses, as well as the
present one, are limited by the small number of studies providing
data on funisitis.

Besides the immunomodulatory role of prenatal
infection/inflammation, some differences between CA-exposed
infants and CA-unexposed infants may also play a role in the
association between CA and neonatal sepsis. Our meta-analysis
showed a higher rate of exposure to antenatal corticosteroids
among CA-exposed infants, but meta-regression could not
demonstrate that this affected the association between CA and
sepsis. In addition, alterations in infants microbiome due to
mode of delivery, or antibiotic exposure in early life may be
related to the increased risk of LOS in CA-exposed infants
(159). Concerns that an intrauterine infection is the trigger
for prematurity lead to the initiation of empirical antibiotics
in the majority of very and extremely preterm infants (160).
If the newborn has a true infection, these antibiotics will save
his life, but overuse may lead to the development of antibiotic
resistance. Moreover, growing evidence shows that prolonged
initial empirical antibiotic treatment may be associated with

adverse outcomes, such as LOS, necrotizing enterocolitis,
bronchopulmonary dysplasia, or death (160, 161).

Our study has several limitations. The studies showed great
heterogeneity in their definition of CA, particularly pertaining to
criteria used in defining clinical CA. Recent recommendations
propose to restrict the term CA to pathologic diagnosis (162).
With regard to histological CA, the definition and staging criteria
of Redline et al. (163) were the most frequently used but only
11 studies (25, 41, 43, 50, 55, 61, 81, 90, 111, 120, 141) used
this classification and only two studies (81, 141) stratified the
outcomes according to the grade of histological CA. In addition,
few studies had the association between CA and sepsis as
their main study objective, while at the same time this may
have acted in favor of avoiding publication bias. Furthermore,
the generalized definition of EOS, LOS, clinical, and culture-
proven sepsis did not allow for analysis of individual pathogen
associations. Such an approach was simply not feasible given
the overall lack of such specific data across all analyzed studies.
Currently, no consensus exists on the definition of neonatal
bacterial sepsis unlike pediatric sepsis (164, 165). Pediatric sepsis
is defined as a “systemic inflammatory response syndrome in
the presence of a suspected or proven infection,” conditions
that do not necessarily apply to neonatal sepsis (166). Neonatal
sepsis in most cases may present itself with a negative blood
culture, and with non-specific clinical symptoms (167). Providing
a clear disease definition of neonatal sepsis remains therefore
in part challenging due to current limitations of ancillary
diagnostics (165, 168).

CONCLUSIONS

Infant’s immaturity plays a key role in the morbidity associated
with very/extremely preterm birth but the pathological processes
causing preterm birth may also influence the outcome. Our
data suggest that when infection/inflammation is the trigger of
preterm birth, infants are more susceptible to develop sepsis
not only immediately after birth, but also during the first weeks
of life. The association between CA and EOS seems to be
GA-independent, whereas the lower GA of CA-exposed infants
modulated the effect size of the association between CA and
LOS. CA may initiate the immunomodulatory sequence leading
to LOS but also may alter the rate of exposure to other stimuli
such as antenatal and post-natal corticosteroids, antenatal and
post-natal antibiotics, invasive therapies, lung damage, patent
ductus arteriosus, or necrotizing enterocolitis, which render
very/extremely preterm infants more vulnerable to sepsis. A
meta-analysis of individual patient data would help determine
the role of some of these factors in the different outcomes of
preterm children exposed to chorioamnionitis.
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