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Intestinal dysbiosis and necrotizing enterocolitis: assessment
for causality using Bradford Hill criteria

Jennifer B. Fundora’, Pallabi Guha', Darla R. Shores', Mohan Pammi? and Akhil Maheshwari'

In recent years, several studies have shown that premature infants who develop NEC frequently display enteric dysbiosis with
increased Gram-negative bacteria for several days to weeks prior to NEC onset. The importance of these findings, for the possibility
of a causal role of these bacteria in NEC pathogenesis, and for potential value of gut dysbiosis as a biomarker of NEC, is well-
recognized. In this review, we present current evidence supporting the association between NEC in premature infants and enteric
dysbiosis, and its evaluation using the Bradford Hill criteria for causality. To provide an objective appraisal, we developed a novel
scoring system for causal inference. Despite important methodological and statistical limitations, there is support for the association
from several large studies and a meta-analysis. The association draws strength from strong biological plausibility of a role of Gram-
negative bacteria in NEC and from evidence for temporality, that dysbiosis may antedate NEC onset. The weakness of the
association is in the low level of consistency across studies, and the lack of specificity of effect. There is a need for an improved
definition of dysbiosis, either based on a critical threshold of relative abundances or at higher levels of taxonomic resolution.

Pediatric Research (2020) 87:235-248; https://doi.org/10.1038/s41390-019-0482-9

INTRODUCTION
Premature infants are at risk of developing enteric dysbiosis with a
preponderance of Gram-negative bacteria of families Enterobac-
teriaceae, Vibrionaceae, and Pseudomonadaceae in the class
Gammaproteobacteria and the phylum Proteobacteria."™ In
recent years, several case-control studies have shown that
premature infants who develop NEC beyond 3 weeks of postnatal
age frequently show such dysbiosis for several days to weeks
leading up to NEC onset.'"° These findings have evoked
considerable excitement about the role of these bacteria in NEC
pathogenesis, and also for the potential value of enteric dysbiosis
as a biomarker for risk-stratification of preterm infants for NEC.
In the following sections, we evaluate the evidence supporting
the association between NEC in premature infants and enteric
dysbiosis. We collated information from an extensive literature
search in the databases PubMed, EMBASE, and Scopus, and
applied the Bradford Hill criteria for causality (Table 1).'° To
minimize bias, keywords from PubMed'’s Medical Subject Heading
thesaurus were shortlisted prior to the actual search and
combined with text words likely to be used in titles and abstracts.
Table 2 provides a glossary of terms frequently used in
microbiome studies.

STRENGTH OF THE ASSOCIATION

In the Bradford Hill framework for assessment of causality, strong
associations are less likely to be explained by bias or confounding.
However, strength is not a requirement because weak associations
can also be causal."' The role of bacteria in NEC pathogenesis has
now been recognized since the 1960s.'?”'> Bacterial overgrowth is
a prominent histopathological finding in NEC lesions, and,
considering that pneumatosis, the pathognomonic sign of NEC,

signifies gaseous products of bacterial fermentation entrapped
within the bowel wall, these bacteria are believed to be
metabolically active.'®'” The occurrence of NEC almost always
after the 1st postnatal week and never in utero, the difficulty in
inducing NEC-like lesions in germ-free animals, the correlation
between bacterial invasion within the bowel wall and mortality in
surgical NEC, and the protective effect of enteral antibiotics
against NEC and NEC-related mortality, underscore the role of
bacteria in NEC pathogenesis.'®%°

NEC cases are known to cluster in time and space, and these
mini-outbreaks have long fueled a quest for transmissible
infectious triggers of NEC' Cultures of blood and other body
fluids from infants with NEC have not consistently implicated a
single agent and seem to yield a wide array of microorganisms
that are present in the NICU microenvironment and colonize
critically-ill preterm infants.?’?? Nevertheless, Gram-negative
bacteria have remained key suspects in NEC pathogenesis,
perhaps because the clinical presentation of NEC resembles
Gram-negative sepsis, and although positive blood cultures are
uncommon during acute NEC, Gram-negative bacteria such as
Klebsiella, Escherichia coli, Enterobacter, and Pseudomonas are
frequently identified in the peritoneal fluid from infants with
advanced NEC.?® These agents have also been associated with
NEC outbreaks.?*™’

In the last decade, several studies of the gut microbiome in
preterm infants have associated Gammaproteobacteria and its
constituent families Enterobacteriaceae, Vibrionaceae, and Pseudo-
monadaceae, with increased risk of NEC.'°° Wang et al.
analyzed fecal samples from a small sample of preterm infants
(10 infants with a diagnosis of NEC and 10 gestational age-
matched controls), and showed that the stool microbiome from
NEC patients clustered separately from controls and showed low
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Table 1. Bradford Hill Criteria for Causality
Criteria Explanation
Strength Strong associations are less likely to be explained by bias or confounding. Not a requirement because weak associations

Consistency
Specificity
Temporality
Biological gradient

Plausibility

Coherence

Experiment

Analogous relationships
Reversibility

can be causal.

Observed repeatedly by different investigators, in different populations, and with different study designs. Increases
confidence for causality, but is not a requirement.

Exposure is necessary and sufficient for a specific outcome. Derived from the Koch’s postulates, but may not be valid in
multifactorial disorders.

Exposure precedes the outcome in time; the only required criterion. Prospective studies provide stronger evidence of
temporality than retrospective or cross-sectional studies.

A dose-response relationship between the cause and the outcome. Biological gradients are not a requirement, because
some causal relationships have threshold doses or exhibit non-linear relationships to the risk of the outcome.

Known biological explanation for how the exposure might result in or contribute to the outcome
Known biological evidence not in conflict with other observations of the outcome.

Interventions have predictable effects on the occurrence of the outcome.

Existing information on similar cause-effect relationships.

Removal of the exposure reduces/eliminates the outcome.

Table 2.

Glossary of terms frequently used in microbiome studies

Term

Explanation

Denaturing gradient gel electrophoresis (DGGE)

V1-9 hypervariable regions

Operational taxonomic unit (OTU)

Species richness
Species evenness
Alpha diversity

Beta diversity

A technique used for separating DNA fragments by electrophoresis under increasingly denaturing
conditions such as increasing formamide/urea concentrations. The protocol can be optimized for
fingerprinting of 200-300 bp fragments of bacterial 16S rRNA genes, and was often used for
microbiome studies prior to the advent of sequencing technology.

16S ribosomal RNA gene encodes for the 30S small subunit of a prokaryotic ribosome and is used
in reconstructing phylogenies because of its relatively slow rate of evolution. Bacterial 16S gene
contains 9 hypervariable regions (V1-V9), each ranging between 30 and 100 base pairs in length
and are involved in the secondary structure of the small ribosomal subunit. Taxonomic studies
often utilize sequencing of PCR-amplicons in the V1-3 or the V3-5 regions.

Operational taxonomic unit; a group of organisms.
Conveys the number of species in a sample.
Conveys how equally abundant the species are in a sample.

Diversity in one sample; typically summarized by one or more of the following indices: (1) OTU
count: richness count for number of OTUs; (2) Shannon-Wiener entropy index: considers richness
and evenness with more weight on richness; (3) Simpson concentration index: emphasizes
evenness more than the Shannon index; (4) Chao1 index: incorporates abundance data including
rare OTUs.

Diversity between samples; typically summarized by one or more of the following indices: (1)
Bray—Curtis dissimilarity index: based on abundance data; range 0 (both samples share same
species at same abundances) to 1 (different); (2) Jaccard distance: based on presence/absence of
species, not abundance; range 0 (samples share same species) to 1 (hno common species); (3)
Serensen-Dice coefficient: similar to Jaccard, but Serensen distance retains sensitivity in
heterogeneous data and gives less weight to outliers; (4) UniFrac, based on sequence distances
(phylogenetic tree) and estimates branch length shared between two samples. Unweighted
UniFrac is based on sequence distances, not abundance, compared to weighted UniFrac, where
branch lengths are weighted by relative abundances (includes both sequence and abundance
information)

bacterial diversity with a marked increase in the relative
abundance of Gammaproteobacteria.® Torrazza et al. also noted
a distinct pattern of microbial colonization in infants who
developed NEC*® They observed a higher proportion of
Proteobacteria (61%) 2 weeks prior to NEC onset. They also
showed that the detection of a novel signature sequence
reminiscent of Klebsiella pneumoniae during the first postnatal
week was associated with later development of NEC.?® In another
study, Morrow et al. noted that the stool microbiome in infants
who developed NEC between postnatal days 19-39 days showed
more Proteobacteria, specifically Enterobacteriaceae.?® More
recently, Warner et al. showed that 28 infants who developed
NEC showed increased proportions of Gammaproteobacteria and
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less Negativicutes, compared to 94 controls.® Their statistical
models showed fecal Gammaproteobacteria to be a significant
predictor of NEC.

CONSISTENCY

There is greater confidence for causality if an exposure is
consistently linked with the outcome by different investigators,
in different populations, and with different study designs.
However, consistency is not a requirement as individual studies
can have limitations of methodology, power, and bias.>° As noted
above, the association between Gammaproteobacteria and NEC
has been noted in several important studies. However, many
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others have not found a consistent link: Millar, de la Cochetiere,
Mshvildadze, Mai, Smith, Stewart, Normann, McMurtry, Sim,
Stewart, Heida, Barron, Ravi, Romano-Keeler, Brown, Wandro, Itani
and others have identified Gram-positive bacteria as the dominant
taxa in at least some of their patients with NEC, or found no clear
patterns at all.>*®*"** A summary of all studies comparing the
enteric microbiome of infants with a diagnosis of NEC vs. those
who did not develop NEC is provided in Table 3. Clearly, most of
these studies included only a few infants in each group, and
therefore, Pammi et al. sought to evaluate the evidence by
combining 14 eligible reports in meta-analysis." The authors drew
attention to the potential fallacies of combining a few small,
heterogeneous studies, but cautiously concluded that infants with
NEC show a modest, but significantly increased proportion of
Proteobacteria, particularly Gammaproteobacteria, and lower
proportions of Firmicutes and Bacteroidetes compared to control
infants. This increase in Gammaproteobacteria abundance was
most evident in infants born at <27 weeks’ gestation, and the
pattern change was not evident until after the 3rd postnatal week
and ~30 weeks' corrected gestational age. They also found lower
alpha-diversity (fewer taxa, lower Shannon Diversity Index) in
these infants. Methodologically, there were concerns that studies
targeting the hypervariable regions V3-V5 in the 16S rRNA
bacterial gene reported higher relative abundances of Proteobac-
teria and decreased abundances of Firmicutes compared to those
targeting the V1-V3 regions. Overall, the meta-analysis confirmed
the statistical significance of the association between Gamma-
proteobacteria and NEC, but the pooled data did not show distinct
clustering of NEC and control samples by unweighted or weighted
UniFrac metrics. These findings suggested that differences in the
gut microbiome in infants who developed NEC vs. controls might
be relatively modest. Alternatively, these finding may also have
resulted from the considerable methodological, clinical, and study
heterogeneity of the included studies, indicating a need for
further investigation of this association.

SPECIFICITY

The presence of Gammaproteobacteria in the intestinal micro-
biome is neither specific, because these pathobionts have also
been associated with other neonatal diseases; nor necessary,
because all cases of NEC do not display enteric dysbiosis with
increased Gammaproteobacteria; nor sufficient, because not all
infants with dysbiosis develop NEC. Increasing information
indicates that intestinal colonization with Gammaproteobacteria
may be a normal maturational event during gut microbiome
assembly in preterm infants.**~>* La Rosa et al. evaluated the fecal
microbiome of 58 premature infants and showed that the gut
microbiota progressed through a choreographed succession of
bacterial classes from Bacilli to Gammaproteobacteria to Clostri-
dia.*> They showed that the Gammaproteobacteria abundance
peaked between 28 and 34 weeks’ post-menstrual age. To
investigate the drivers for a possible Gammaproteobacterial
bloom in some infants, they also evaluated some of the better-
known selection pressures. Antibiotic use was associated with
increased proportions of Gammaproteobacteria, but only for
infants with >26 weeks’ gestation. Human milk feedings were
associated with increasing proportions of Gammaproteobacteria
in the most premature infants. However, these exogenous drivers
of gut microbial content did not fundamentally alter the trends in
population evolution, only its pace.

In another important study, Gregory et al.”” showed that infant
gut microbiome is influenced by postnatal age, birth weight,
gestational age, and nutrition.”’ They also found a relatively
ordered succession in bacterial taxa with initial colonization
dominated by Bacilli, followed by Gammaproteobacteria, and
finally Clostridia and Bifidobacteria. They found an important effect
of diet, where infants fed mother's own milk had greater initial
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diversity in their microbiome that was most strongly influenced by
the presence of a variety of phylotypes that include lower levels of
Bacillales and Lactobacillales, in favor of Clostridia, and Enterobac-
teriales as early as 26 weeks of adjusted gestational age.

We have recently investigated the clinical antecedents of
increased fecal abundance of Gammaproteobacteria in premature
infants.>® In this study, we enrolled 45 premature infants born with
a birth weight <1500 g and analyzed their fecal microbiome first at
an early time-point within the first 2 weeks and then serially
during the 3rd and 4th postnatal weeks. Our goal was to identify
the clinical characteristics of preterm infants who developed
enteral dysbiosis, which in turn, could inform future efforts to
direct microbiome screening in a clinical setting. We hypothesized
that most premature infants begin with few Gammaproteobac-
teria in their stool and acquire these bacteria from the hospital
microenvironment or from human interaction®>>°% as a function
of postnatal age. Consistent with this hypothesis, we found that
the overall proportion of fecal Gammaproteobacteria increased
with postnatal age. Interestingly, about half of the infants in our
cohort started with a low relative abundance of Gammaproteo-
bacteria (<10%) in early stool samples and gained these bacteria
over time. However, a second subgroup within our cohort started
with very high relative abundances of Gammaproteobacteria
(>90%). This dichotomy in gut microbiome assembly was novel,
and in linear mixed models, the high Gammaproteobacteria
abundance in our 2nd cluster was associated with vaginal birth,
indicating possible vertical, mother-to-infant transmission. During
the 3rd and the 4th weeks, these two subgroups began to
resemble each other and showed comparable alpha-diversity and
Gammaproteobacteria abundance. Overall, a large proportion of
infants in our cohort showed a Gammaproteobacteria abundance
>50% - 45.5% at <2 weeks, 64.3% in the 3rd week, and 79.5% in
the 4th week. Our cohort was typical for a regional referral NICU in
the United States, without an unusually high exposure to factors
typically identified with dysbiosis in premature infants.*®°% For
instance, 42 of our 45 infants (93.3%) were receiving either
mother’s own or donor human milk even in the 4th postnatal
week, and did not receive substantial amounts of infant formula.
None received acid-blocking drugs. A majority were exposed to
antibiotics during evaluation for early-onset sepsis, but the
duration was not exceptionally prolonged in most (2.8 + 2.3 days).
Our findings suggest that enteric colonization with Gammapro-
teobacteria may not be an unusual event in VLBW infants, and
considering that NEC occurs only in a minority of these infants,
suggests that the association between Gammproteobacteria are
neither necessary nor sufficient for NEC pathogenesis. The
possibility remains that Gammaproteobacteria may constitute a
contributory factor in a larger, multifactorial schematic. These
findings also call for cautious interpretation of data from small
cohorts for a relatively rare outcome, NEC. Gammaproteobacteria
colonization and the incidence of NEC seem to peak during the
same post-menstrual epoch (31 +3 weeks). There is a need for
careful estimation of sample size to study this disorder, and the
need to interrogate an abundance of specimens prior to the event
to refute the possibility that this association is not merely an alpha
error or an artifact of confounding.

TEMPORALITY

The detection of increased fecal Gammaproteobacteria prior to
NEC is exciting for its potential value as a biomarker for risk-
stratification and its potential clinical/therapeutic implications."
As outlined in Table 2, a number of studies indicate that
premature infants who develop NEC beyond 3 weeks of postnatal
age may display such dysbiosis for several days to weeks leading
up to NEC onset.'>° Pammi et al. also showed in their meta-
analysis that infants who developed NEC showed a consistent rise
in Proteobacteria abundance with decreased Firmicutes and
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(CXCL)-8, CXCL1, CXCL2, CC-motif ligand (CCL)-2, CCL3, CCLS5,
endothelin 1, and the vascular endothelial growth factor.'®373*

The preterm intestine shows a a paucity of normal anti-
inflammatory adaptations, which further accentuate its pro-
inflammatory bias. In the adult intestine, macrophages display a
unique functional dichotomy, where these cells are profoundly
anergic to LPS and other bacterial products and yet display avid
phagocytic and bacteriocidal properties.”*#° These adaptations of
the resident macrophages promote the normal absence of
inflammation in the intestine despite close physical proximity to
luminal bacteria, and is mediated by transforming growth factor-
beta (TGF-B), particularly the isoform TGF-B,, present in the local
extracellular matrix®' The preterm intestine is developmentally
deficient in TGF-B,, and this deficiency is further accentuated
during NEC due to epigenetic modifications in the TGF-(3,
nucleosome®? During NEC, the newly recruited macrophage
precursors also display a high degree of resistance to TGF-3-
mediated non-inflammatory differentiation because of increased
expression of Smad7.2® Smad7 blocks TGF-B signaling in NEC
macrophages by competing with the activating Smads, and
sensitizes these cells to LPS through transactivation of IkB kinase-3
gene expression and augmentation of NF-kB signaling.®® The
midgestation intestine is also deficient in several negative
regulators of TLR4-NFkB signaling, including single Ig
interleukin-1-related receptor (SIGIRR), IRAK-M, tumor necrosis
factor-alpha-induced protein 3 (TNFAIP3), Toll-interacting protein
(TOLLIP), and inhibitor of kB (IkB).>*

In the preterm intestine, luminal Gammaproteobacteria are
more likely to interact with the mucosa because of a develop-
mental paucity of physical and immunological barriers. The mucus
layer contains low amounts of the protective mucin 2,2 which is
further compromised during NEC.2® There are fewer Paneth cells,
and lower expression of antibacterial proteins such as lysozyme
and a-defensins®” The deficiency of secretory IgA (slgA) is also
well known. The appearance of slgA in mucosal secretions is
delayed and increases slowly as a function of post-menstrual
age.®?" |gA responses are dominated by monomeric sigA®>%3
and the IgA1 sub-class,®® and the antibodies show low antigen
affinity, polyreactivity, and autoreactivity.”>?® In addition, the
immunoglobulin heavy chains have short complementarity-
determining regions,” which markedly lowers the potential
antibody diversity available to premature neonates.”

COHERENCE

The biological explanations for the association between Gamma-
proteobacteria and NEC are generally coherent. The two elements
that need further scrutiny are the observed lack of any correlation
between Gammaproteobacteria and FC, which is a widely
accepted marker of mucosal inflammation, and the possibility
that high Gammaproteobacteria abundance may not be uncom-
mon in premature infants.>>%*

EXPERIMENT

In the Bradford Hill framework, a causal inference is supported
when interventions (treatments or risk-factor modifications) show
a predictable effect on the outcome.!" Several studies show that
prolonged exposure to antibiotics, particularly aminoglycosides,
can shift the preterm gut microbiome towards decreased alpha
diversity and increased Gammaproteobacteria abundance. Fouhy
et al. followed the microbiome of 9 infants who received
parenteral antibiotic treatment with ampicillin and gentamicin
starting within 48 hours of birth.® Samples collected 4 and
8 weeks later showed significantly higher proportions of
Proteobacteria and reduced alpha diversity compared to controls.
In another study, Greenwood et al. showed that infants who
received 5-7 days of empiric antibiotics during the 1st week

SPRINGERNATURE

showed increased relative abundance of Enterobacter and lower
bacterial diversity in the 2nd and 3rd postnatal weeks.>® The
effects of antibiotic exposure are not consistent across studies,
and a clear effect was not detected in the studies by La Rosa et al.
who showed that antibiotics merely influenced the pace, but not
the sequence of the patterned colonization in the preterm gut
microbiome.*® Torrazza et al. also could not correlate antibiotic
usage to specific changes in microbiota.”® Pammi et al. examined
the effects of antibiotics in their meta—analysis,1 and showed
similar effects of antibiotics in both cases and controls with
increased relative abundances of Proteobacteria, and decreased
abundances of Firmicutes, Actinobacteria, and Bacteroidetes. At the
genus level, antibiotic exposure increased the relative abundances
of Klebsiella, unclassified Enterobacteriaceae, Proteus, Paenibacillus,
Epulopiscium, and Pseudomonas.

Prolonged empirical antibiotic treatment may increase the risk
of NEC in premature infants. Cotten et al. analyzed data from 5693
extremely low birth weight (ELBW) infants admitted to the 19
neonatal research network (NRN) centers.®® The median antibiotic
therapy duration was 5 days (range: 1-36 days); 2147 infants (53%)
received prolonged (>5 days) empirical therapy (center range:
27-85%) and these infants had increased odds of NEC or death.
Similar findings have been reported by Alexander et al., Esmaei-
lizand et al., Abdel Ghany and Ali, Kuppala et al., and Cantey et al,;
some of these studies have used a composite outcome of NEC or
late-onset sepsis.'®®'%*  Consistent with these observations,
Weintraub et al. noted an association between perinatal exposure
to ampicillin and NEC.'® These findings are of interest, but need
to be interpreted cautiously. In a recent study, the NRN centers re-
examined empiric antibiotic use in 5730 ELBW infants.'®® The
proportion of infants receiving prolonged early antibiotics varied
from 30 to 69% among centers and declined from 49% in 2008 to
35% in 2014. However, prolonged early antibiotic treatment was
no longer associated with NEC.

Drugs used to suppress gastric acid production such as
histamine (H)-2 receptor blockers have also been examined for
potential effects on the preterm gut microbiome and NEC. Gupta
et al. compared stool microbiome in 25 preterm infants who
received H2 blocker treatment from postnatal days 3-58 vs. 51
controls had not received such treatment.'”” The H2 blocker-
treated infants showed decreased alpha diversity and a shift
towards an increased abundance of Proteobacteria. Guillet et al.
examined data from 787 preterm infants from the NRN centers
and found antecedent H2-blocker use to be associated with
NEC.'°® More et al. evaluated this issue in meta-analysis (n=
11,346) and found a significant association between H2 blocker
use and NEC (odds ratio 1.78, 95% confidence interval 1.4, 2.27,
p < 0.00001).'%°

ANALOGOUS RELATIONSHIPS

Gammproteobacterial blooms can be seen during diverse inflamma-
tory conditions of the gastrointestinal tract, including inflammatory
bowel disease (IBD), obesity, colorectal cancer, celiac disease, and
primary sclerosing cholangitis.''® Intestinal colonization with Proteo-
bacteria has received considerable investigative attention in Crohn'’s
disease."" Similar to NEC, a specific organism has not been causally
linked with IBD, but abnormalities in the intestinal microbiome are
considered part of the underlying pathogenesis. In Crohn’s disease,
increased relative abundance of Klebsiella has been linked to an
aberrant inflammatory and T-helper cell response.''? Interestingly, a
contrarian view is now emerging on Gammaproteobacterial blooms
in IBD, where this dysbiosis is believed to be a consequence rather
than a cause of inflammation. The selection pressures implicated in
these Gammaproteobacterial blooms in the inflamed gut include
dietary changes, altered redox potential, mucin utilization, available of
metal cofactors, decreased production of antimicrobial peptides, and
horizontal gene transfer.' '
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Table 4. Bradford Hill Causality Score

Criterion Score Explanation
Strength 4 Effect size >5 in a large, well-designed clinical studies or meta-analysis
3 Low but significant difference in well-designed clinical studies or meta-analysis
2 Effect size >5 in smaller studies or in secondary outcomes
1 Differences seen in smaller studies, in secondary outcomes, or important trends
0 No difference
Consistency 4 Highly consistent results across nearly all studies
3 Consistent results in >75% studies
2 Consistent results in 50-75% studies
1 Consistent results in a few studies
0 No consistency
Specificity 4 Exposure is specific, necessary, and sufficient with high frequency of outcome in exposed population
3 Exposure is specific, necessary, and sufficient, but with low frequency of outcome in exposed population
2 Exposure is not specific to the study outcome, but is necessary and sufficient with high frequency of outcome in exposed
population
1 Exposure is not specific to the study outcome, but is necessary and sufficient with a low frequency of outcome in
exposed population
Exposure is not specific, necessary, or sufficient to cause the outcome in exposed population
Temporality Exposure always precedes outcome

Biological gradient

Plausibility

Coherence

Experiment

Analogy

Reversibility

A O = N W PH»O-=NWDMMO-=-NWDMMO-=NWIMO

w

A O = N W MO

w

Exposure precedes outcome in most instances

Exposure precedes outcome in some instances

Exposure precedes outcome in few instances

No clear evidence for temporality

High level of confidence for a dose-response effect

Some confidence for a dose-response effect

High level of confidence for a dose-response effect in particular settings

Some confidence for a dose-response effect in particular settings

No evidence for a dose-response effect

Highly plausible explanations

Some confidence in scientific explanation

Modest confidence in scientific explanation

Low confidence in scientific explanation; speculations based on correlative data

No plausible explanations

Highly coherent explanations

Modest coherence in explanations

Low coherence, explanations valid for specific subsets of patients

Low coherence, explanations valid for specific stages of disease

Major discrepancy in existing evidence

Interventions show strong evidence of an effect; studies evaluated for design, quality, consistency, directness, and
reporting bias

Interventions show evidence of an effect; studies evaluated for design, quality, consistency, directness, and reporting bias
Interventions show weak evidence of an effect; studies evaluated for design, quality, consistency, directness, and
reporting bias

Interventions show poor/inconsistent evidence of an effect; studies evaluated for design, quality, consistency, directness,
and reporting bias

No evidence of an effect

Conclusions can be extrapolated with high levels of confidence
Conclusions can be extrapolated with some confidence
Conclusions can be extrapolated with modest confidence
Conclusions may be cautiously extrapolated

No analogous conditions, or conclusions cannot be extrapolated

Interventions show strong evidence of an effect; studies evaluated for design, quality, consistency, directness, and
reporting bias

Interventions show evidence of an effect; studies evaluated for design, quality, consistency, directness, and reporting bias

Interventions show weak evidence of an effect; studies evaluated for design, quality, consistency, directness, and
reporting bias
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Table 4 continued
Criterion Score Explanation
1 Interventions show poor or inconsistent evidence of an effect; studies evaluated for design, quality, consistency,
directness, and reporting bias
0 No evidence of an effect
Table 5. Conclusions
Criteria Summary of findings Bradford Hill Causality Score
Strength Studies with larger number of subjects, and a meta-analysis show a difference 3
Consistency Modest, with many studies failing to show a difference 2
Specificity Low level support; only a minority of infants with dysbiosis develop NEC 0
Temporality Observations that dysbiosis antedates NEC are supportive 3
Biological gradient No support 0
Plausibility High level of support from preclinical data 4
Coherence High frequency of dysbiosis in VLBW infants; lack of correlation between Gammaproteobacteria 2
abundance and FC lower the level of support
Experiment Supportive observational data on exposure to antibiotics and H2 blockers 2
Analogy Supporting data from IBD 3
Reversibility No data No data
REVERSIBILITY NEC.2"""> In our own cohort,®* the absence of correlation between

There are no data yet to show that the correction of the enteric
dysbiosis by fecal transplant, specific antibiotics, or other
interventions can reduce the risk of NEC.

CONCLUSIONS

In above sections, we have presented a detailed appraisal of current
evidence supporting an association between Gammaproteobacterial
blooms in the intestine and NEC. We looked for, but did not find an
objective assessment scale for the Bradford Hill criteria. Therefore,
we developed a 5-point scale to systemically evaluate the evidence
for each of the 10 Bradford Hill criteria for causal inference (Table 4),
and then applied this new assessment metric to the association of
enteric dysbiosis and NEC (Table 5). Despite important methodolo-
gical and statistical limitations, there is support for the association
from the larger studies and a meta-analysis.'’* The evidence for
temporality, that dysbiosis antedated NEC onset, adds strength to a
possible causal inference. The role of Gram-negative bacteria in NEC
pathogenesis is highly plausible, and is supported by a considerable
amount of preclinical evidence. Corroborating observational data on
the effects of prolonged exposure to antibiotics and H2-blockers are
also supportive.

The weakness in this association is the low level of consistency
across studies, and the lack of specificity. Although a large
proportion of premature infants may develop an abnormal gut
microbiome dominated by Proteobacteria, NEC is still seen only in
a minority of these infants. Furthermore, the lack of any
correlation between Proteobacteria/Gammaproteobacteria abun-
dance and FC also calls for a better-informed definition of
dysbiosis, either by relative abundance or at higher levels of
taxonomic resolution. These unresolved concerns indicate that a
need for further work before enteric dysbiosis can be causally tied
to NEC pathogenesis.

Finally, we need to consider the possibility that the Gamma-
proteobacterial bloom antedating NEC could be a consequence,
not the cause, of mucosal inflammation. This alternative view finds
support in evidence that perinatal inflammation arising from
chorioamnionitis, prior culture-positive sepsis, or infections such
as cytomegalovirus or herpes simplex virus, may predispose to

SPRINGERNATURE

Gammaproteobacteria abundance and FC may also be consistent
with this possibility.
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