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Abstract

Background: Neonates are at risk of gastrointestinal emergencies including necrotizing 

enterocolitis (NEC) and spontaneous intestinal perforation (SIP). Identifying biomarkers to aid in 

diagnosis is imperative. We hypothesized that circulating intestinal-specific protein concentrations 

would distinguish infants with intestinal injury from controls.

Aims: To identify serum concentrations of intestinal-specific protein(s) in infants with intestinal 

injury and controls.

Methods: We used an in-silico approach to identify intestinal-specific proteins. We collected 

serum from control infants and infants with NEC or SIP, and measured protein concentrations 

using ELISA. If baseline concentrations were near the detection limit in initial control assays, we 

proceeded to assess concentrations in a larger cohort of controls and infants with injury. Control 

infants were frequency matched to infants with injury and compared with non-parametric and 

mixed-effects models analysis.

Results: We evaluated four proteins with high intestinal expression: Galectin-4 (Gal-4), S100G, 

Trefoil Factor-3, and alanyl aminopeptidase. Only Gal-4 demonstrated consistent results near the 

lower limit of quantification in controls and was studied in the larger cohorts. Gal-4 concentration 

was low in 111 control infants (median 0.012 ng/ml). By contrast, Gal-4 was significantly 

increased at diagnosis in infants with surgical NEC and SIP (n=14, p≤0.001 and n=8, p=0.031) 

compared to matched controls, but not in infants with medical NEC (n=32, p=0.10).

Conclusions: Of the intestinal-specific proteins evaluated, circulating Gal-4 concentrations were 

at the assay detection limit in control infants. Gal-4 concentrations were significantly elevated in 

infants with surgical NEC or SIP, suggesting that Gal-4 may serve as a biomarker for neonatal 

intestinal injury.
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Introduction

Necrotizing enterocolitis (NEC) is a life-threatening disease affecting premature infants 

with no reliable test to readily detect it early in its course. Symptoms at disease onset are 

often non-specific and may resemble other diseases of prematurity such as infection and 

dysmotility, highlighting the necessity to identify a reliable biomarker for both diagnosis 

and intestinal recovery. Biomarkers for diagnosis have been studied, but no unifying single 

or collection of biomarkers has been adopted universally in clinical practice. Serum and 

urine intestinal fatty acid binding protein (i-FABP) and fecal calprotectin are among two of 

the more studied markers[1,2]. Identifying reliable biomarkers is imperative to establish the 

diagnosis and understand the optimal time for feeding post-injury as these infants are at risk 

for further feeding intolerance and additional gastrointestinal complications.
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The etiology of NEC is complex and multi-factorial[3,4]. Abnormal intestinal barrier 

function and immune responses have been shown to be involved in the pathophysiology 

of NEC [3,5]. Spontaneous intestinal perforation (SIP) is another gastrointestinal emergency 

in preterm neonates that is a distinct entity from NEC[6], as it is a focal lesion without 

extensive necrosis [7,8].

We hypothesized that circulating intestinal-specific proteins could be a biomarker of 

intestinal injury in neonates. Our objectives were to 1) identify an optimal circulating protein 

from a panel of intestinal-specific proteins, 2) evaluate the natural history of this circulating 

intestinal-specific protein across gestational age and post-menstrual age in control infants 

without intestinal injury, and 3) to evaluate the same protein in infants with intestinal injury, 

NEC and SIP, at diagnosis and longitudinally following injury.

Methods

In-silico intestinal epithelial protein discovery and preliminary assays

To identify intestinal epithelial-specific proteins, we used an in-silico discovery 

approach using Human Protein Atlas (https://www.proteinatlas.org/)[9]. Filtering for 

intestinal epithelial specificity by mRNA expression and by immunochemistry identified 

Galectin-4 (Gal-4), S100G, Trefoil Factor-3 (TFF-3), and alanyl aminopeptidase (ANPEP). 

Commercial ELISA assays for Gal-4 (Novus Biologicals NBP2-60568), S100G (R&D 

Systems DCALD0), TFF-3 (R&D Systems DTFF30), and ANPEP (R&D Systems DY3815) 

were used to determine baseline concentrations. We tested each assay in cord blood of 

healthy term infants, who presumably had no intestinal inflammation at birth to determine 

baseline detection limits and used two different dilutions for each sample. From these four 

proteins, we then chose the optimal protein that was at or below the level of detection to 

evaluate further in a larger sample size of control infants and in infants with intestinal injury.

Infant Population

Infants were recruited from January 2015 to August 2019 from the neonatal intensive care 

units (NICU) of two tertiary children’s hospitals within the same healthcare system. Data 

and samples were used from multiple existing cohorts enrolling infants across gestational 

ages. Three prospective neonatal cohorts were used that enrolled infants shortly after 

birth. Two studies enrolled preterm and term infants, and one study enrolled only preterm 

infants. Regular biospecimen collection began shortly after birth. All prospective cohort 

studies from time of birth collected samples within the first week of life, and two of the 

prospective cohort studies had longitudinal samples available, which included some infants 

with intestinal injury. We have previously published a study evaluating the natural history 

of two biomarkers using these cohorts[10]. A fourth prospective study enrolled infants with 

intestinal injury, and biospecimen collection began at time of diagnosis and continued for 

up to six weeks after diagnosis. All studies were approved by the Institutional Review 

Board at Johns Hopkins Hospital and/or Johns Hopkins All Children’s Hospital. Parental 

informed written consent was obtained for all infants enrolled in the three prospective cohort 

studies that enrolled infants after birth. A waiver of consent was granted for infants only in 

the intestinal injury study, as only remnant samples from routine clinical tests were used. 
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Relevant clinical and demographic information was collected including gestational age, birth 

weight, sex, race, Apgar scores, maternal chorioamnionitis (diagnosed either clinically or 

via placental pathology), intestinal injury diagnosis (medical NEC, surgical NEC, SIP), 

diagnosis of recurrence of NEC (defined by clinical team), and feeding type at time of 

sample, if available (maternal or donor milk, formula, or combination).

Control Infants

For the control group, infants with gestational ages 24–41 weeks with at least one serum or 

plasma sample available within the first week of life were included. Excluded infants had 

a diagnosis of intestinal injury or culture positive early- or late-onset sepsis. Samples from 

the first week of life, predominantly days of life four to seven were used in the main control 

analysis. We also included a longitudinal control cohort with two preterm gestational age 

groups (24–26 weeks and 27–29 weeks), as they are at higher risk of developing intestinal 

injury than older infants. Infants had samples available at serial timepoints from the first 

week of life and had a minimum of three additional samples throughout hospital stay 

(post-menstrual age range 25.7–37.6 weeks). Serial samples were chosen between 29–34 

weeks post-menstrual age, as this is a general range when preterm infants are most likely to 

develop NEC[11].

Infants with Intestinal Injury

Infants with intestinal injury included a diagnosis of NEC or SIP. NEC was defined as 

medical or surgical NEC (Bell Stage 2 or 3, respectively)[12,13]. Infants with Stage I NEC 

were not included. SIP was defined as an isolated intestinal perforation by the clinical 

team. Diagnosis samples were generally obtained from available remnant clinical specimens 

(serum and plasma) within 24–48 hours following diagnosis, and if necessary up to 72 

hours after diagnosis pending sample availability. Following intestinal injury, longitudinal 

samples were evaluated at serial timepoints over 6 weeks of hospital stay and at time of NEC 

recurrence, if applicable.

Sample Processing

Blood samples were processed by the central lab into aliquot tubes, typically within 72 hours 

of sample collection, and the serum or plasma was frozen and stored at −80°C until assayed. 

All ELISA assays were performed at the Johns Hopkins Pediatric Proteome Center after 

determining optimal sample dilution. For samples with concentrations less than the lower 

limit of detection, the value was imputed as half of the lower limit of detection.

Statistical Analysis

Our primary outcome was the serum concentration of Gal-4 (ng/ml). Given the relatively 

small sample size and non-normal distribution, control data across gestational ages was 

analyzed with a Kruskal Wallis test and longitudinal samples were analyzed with a linear 

mixed effects model for repeated measures. For comparison of each intestinal injury cohort 

(medical NEC and surgical NEC), infants with injury were frequency matched to controls 

(1:2) by gestational age within two weeks and sex. As there were an insufficient number 

of young controls for the SIP group for a successful gestational age match, infants with 
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SIP were frequency matched (1:1) by gestational age within one week and sex. Groups 

were compared using Wilcoxon rank-sum tests for continuous traits and Fisher’s exact tests 

for categorical variables. Serial samples were analyzed with a linear mixed effects model 

for repeated measures. Given the varying presentation and underlying mechanisms of NEC 

in certain populations, sensitivity analyses were performed with relevant infants excluded 

from the analysis (infants with gastroschisis, congenital heart disease, and term gestation). 

Significance was set at p < 0.05. SAS (Version 9.4, SAS Institute Inc., Cary, NC) and 

GraphPad Prism (Version 8.2.1, GraphPad Software, San Diego, CA) software were used for 

the statistical analysis and figures.

As this was an exploratory study, we estimated needing a minimum of ten subjects per 

gestational age group in the control analysis. Our intestinal injury cohort was limited to the 

number of infants enrolled. With our sample size of 111 control infants and 56 infants with 

intestinal injury, we had 81% power to detect a two point difference in Gal-4 concentrations 

between groups with the Wilcoxon rank-sum test.

Results

Identifying Gal-4 as Target Protein

Using intestinal-specific filtering of Human Protein Atlas, S100G, TFF-3, Gal-4, 

and ANPEP were all found to have intestinal epithelial specific expression by 

mRNA and immunohistochemistry (https://www.proteinatlas.org/)[9]. To determine serum 

concentrations of these proteins, we evaluated each protein in four cord blood samples. 

Of these, only S100G and Gal-4 showed detectable, but low baseline concentrations 

(Supplemental Figure 1) which would facilitate easier discrimination of healthy infants from 

those with intestinal injury. In a repeat assay of S100G and Gal-4 (data not shown), only 

Gal-4 demonstrated consistent results at, or below the lower limit of quantification in the 

controls. Therefore, Gal-4 was selected as our target protein for further study.

Infant Demographics

We identified 111 control infants with available samples within the first week of life. 

Nineteen of these infants were identified with longitudinal samples throughout their hospital 

stay (nine infants 24–26 weeks gestational age and ten infants 27–29 weeks gestational age). 

A total of 91 samples were evaluated at serial timepoints during their hospitalization, with 

infants contributing up to six samples over the course of 72 days.

There were 56 infants with intestinal injury, of whom 46 had NEC. Of the infants with NEC, 

32 (70%) were diagnosed with medical NEC and 14 (30%) surgical NEC. There were ten 

infants with SIP. Of note, two infants had a diagnosis of SIP and later in their NICU course, 

a diagnosis of NEC. For these two infants, the samples from diagnosis of SIP were used in 

the main analysis. There were nine infants with surgical NEC and 31 infants with medical 

NEC that had at least one sample available after diagnosis.

The characteristics of both controls and infants with intestinal injury are listed in Table 1. 

The median gestational age and birth weight of the infants in the overall control cohort was 

higher compared to the intestinal injury cohorts. The SIP cohort had the smallest gestational 
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age and birth weight. Most of the infants with NEC were male (72%). The predominant race 

and ethnicity in both the control and NEC cohorts was white and non-Hispanic, respectively. 

Of the known enteral nutrition types at time of diagnosis of injury (n=39), 51% of infants 

were receiving exclusively human milk.

Gal-4 concentrations in Control Infants

The overall median Gal-4 concentration in the control cohort was 0.012 ng/ml (IQR 0.012–

0.22). The Gal-4 concentrations in gestational age groups are shown in Figure 1. There 

was no difference in Gal-4 concentrations during the first week of life across gestational 

ages (p=0.33). Gal-4 concentrations did not differ based on sex, race, ethnicity, 5-minute 

Apgar score, or maternal chorioamnionitis. Limited data on feeding was available for control 

infants (n=22); no differences were seen between feeding types (p=0.50). In infants with 

longitudinal samples, the linear mixed effects model found no significant difference in Gal-4 

over time by either gestational age (p=0.14) or post-menstrual age (p=0.46). Supplemental 

Figure 2 shows the Gal-4 concentrations of these infants across post-menstrual age.

Gal-4 concentrations in Infants with Intestinal Injury

Figure 2 shows Gal-4 concentrations by injury group compared to its matched control group 

(See Supplemental Table 1 for characteristics of matched cohorts). There was a significant 

difference in Gal-4 concentration between those with surgical NEC (median 2.54 ng/ml, 

IQR 0.2–5.15, p≤0.001) and SIP (median 0.91 ng/ml, IQR 0.31–2.69, p=0.031), and their 

respective matched control infants (median 0.012 ng/ml, IQR 0.012–0.21 and median 0.21 

ng/ml, IQR 0.012–0.46, respectively). There was no statistically significant difference in 

Gal-4 concentration between those with medical NEC and matched controls (median 0.022 

ng/ml and 0.012 ng/ml, respectively, p=0.10). Given the small sample sizes, we are not 

able to adjust for race, presence of chorioamnionitis, or Apgar score in evaluating Gal-4 

concentrations amongst injury groups. The receiver operator curve for surgical NEC at 

diagnosis and selected cut point values is shown in Figure 3, with an area under the curve 

of 0.84. Similarly, the receiver operator curve for infants with SIP shows an area under the 

curve of 0.83 (not shown, p=0.03) and a cut point of 0.55 ng/ml was determined to have an 

75% sensitivity and 88% specificity.

We additionally compared the values of Gal-4 concentration in infants with SIP and surgical 

NEC and found no significant differences (median 2.54 ng/ml vs 1.32 ng/ml, p=0.35).

Longitudinal Gal-4 Concentrations after NEC

As shown in Figure 4, changes in Gal-4 after diagnosis in infants with surgical NEC were 

variable. In a linear mixed effects model with repeated measures in these infants, there was 

a maximum of eight repeated weekly measures and there was no significant difference in 

Gal-4 over time by either gestational age (p=0.26) or post-menstrual age (p=0.36). However, 

four of the six infants with detectable concentrations at diagnosis had decreased Gal-4 

concentrations within the first one to two weeks post-diagnosis. There was one infant with 

persistent elevation in Gal-4 after diagnosis who had no reported feeding intolerance or 

recurrent NEC. Another infant with persistently elevated Gal-4 concentrations was one of 

the five infants with a NEC recurrence.
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In 31 infants with medical NEC and at least one sample post-diagnosis, a linear mixed 

effects model was run to model repeated measures with a maximum of seven repeated 

measures and found no significant difference in Gal-4 concentrations over time by 

gestational age (p=0.15) or PMA (p=0.30).

Gal-4 concentrations with NEC recurrence

Five infants had NEC recurrence; three of these infants had an original diagnosis of medical 

NEC and two had an original diagnosis of surgical NEC. The median Gal-4 concentration 

of these infants at diagnosis was 3.12 ng/ml (Range 0.02–6.7 ng/ml) and at recurrence was 

0.02 ng/ml (Range 0.006–5.86 ng/ml). When evaluating type of original NEC, at diagnosis 

the range of Gal-4 for infants with surgical NEC was 0.02–3.12 ng/ml and for infants with 

medical NEC was 1.64–6.7 ng/ml.

Sub-Analysis of Gal-4 concentrations in specific populations

There were two term infants with medical NEC. In a sensitivity analysis of only preterm 

infants with medical NEC, similar results were found with no significant difference in Gal-4 

concentrations (n=30, p=0.20).

There were four preterm infants with gastroschisis (a mix of surgical and medical NEC 

diagnoses) and three infants with congenital heart disease who also had NEC (all medical 

NEC diagnoses). Sensitivity analyses with each group excluded showed similar results to the 

main analysis. Again, there were significantly higher Gal-4 concentrations in infants with 

surgical NEC compared to matched controls with infants with gastroschisis excluded (n=36, 

p=0.001). And, there was no significant difference in Gal-4 concentrations in infants with 

medical NEC compared to matched controls when those with gastroschisis or congenital 

heart disease were excluded (n=72, p=0.25 and n=69, p=0.12 respectively).

Discussion

We evaluated four candidate proteins (Gal-4, S100G, TFF-3, ANPEP) based on intestinal 

epithelial specific expression. We consistently identified low concentrations of circulating 

Gal-4 in neonates without intestinal injury, with minimal variability across gestational and 

post-menstrual ages. In those with perforating intestinal injury, there was a significant 

elevation of Gal-4. There was no significant difference in Gal-4 concentrations in those with 

medical NEC, though several outliers did have elevated Gal-4 concentrations.

Gal-4 belongs to the galectin protein family, which bind carbohydrates and are involved 

in a large range of biological functions including inflammation, immune responses, and 

cell signaling[14]. Gal-4 is expressed almost exclusively in the gastrointestinal tract[15] 

and is involved on the enterocyte cell surface at the brush border via cross-linking 

of glycoproteins and glycolipids, stabilizing lipid rafts[16,17], and cell trafficking[18]. 

Intracellular Gal-4 has also been shown in vitro to be involved in cell proliferation, 

apoptosis, and differentiation[19] and extracellular Gal-4 is also been shown to be involved 

in cell-cell adhesion[15,20]. It has been studied in several diseases including cancers, such 

as colorectal[21,22] and breast cancer[15,23], and inflammatory bowel disease[24,25]. To 

date, Gal-4 is unexplored in neonates.
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Additionally, Gal-4 has been shown to have a role in intestinal inflammation[19,26], a 

defining feature of NEC. Our findings of elevated Gal-4 in infants with surgical NEC 

also support the role of Gal-4 in intestinal inflammation. It is noteworthy that in studying 

Gal-4 involvement in inflammatory bowel disease, both pro- (via IL-6 production) and 

anti-inflammatory mechanisms have been suggested [27,28] and the conclusive mechanism 

of Gal-4 has yet to be elucidated. Interestingly, an elevated Gal-4 was also observed in our 

study in infants with SIP despite distinct pathological differences between SIP and NEC[29] 

and a posited lesser role of inflammation in SIP compared to NEC. The elevated Gal-4 in 

patients with SIP could be due to unrecognized commonalities in the pathophysiology of 

SIP compared to NEC. Conversely, there is evidence that Gal-4 is involved in intestinal 

healing[30], and it is possible Gal-4 a role in intestinal recovery after perforation in both 

diseases.

In the control infants in our cohort, the serum concentrations of Gal-4 were all low in 

the first week of life, irrespective of gestational age. We continued to see low circulating 

concentrations of Gal-4 over time in our longitudinal samples. This is particularly important 

in a disease such as NEC that often occurs after the first week of life. Our results support 

the hypothesis that Gal-4 is not circulating at high concentrations in the absence of intestinal 

injury. Knowing the circulating concentration remains low with increasing PMA is of value 

in distinguishing intestinal injury from a developmental change in the maturing intestine 

of preterm infants. For example, in a study of i-FABP in control infants with longitudinal 

samples, we showed that i-FABP concentrations slowly increase with postnatal age[10], 

providing valuable insight into for choosing an appropriate cut off for diagnosis of NEC.

Many other biomarkers for diagnosis of NEC have been studied. In a review of serum 

biomarkers for the diagnosis of NEC by Terrin et al[31], it was stated that serum calprotectin 

(S100 A8/A9), Apolipoprotein CII, Interleukin-10, Interleukin-1ra, i-FABP and ischemia 

modified albumin may increase diagnostic accuracy but they concluded that studies were 

highly variable and more well-designed, larger cohort studies were needed. Specifically 

looking at studies of i-FABP, a meta-analysis of plasma i-FABP that included three studies 

evaluating i-FABP in diagnosing surgical NEC showed the pooled sensitivity and specificity 

was 71 and 76%, respectively[32].

In our study, we also found the Gal-4 concentrations were not significantly different in 

infants with medical NEC, though there were important outliers. The spectrum of medical 

NEC varies widely[7] and this may account for the range of circulating Gal-4 amongst 

infants with medical NEC (range 0.0055–35.9 ng/ml). These findings also support the 

concept that in general medical NEC reflects a lower degree range of intestinal injury 

(thus lower Gal-4 concentrations) as compared with surgical NEC, where greater degrees 

of intestinal injury (and thus higher Gal-4 concentrations) are expected. While Gal-4 

concentrations may not aid in making the diagnosis of medical NEC, it is possible it plays 

a role in grading the severity or post-NEC complications. For example, infants diagnosed 

with medical NEC and a later recurrence tended to have a higher Gal-4 concentration at 

original diagnosis than those who did not go on to have a recurrence (median 4.34 ng/ml 

(IQR 1.64–6.7) and 0.02 ng/ml (IQR 0.014–0.56), respectively).
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Few studies have evaluated biomarkers in intestinal recovery after NEC. Kuik et al.[33] 

showed that in a small cohort of patients with NEC (n=27), intestinal tissue oxygen 

saturation and urinary i-FABP measured after refeeding predicted intestinal recovery or post-

NEC complications. In our study, while there was no significant change in concentrations of 

Gal-4 after diagnosis of surgical NEC, it is noteworthy that Gal-4 concentrations appear to 

decrease within the first 7–14 days following injury and then remain low afterward. Among 

the five infants who had recurrence of NEC, four had an elevated Gal-4 concentration at 

the time of initial diagnosis. Of these four, three had continued elevation of Gal-4 following 

injury, despite the concentration being overall lower at time of recurrence diagnosis (data not 

shown) compared to original diagnosis. Further studies with a larger cohort are needed to 

evaluate how Gal-4 changes in infants with complications after initial intestinal injury.

This study has demonstrated a unique method of identifying a potential novel biomarker for 

neonatal intestinal injury. Identifying that the intestinal-specific protein, Gal-4, is elevated at 

time of intestinal injury compared to control infants, where it remains low, is an important 

step in identifying a potential biomarker for injury. Given the timing of sample collection in 

this study, we cannot definitively determine whether Gal-4 plays a role in the mechanism of 

intestinal injury or recovery in infants with perforation. However, we have shown that in the 

absence of NEC or SIP, circulating Gal-4 is low, suggesting that elevated Gal-4 is associated 

with severe injury of the intestinal epithelial cells.

There are limitations in our study. Because of inherent difficult in obtaining blood from 

neonates and accruing sufficient sample sizes in a rare disease, we utilized several cohorts 

that collected blood samples from various times and clinical data collection was not uniform. 

Additionally, our sample size of infants with intestinal injury was relatively small, which 

we attempted to mitigate by including infants from multiple cohorts from two centers. 

Our sample size is comparable to that of other similar studies, but it is possible that 

a larger cohort could detect greater variability in both control infants and infants with 

injury, including medical NEC. We also recognize that in current clinical practice, the use 

imaging techniques (X-ray or ultrasound) can often be used to diagnose surgical abdominal 

emergencies, highlighting the importance of prospectively evaluating the trends in Gal-4 in 

future studies. We also excluded infants with culture positive sepsis in our control group, 

which will be important to ultimately evaluate if circulating Gal-4 is elevated in these 

infants.

In conclusion, Gal-4 has the potential to be used among a panel of biomarkers to 

diagnose intestinal injury in neonates. In our cohort, the circulating concentrations of Gal-4 

are significantly elevated in infants with intestinal perforation, including both surgical 

NEC and SIP compared to control infants. Additional studies are needed to evaluate 

Gal-4 prospectively in infants that develop intestinal injury and to longitudinally evaluate 

concentrations through intestinal recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Box plot of Gal-4 concentrations in the first week of life across gestational ages. n=111. 

p=0.33.
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Figure 2: 
Box plot of intestinal injury cohorts vs. group-specific matched controls; med NEC: medical 

NEC (n=42); surg NEC: surgical NEC (n=14), SIP: spontaneous intestinal perforation (n=8). 

*p<0.05.
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Figure 3: 
Receiver operator curve and selected cut-off values for Gal-4 and diagnosis of surgical NEC.
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Figure 4: 
Spaghetti plot of surgical NEC patients with serial samples after diagnosis; Sample Day 1 = 

day of diagnosis.
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Table 1:

Infant characteristics in infants without intestinal injury (controls, non-matched) and intestinal injury groups. 

Note: Any NEC includes medical and surgical NEC patients. IQR: Interquartile range; PMA: Post-menstrual 

age

Controls (n=111)
Any NEC 

(n=46)
Medical NEC 

(n=32)
Surgical NEC 

(n=14) SIP (n=10)

Median gestational age (range) 31.3 (24–41) 29.9 (23–39) 30.3 (23–39) 29.4 (24.3–35.9) 24.4 (22.3–26.9)

Median birth weight, grams 
(IQR) 1420 (1030–2540) 1100 (735–1980) 1100 (730–2110) 1090 (725–1940) 700 (659–1010)

Small for gestational age (%) 
a

14 (13) 10 (22) 8 (25) 2 (14) 0

Sex, male (%) 56 (50) 33 (72) 24 (75) 9 (64) 6 (60)

Race (%)

Caucasian 55 (49) 25 (54) 17 (53) 8 (57) 5 (50)

Black 44 (39) 16 (35) 11 (34) 5 (36) 5 (50)

Other 13 (12) 5 (11) 4 (13) 1 (7) 0 (0)

Ethnicity (%)

Hispanic 8 (7) 5 (11) 3 (9) 2 (14) 1 (10)

Chorioamnionitis (%)

Yes 19 (17) 7 (15) 5 (16) 2 (14) 3 (30)

No 45 (40) 34 (74) 25 (78) 9 (64) 7 (70)

Unknown 49 (43) 5 (11) 2 (6) 3 (22) 0

5-minute Apgar score

Median 6 7 7 7 6

Unknown (%) 29 (26) 2 (4) 1 (3) 1 (7) 0

Enteral nutrition (%) 
b 

Nothing by mouth 7 (6) 1 (2) 1 (3) 0 (0) 2 (20)

Breast milk (Maternal or Donor 
Milk) 8 (8) 13 (28) 9 (28) 4 (29) 7 (70)

Formula 7 (6) 8 (18) 4 (12) 4 (29) 0 (0)

Combination breast milk/formula 0 (0) 7 (15) 5 (16) 2 (14) 1 (10)

Unknown 89 (80) 17 (37) 13 (41) 4 (28) 0 (0)

Median PMA (IQR) 
b 

Not applicable 34 (30.4–38.9) 35.4 (30.6–39.1) 32 (30.3–37.1) 25.2 (24.9–26.4)

Median day of life (IQR) 
b 

Not applicable 27 (15.5–40) 29 (19–39.5) 23.5 (9.8–43.3) 7.5 (5.8–10.3)

a
Small for gestational age, defined as birth weight ≤ 10th percentile.

b
At time of sample collection (first week of life for control samples or diagnosis of intestinal injury in study samples).
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