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Viral Infections and Neonatal
Necrotizing Enterocolitis:
A Meta-analysis

Srinivasan Mani, MD,? Snehashis Hazra, MD,® Joseph Hagan, ScD, MSPH,® Amy Sisson, MLS, Jayasree Nair, MD,?
Mohan Pammi, MD, PhD, MRCPGH®

conTexT: Necrotizing enterocolitis (NEC) is a devastating intestinal disease affecting preterm
infants. Studies implicate viral infections in etiopathogenesis.

oBJECTIVE: To summarize the association of viral infections with NEC by systematic review and
meta-analysis.

DATA SOURCES: We searched Ovid-Medline, Embase, Web of Science, and Cochrane databases in
November 2022.

sTUDY SELECTION: We included observational studies that examined the association between viral
infections and NEC in newborn infants.

DATA EXTRACTION: We extracted data regarding the methodology, participant characteristics, and
outcome measures.

resuLts: We included 29 and 24 studies in the qualitative review and meta-analysis, respectively. The
meta-analysis demonstrated a significant association between viral infections and NEC (odds ratio
[OR], 3.81, 95% confidence interval: 1.99-7.30, 24 studies). The association remained significant after
excluding the outliers (OR, 2.89 [1.56-5.36], 22 studies) and studies with poor methodology (OR,
3.33 [1.73-6.43], 22 studies). In subgroup analysis based on participants’ birth weight, studies
including very low birth weight infants only (OR, 3.62 [1.63-8.03], 8 studies) and non-very low birth
weight infants only (OR, 5.28 [1.69-16.54], 6 studies) showed a significant association. In subgroup
analysis based on specific viruses, infection with rotavirus (OR, 3.96 [1.12-13.95], 10 studies),
cytomegalovirus (OR, 3.50 [1.60-7.65], 5 studies), norovirus (OR, 11.95 [2.05-69.84], 2 studies), and
astrovirus (OR, 6.32 [2.49-16.02], 2 studies) was significantly associated with NEC.

LimiTATIONS: Heterogeneity of the included studies.

concLusions: Viral infection is associated with an increased risk of NEC in newborn infants. We
need methodologically sound prospective studies to assess the effect of preventing or treating
viral infections on NEC incidence.
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Neonatal necrotizing enterocolitis (NEC) is a spectrum of
gastrointestinal pathologies most commonly affecting pre-
term infants that lead to the endpoint of intestinal necro-
sis when left untreated. The pathogenesis of this disease is
unclear but probably multifactorial® Prematurity, enteral
feeding with formula, altered intestinal immune response,
and intestinal dysbiosis are significant factors in the patho-
physiology of NEC. Infection may have a contributory role in
the pathogenesis of NEC.> The intestinal microbiome com-
prises bacteria, viruses, archaea, and fungi. Bacteria are the
most extensively studied component of the microbiome and
to a lesser extent, the mycobiome or the fungal microbiome.*
Despite the virome being more extensive than bacteria and
they both interact, the role of the intestinal virome in NEC
has not been well studied.

Viral infections with gastrointestinal manifestations have
been suspected to be associated with the development of
NEC. The hypothesized role of viral infections as an etio-
logic factor in NEC was based on observations made in
case reports and case series describing the NEC outbreaks
in neonatal intensive care units.”> Several enteric viruses
like torovirus, rotavirus, norovirus, cytomegalovirus, cox-
sackievirus, parecho virus, astrovirus, and HIV have been
implicated in the development of NEC.2

Observational studies that ensued have reported conflict-
ing results on the association of NEC with viral infections.®”
Most studies on this topic were limited by a small sample
size, preventing us from drawing definitive conclusions.? We
aimed to resolve this ambiguity by summarizing evidence in
a systematic review and meta-analysis of the studies evaluat-
ing viral infections in NEC. Our review’s primary objective
was to determine whether infection with viral pathogens is
associated with the occurrence of NEC in preterm and term
infants compared with those without viral infection. The sec-
ondary objective was to determine whether birth weight or
infection with any specific virus was associated with necro-
tizing enterocolitis in preterm and term infants.

METHODS

We conducted this systematic review based on the Meta-
analysis of Observational Studies in Epidemiology reporting
guidelines and the Preferred Reporting Items for Systematic
Reviews’ (PRISMA) and Meta-analyses reporting guidelines.
We developed a review protocol including the objectives, eli-
gibility criteria, information sources, and search strategy.*
We registered the protocol in the International Prospective
Register of Systematic Reviews (ID No. CRD42021281630).
The protocol can be accessed by the following link: https://
www.crd.york.ac.uk/prospero/display_record.php?RecordID=
281630.

Eligibility Criteria

We included cohort and case-control studies that examined
the association of viral infections with NEC in preterm and
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term infants. Reviews, case reports, letters, and editorials
were excluded. We reviewed the reference list of the in-
cluded studies to identify additional studies. Our PECO
(participants, exposure and risk factor, comparator, and
outcome) question for the study was as follows.

Participants

We included neonates and infants under 6 months of age
admitted to the neonatal unit. We included infants of all ges-
tational ages. We excluded all patients with known congeni-
tal or structural abnormalities of the gastrointestinal tract.

Exposure and Risk Factor

Infants infected with a viral enteric pathogen detected at the
time of diagnosis of NEC. We defined infection as isolation
or molecular detection of DNA or RNA of a pathogenic virus
known to affect the intestine from the infant’s laboratory
specimen.

Comparator

All preterm and term infants under 6 months of age diag-
nosed with NEC and not infected with a virus.

Outcome

Our primary outcome measure was NEC, diagnosed by
Bell staging criteria as stage 2 or greater.'?

Information Sources

We searched for eligible studies using the Cochrane Neonatal
Review Group’s search strategy without language or publica-
tion date restriction in August 2021, which was updated in
November 2022. We searched the following databases:
Medline OVID (1946 to November 2022), Embase data-
base (1974 to November 2022), Web of Science (1823
to November 2022), and the Cochrane library (data incep-
tion to November 2022). We manually checked the referen-
ces of narrative reviews, systematic reviews, and original
research papers included in the study.

Search Strategy

The search strategy for Medline OVID was developed by a li-
brarian (A.S.) and is provided in Appendix 1 in Supplemental
Information. We adapted the same strategy to suit Em-
base, Web of Science, and COCHRANE databases.

Selection Process

Two reviewers (S.M. and S.H.) independently reviewed the
abstracts and included the studies based on the inclusion
criteria following standard methods. The conflicts were
resolved by a third author (M.P.). Rayyan.ai, a web-based
software, was used in the selection process.13

We used 2 freely available online tools, namely Google
translate and Reverso.net, for assessing potentially eligible
studies in languages other than English.
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Data Collection Process

Two reviewers (S.M. and S.H.) collected data indepen-
dently using a data extraction form by manually review-
ing the selected articles. S.H. and S.M. collected data from
articles with the first author’s last name, starting with
the alphabet A to N and O to Z, respectively. M.P. verified
the data collected by both the reviewers for any human
errors. A list of all the data items collected is provided in
Appendix 2 in Supplemental Information.

Study Risk of Bias Assessment

We used the Newcastle-Ottawa scale to assess the risk of
bias in the included cohort and case-control studies.'*
Two reviewers (S.M. and S.H.) independently scored their
respective studies during the data extraction in 3 do-
mains, namely selection, comparability, and outcome,
with a maximum score of 4, 2, and 3 for each domain, re-
spectively. The possible maximum total score for each
study was 9.

Data Analyses and Effect Measures

We performed a meta-analysis of studies that reported
viral infection data for the NEC and control groups. A
random effects model with an inverse variance method

Records identified from*:
Databases (n = 1561)
Registers (n = 0)

I »| screening:

] [ Identification ]

!

Records screened
(n=1102)

> Records excluded

A4

Reports sought for retrieval
(n=130)

was used to compute the odds ratio (OR) for the associa-
tion between viral infection and NEC across studies. A
forest plot was created to visualize the results. Between-
study heterogeneity was assessed using Cochran’s Q test
and the I? statistic. Publication bias was assessed by fun-
nel plot asymmetry and Egger’s test. Review Manager 5.4
was used to perform the meta-analysis.'® The “metaphor”
package in R version 4.2.1 (R Foundation for Statistical
Computing, Vienna, Austria) was used to perform Egger’s
test and create the funnel plots.'®

RESULTS

Description of Studies

One thousand one hundred and two potentially relevant
study abstracts were screened, 130 were selected for re-
trieval, and 29 studies were included in the review. The
PRISMA flow diagram of the search process is shown in
Fig 1. Included studies and their baseline characteristics
are summarized in Table 1.”%17~** Excluded studies and
the reasons for exclusion are presented in Supplemental
Table 3. Twenty-one studies were published after the
year 2000, and 41% were published in the last 12 years
(Supplemental Fig 5A). The included studies were done

Records removed before the

Duplicate records removed

(n = 459)

- Internal duplicates (n = 4)

- External duplicates (n = 450)

(n=972)

Reports not retrieved

Screening

\4

Reports assessed for eligibility
(n=119)

Studies included in the
qualitative review
(n=29)

Studies included in the
quantitative review (meta-
analysis)

(n=24)

Included

FIGURE 1
PRISMA flowchart shows the systematic search of the literature.
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(n=11)

Reports excluded:
Case series (n = 12)
Case reports (n = 34)
Inclusion criteria not satisfied
(n=133)
Systematic review (n = 2)
Narrative review (n = 6)
Commentary (n = 2)
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across 14 countries all around the world. United States,
Germany, France, and Turkey were the predominant locations
where 65.5% of the studies were conducted (Supplemental
Fig 5B). Forty-eight percent were cohort studies (27% pro-
spective and 21% retrospective), and 52% were case-control
studies. Twenty-four percent of the included studies were
done during a particular period when a viral outbreak
occurred. The included studies evaluated 4787 new-
born infants for an association between 11 different
viruses with NEC. Rotavirus and cytomegalovirus (CMV)
were the most studied viruses, including 62% of studies
(Supplemental Fig 5C).

Fourteen reviewed studies were designed to recruit
infants with confirmed NEC and observe if there was an
association with an enteric viral pathogen. Among those
studies, 3 studies examined pathologic specimens obtained
during autopsy or surgical procedures for viral infection.
Thirteen studies used nucleic acid amplification tests, viral
culture, or both to confirm the viral infection. One of those
studies did genotype in addition to nucleic acid amplifica-
tion tests. Sixteen studies did immunologic methods to
identify viral pathogens. Six studies included preterm
infants with gestational age at birth < 32 weeks. Nine
studies included only preterm infants with gestational age at
birth < 37 weeks. Combined, 52% of reviewed studies
included preterm infants only. Thirteen studies included
a combination of term and preterm infants. One study
included term infants only. Ten studies included infants
with birth weight < 1500 g. Six studies included infants
with birth weight = 1500 g. Twelve studies included
very low birth weight (VLBW) and non-VLBW infants.
One study did not report the birth weight of the infants
studied.

Twelve studies reported information about the type of
milk fed in the baseline characteristics of the infant. Among
them, only a few studies in the recent decade have reported
the use of breast milk or infant formula and the type of
milk fortifier. Seventeen studies did not report the type of
milk the infants were fed. Three studies concluded no asso-
ciation between viral infections and NEC. The authors of
26 studies included in the review concluded a positive asso-
ciation between exposure to a virus and NEC.

Quality Assessment

The quality of each study according to the Newcastle-
Ottawa Scale is summarized in Supplemental Table 4. Stud-
ies with NOS scores 0 through 3 were considered poor
methodological quality, whereas 4 through 6 and 7 through
9 were considered fair and good quality studies. The 2 in-
dependent reviewers (S.M. and S.H.) had a 93% agree-
ment among each other. Disagreement in 2 studies was
resolved by discussion and consensus. Fourteen studies re-
ceived 7 through 9 points out of a possible 9 points (Fig 2).
The studies with higher quality scores had succinct criteria
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FIGURE 2

Risk of bias assessment. The column chart shows the Newcastle Ottawa
scale scores along the x-axis divided into 3 groups high risk of bias (0-3),
moderate risk of bias,*® and low risk of bias.””® The number of studies in-
cluded in the review with those scores on the y-axis. SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.

for selecting participants, ascertaining exposure, and as-
sessing the outcome. The participants of the comparison
groups were similar in their gestational age and birth
weight. The most common reason for lower scores in
the quality assessment was that the study did not con-
trol gestational age and birth weight (15 studies). We
found asymmetry on visual inspection of the funnel plot
confirmed by a significant Egger’s test, indicating poten-
tial publication bias in the meta-analysis (Z = 3.6, P <
.001, Supplemental Fig 6).

Meta-analysis

We included 24 studies that provided data for the meta-
analysis. Five included studies did not have a comparator
and hence were not included in the meta-analysis.?>*%363942
Viral infection significantly increased the odds of NEC (OR,
3.81, 95% CI: 1.99-7.30) (Fig 3), and there was significant
between-study heterogeneity (I* = 82%, P < .0001).

Sensitivity Analyses

The association between viral infections and NEC remained
significant after 2 sensitivity analyses. For the first sensitiv-
ity analysis, we excluded 2 of the 24 studies with outlying
odds ratios > 100.323 This meta-analysis of 22 studies
showed that viral infection significantly increased the odds
of NEC (OR, 2.89, 95% confidence interval [CI]: 1.56-5.36,
F = 80%). (Supplemental Fig 7A) For the second sensitiv-
ity analysis, we excluded 2 studies with the lowest score in
the risk of bias assessment (NOS score = 3).}”*° This anal-
ysis showed a significant association between viral infection
and the occurrence of NEC (OR = 3.33, 95% CI: 1.73-6.43,
¥ = 83%) (Supplemental Fig 7B).

Subgroup Analyses

We performed a subgroup analysis based on birth weight with
participants < 1500 g (VLBW) and those with participants =
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Akinci 1991 4 17 0 53 26 35.67 (1.81-703.68)

Angelika 2022 2 7 3 118 3.7 15.33 (2.07-113.38)

Bagci 2008 6 10 26 150 47 7.15 (1.88-27.16) —_—

Bagci2010 6 34 102 186 5.2 0.18 (0.07-0.45) —_—

Birenbaum 1997 19 0 38 2.4 6.24 (0.24-160.74)

Chany 1982 25 38 741 5.0 9.34 (3.26-26.80) —_—

Chappe 2011 14 68 3 68 47 5.62 (1.53-20.57) —

Cheng 2020 31 51 20 39 53 1.47 (0.63-3.42) -

deVilliers 2012 28 44 19 63 53 4.05 (179-9.17) —

Lodha 2005 15 96 16 412 5.4 4.58 (2.18-9.64) -

Neuberger 2006 1 40 0 40 2.4 3.08 (0.12-77.80)

Omarsdottir 2017 57 59 13 21 42 17.54 (3.33-92.47)

Patel 2020 6 33 37 563 5.2 3.16 (1.23-8.13) B

Ramani 2008 8 208 13 167 5.2 0.47 (0.19-1.17) /T

Rotbart 1983 5 7 2 20 35 22.50(2.50-202.29) -
Rotbart 1988 6 14 1140 34  104.25(11.17-973.13)

Rudd 1984 5 5 3 165 25 510.71(23.41-11141.51) —
Sharma 1996 27 44 40 45 5.0 0.20 (0.07-0.60) T

Sharma 2002 14 95 15 99 5.3 0.97 (0.44-2.13) B

Sizmaz2012 8 13 12 18 44 0.80 (0.18-3.54) I

Stuart2010 4 10 4 45 42 6.83 (1.34-34.85) .
Turcios-Ruiz 2008 4 4 4 29 25 51.00(2.32-1119.52) | g
Turner 2014 3 34 18 340 47 1.73 (0.48-6.21)

Weimer2020 2 273 273 3.2 2.01(0.18-22.27)

Total (95% CI) 1223 3133 100.0 3.81 (1.99-7.30) >

Total events 282 359 } ' ' |
Heterogeneity: Tau? =1.89; Chi? =130.11, df =23 (P <.00001); 1> =82% 0.001 0.1 1 10 1000

Test for overall effect: Z = 4.04 (P <.0001)

FIGURE 3

Favours controls Favours virus infection

Meta-analysis. Forest plot shows the meta-analysis using inverse-variance weighting and random effects model testing for an association between viral in-

fection and NEC.

1500 g. When 8 studies, including infants < 1500 g,
were analyzed, a significant association between viral infection
and occurrence of NEC (OR, 3.62, 95% CI: 1.63-8.03, F =
43%) was observed. Similarly, analysis of 6 studies, includ-
ing infants = 1500 g, showed a significant association be-
tween viral infection and occurrence of NEC (OR = 5.28,
95% CI: 1.69-16.54, I¥ = 83%). Analysis of 10 studies that
included a combination of VLBW and non-VLBW infants
did not show a significant association between viral infec-
tion and NEC (OR = 3.19, 95% CI: 0.92-11.04, F = 89%)
(Fig 4A).

We performed another subgroup analysis based on the
type of virus. Rotavirus (OR, 3.96, 95% CI: 1.12-13.95,
¥ = 88%), CMV (OR, 3.50, 95% CI: 1.60-7.65, FF = 20%),
norovirus (OR, 11.95, 95% CI: 2.05-69.84, F = 21%), astro-
virus (OR, 6.32, 95% CI: 2.49-16.02, F = 0%) showed a
significant association between viral infections and NEC.
(Fig 4B).

The summary of the findings of our review is shown in
Table 2. We used GRADEpro Guideline Development Tool
to classify the certainty of evidence into very low, low,
moderate, or high based on the risk of bias, imprecision,
inconsistency, indirectness, and publication bias** and
found the certainty of evidence to be low. The reasons
for downgrading the evidence found in our analysis

PEDIATRICS Volume 152, number 1, July 2023

were because of serious risk of bias and significant pub-
lication bias among the included studies. GRADEpro, a
web-based software for synthesizing and grading evidence
used worldwide by medical organizations like the World
Health Organization, Cochrane Database, and American
Thoracic Society, was used to make this conclusion.

DISCUSSION

Viruses have been associated with NEC, but the existing lit-
erature is inconclusive. Summarized evidence from this sys-
tematic review and the meta-analysis shows that viral
infection is significantly associated with NEC. The sensitiv-
ity analyses showed that the association remained signifi-
cant after excluding the outliers and studies with poor
methodology. Based on the subgroup analyses, the associa-
tion is significant in VLBW infants, non-VLBW infants and
in those with rotavirus, CMV, norovirus, and astrovirus
infection.** In our meta-analysis, we included only studies
with unambiguous definitions of the outcome and reported
all relevant data in pertinent comparison groups. We used
NOS, a widely accepted validated tool for quality assess-
ment of observational studies. Fourteen out of 24 studies
included in our meta-analysis had a good methodologi-
cal quality based on the NOS scores. We found that the
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Subgroup analysis. (A) Forest plot shows the subgroup analysis by birth weight. (B) Forest plot shows the subgroup analysis by type of virus.

certainty of evidence assessed by GRADE was low for
the association between viral infection and NEC.

Our meta-analysis with 4356 infants is the largest sample
to date to analyze the association between viral infections
and NEC. This is the first review to combine all the data for
viruses hypothesized to be associated with NEC. Our results
are congruent with a systematic review of 8 studies (2 case-
control, 2 cohorts, and 4 case series) on norovirus infection,
which showed that norovirus infection is associated with
NEC in preterm infants.*®> A systematic review that evalu-
ated the long-term effects of postnatal CMV infection in
VLBW infants noted an association of CMV infection with
feeding intolerance but not with NEC in preterm infants.*®
The difference between the results of our subgroup analysis
and the systematic review by Stark et al could be because
of the inclusion of studies with NEC as a secondary outcome
in their review. Evaluating stool samples in conjunction
with blood samples for CMV infection is essential because
viremia may be absent in exclusive intestinal pathology.>*’
The studies included in our review predominantly tested
stool samples or intestinal histopathological specimens.
The study by Omarsdottir et al, which showed a significant
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association in our analysis, was not included in the review

by Stark et al.

We used the Bradford Hill causality score to check if the
association between viral infections and NEC seen in our
meta-analysis could establish causation.*® The strong associ-
ation in our meta-analysis satisfies the first Hill criterion
(strength). Greater than three-fourths of the studies in our
review conducted across 14 countries observed a positive
association between viral infection and NEC (consistency). In
some instances, exposure to viral infection precedes the
development of NEC, which is inferred from the prospective
studies reviewed (temporality). As discussed above, the
emerging knowledge from viral metagenomic studies that
reduced viral § diversity precedes NEC supports biological
plausibility (plausibility). Our knowledge of the role of
gram-negative bacteria in NEC is analogous to the possible
role of viral infections. We can make conclusions about the
role of viruses similar to bacteria with some confidence (anal-
ogy). Available evidence supports moderate coherence in ex-
planation (coherence). There is some evidence supporting
dose-response effect (biological gradient), especially related
to CMV infection. However, viral infection is not specific to
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TABLE 2 Summary of Data Analysis
Quality Assessment
Number of Certainty of
Studies (Number Risk of Statistical Effect Evidence
Outcome of Participants) Bias Imprecision | Inconsistency | Indirectness | Publication Bias Method Estimate (GRADE)
Meta-analysis
NEC 24 (4356) Serious Not serious Not serious Not serious [Strongly OR (v, 3.81 Low® (+4)
suspected random, 95% | (1.99-7.30)
Cl)
Sensitivity analysis
After excluding outliers
NEC 22 (4032) Serious Not serious Not serious Not serious |Strongly OR (v, 2.89 Low? (++)
suspected random, 95% | (1.56-5.36)
Cl)
After excluding poor-quality studies
NEG 22 (4253) Serious Not serious Not serious Not serious |Strongly OR (IV, 3.33 Low? (++4)
suspected random, 95% | (1.73— 6.43)
Cl)
GRADE, grading of recommendations, assessment, development, and evaluation; IV, inverse variance method; NEC, necrotizing enterocolitis; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
@ Downgraded because of risk of bias and publication bias.

cause NEC (specificity). Viral infections as a cause of NEC
will be challenging to prove in an experimental study
design, and no experimental data are available (experi-
ment). Since treatment options for viral infections are
limited, it is hard to prove reversibility, and there is no
current data (reversibility). So, the current evidence of vi-
ral association with NEC falls short of proving causation.

Our review raises 2 critical questions - were the vi-
ruses identified in the infants with NEC inherent to their
intestinal microenvironment, or was it because of a new
infection occurring in the postnatal period? Can specific
viruses affect intestinal microbial homeostasis and result
in the phenotype seen in NEC? These questions stem
from our understanding that intestinal dysbiosis is the final
common pathway for risk factors, such as lack of enteral
feed, use of TPN, metabolic acidosis, exposure to antibiotics,
and formula feeds, leading to NEC.* Increased relative
abundances of Proteobacteria and decreased relative abun-
dances of Firmicutes and Bacteroidetes have been shown to
precede the development of NEC.>°

Prenatal fetal inflammatory response induced by histo-
logic chorioamnionitis with fetal involvement is strongly
associated with NEC.>! So, intestinal dysbiosis may result
from gut inflammation and be involved in the pathophysiol-
ogy of NEC. This hypothesis is supported by a recent single-
center case-control study from Italy that showed abnormal
antenatal umbilical artery flow, clinical chorioamnionitis,
and histologic chorioamnionitis are independent predictors
of NEC and its severity.”?

Gut virome, including the phageome, labeled by some au-
thors as the “dark matter” of the microbiome, is increasingly
recognized to play a role in dysbiosis.>®>** Gut virome

PEDIATRICS Volume 152, number 1, July 2023

development in infants shows unique characteristics
compared with bacteriome. A metagenomic study showed
that the meconium of a newborn infant is free of virus-like
particles. Viruses colonize the infant's gut during the first
week of life and change significantly in composition be-
tween 1 and 2 weeks of life.>® This finding was reproduced
in a recent prospective study of 4 pairs of twin infants
from birth to 2 years. The authors noted that the geneti-
cally identical twins had a similar virome modified by the
diet and environment during development.*® The develop-
ment of virome in the neonate’s gut occurs stepwise; bacte-
ria colonizing the gut soon after birth induces the growth of
bacteriophages present in their genome, followed by coloni-
zation with eukaryotic viruses. The type of feeding modulates
both steps of virome development.®” Breastfeeding has been
shown to reduce and formula feeding to promote coloniza-
tion with eukaryotic viruses.”®

Eukaryotic viruses in the neonatal gut include definitive
pathogenic viruses like rotavirus, norovirus, astrovirus, ade-
novirus (serotypes 40 and 41), and enterovirus.>® Respira-
tory viruses such as rhinovirus, bocavirus, and coronavirus
can be swallowed and seen in fecal samples.®®®* HIV has
been isolated from stool in HIV-infected patients.®> How-
ever, identifying these viruses does not imply replication in
the human intestinal cells.®®

The components of enteric virome that have pathogenic
potential, also called pathobionts, can proliferate in re-
sponse to exposomes, such as formula feed and antibiotics.
Virome interacts with the bacteriome and the host ge-
nome, modulating gut mucosal immunity.** These interac-
tions can be beneficial or harmful.®>” A new viral infection
or richness of the viral pathobionts in infants with suscepti-
ble gene polymorphisms can induce inflammation.?®*® The
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bacteriome responds to the crosstalk by propagating in-
flammation, resulting in bacterial dysbiosis, which triggers
further inflammation and mucosal injury.”® A recent study
using metagenomic next-generation sequencing in 23 pre-
term infants during the first 11 weeks of life found re-
duced viral B diversity ten days before the onset of NEC.
This prospective study identified specific viral signatures
and viral-bacterial interactions involved in the process.”

Viral infections in the NICU can be sporadic or occur
as an outbreak. The possible sources of viral infection in
NICU include droplet transmission from the respiratory
tract of infected adults, hand transmission from infected
healthcare personnel, fomite transmission from infected
medical equipment, contaminated blood products or for-
mula milk, and vertical transmission through the pla-
centa or breast milk. A study examining the sources of
viral infection outbreaks in NICU found that the infected
infant (index case) is the most commonly identified sour-
ce.”? Although the first case identified during an out-
break (index case) could be the source of the outbreak
(primary case), it may not be possible to identify the pri-
mary case in many NICU outbreaks, which are either prop-
agated or have a common source. The study reported that
the source is unknown in approximately 40% of outbreaks.
Gastrointestinal and respiratory tract viral infections are
the major cause of outbreaks. Among the individual viruses,
rotavirus and RSV are the most frequently reported. Major
infection control measures used to control the outbreaks
were hand hygiene, patient screening, isolation and cohort-
ing, and the use of personal protective equipment. Screen-
ing or surveillance and training of healthcare personnel,
modification of care to restrict workload, choice of equip-
ment, closure of affected location, disinfection, sterilization,
and vaccination are other prevention or containment meas-
ures. The universal use of leukoreduced blood component
therapy in the NICU population and pasteurization of donor
human milk also aid in prevention of viral infection.

Strengths and Limitations of This Review

Our review included observational studies with a high
degree of heterogeneity. Similar to any other review of
observational studies, the association cannot be translated
to causation. Our funnel plot and Egger’s test showed po-
tential publication bias. Ten (37%) of the studies’ log ORs
fall outside of the triangular region, which should contain
95% of studies’ effect estimates when there is no sample
bias. Visual inspection of the funnel plot reveals a large de-
gree of variability in the effect estimates across studies,
with a disproportionate number of the larger studies having
log ORs less than 0. There were significant differences in
the study designs and heterogeneity in the study enrollment
criteria. Less than 30% of the included studies were con-
ducted prospectively. Approximately one-third of the in-
cluded studies described the outbreaks that occurred in a
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particular period. This could have introduced potential se-
lection bias. Approximately two-thirds of included studies
did not report the type of infant feeding (human milk or for-
mula), which is an important confounder. In addition to po-
tential publication bias, we speculate that much of the
observed heterogeneity and funnel plot asymmetry could be
attributable to these factors and other sources of variability
across studies, such as study quality and differences in virus
types studied. Publication bias would be expected to lead to
an underrepresentation of studies with results that did not
achieve statistical significance, which may lead to an inflated
estimate of the association between viral infection and NEC
in this meta-analysis.

A randomized study design would be necessary to es-
tablish causality, but randomization of infants to viral ex-
posure would be unethical. Therefore, confounding can
never be completely ruled out in observational studies of
the association of viruses with NEC, however future stud-
ies should employ triangulation of multiple approaches
with differing sources of potential bias to facilitate causal
inference.”® For example, statistical methods (eg, using
logistic regression analysis to compare odds of NEC for
virus exposed versus unexposed infants after controlling
for potentially confounding covariates) and design-based
methods (eg, use of a natural experiment study design
such as comparison of NEC incidence before versus after
a virus outbreak) could be employed within the same
study to examine whether the results from both approaches
are consistent with increased risk of NEC because of viral
infection, which would provide stronger evidence of causal-
ity than results from either approach alone. Another strat-
egy to prove causality would be to use alternative trial
designs to RCTs, including the randomized encouragement
trials to manipulate the mediator.”* For example, treating
asymptomatic infants with CMV infection is not currently
recommended. A randomized encouragement trial design
can be employed in this situation where infants with
asymptomatic CMV infection may randomly be assigned an
opportunity or an encouragement to receive specific treat-
ment. Parents can choose whether the infant receives the
intervention or not, and NEC as an outcome can be studied.
Such an analysis could provide causal inference.

Despite these limitations, our review is the first to study
the association of exposure to viral infections with NEC in a
systematic manner. We followed the standard guidelines for a
systematic review of observational studies. We used a broad
search strategy and selected relevant articles based on prede-
fined inclusion criteria. Our systematic review included both
term and preterm infants studying 12 different viruses for
their association with NEC in 14 countries worldwide. We
included only infants with definite NEC (= Bell stage 2) as
diseased. Nearly two-thirds of the studies included in our
meta-analysis were of good quality (NOS scores 6-9) based
on quality assessment.

MANI et al

Downloaded from http://publications.aap.org/pediatrics/article-pdf/152/1/e2022060876/1493867/peds_2022060876.pdf

bv auest



CONCLUSIONS

Implications for Practice

Summarized evidence from observational studies shows
that viral infection is associated with an increased risk of
NEC in newborn infants (low certainty evidence, 24 studies,
4356 participants). This risk may be more significant in
VLBW infants exposed to CMV, norovirus, and astrovirus.
Clinicians should suspect the possibility of virus infections
as triggers for developing NEC. This may be especially im-
portant when VLBW infants presenting with NEC are clus-
tered in time and place.

Implications for Research

Further research is needed to confirm the findings of our
meta-analysis in methodologically sound prospective studies
and to investigate whether prevention or treating viral in-
fections might be associated with decreased risk for NEC.
Developing a multiplex enteric panel of viruses to test from
the stool or blood will be helpful. Future prospective clinical
studies should aim to demonstrate the absence of candidate
viruses in infants before the onset of NEC and the presence
of viral infection during the diagnosis of NEC. Such studies
should report the known confounders associated with NEC:
gestational age, birth weight, type of enteral feed, history of
chorioamnionitis, and exposure to antibiotics and probiotics.

Developing experimental humanized animal models of
NEC induced by viruses similar to lipopolysaccharide-in-
duced NEC models will help identify and elucidate the

metabolic and immunologic pathways involved in NEC
caused by viruses. Such animal models can facilitate ex-
periments to establish a dose-response relationship and
test the reversibility of NEC with appropriate treatment
strategies. Intestinal organoid models with NEC induced
by viruses are another strategy to help us ascertain the
causality of viral infection in NEC.

Future microbiome research should use metagenomic
techniques to characterize the dynamic intestinal virome
“dark matter” of the intestinal microbiome in preterm in-
fants at various gestational ages. This will be the essential
first step in understanding perturbations in the diseased
state. Recent initiatives like the human virome program un-
dertaken by the National Institutes of Health are promising
forward steps toward bridging our knowledge gaps related
to the gut virome. Such efforts should simultaneously de-
lineate the interlink between the virome, bacteriome, and
host genome.

ABBREVIATIONS

CMV: cytomegalovirus

NEC: necrotizing enterocolitis

OR: odds ratio

PRISMA: preferred reporting items for systematic re-
views and meta-analysis

VLBW: very low birth weight
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