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Abstract

Objective—To evaluate the hypothesis that feeding volumes exceeding 100 mL/kg/day and 

exposure to cow’s milk formula pre-operatively increase the risk for pre-operative necrotizing 

enterocolitis (NEC) in infants with complex congenital heart disease.

Study Design—All infants, of any gestational age, with an isolated cardiac lesion at high risk 

for NEC (ductal- dependent lesions, transposition of the great arteries, truncus arteriosus, and 

aorto-pulmonary window) admitted to Texas Children’s Hospital from 2010–2016 were included. 

NEC was defined based on Modified Bell’s criteria. Feeding regimen information and relevant 

covariates were collected. Logistic regression was used to evaluate the association of feeding 

regimen and other potential risk factors with NEC.

Results—In this single center retrospective cohort of 546 infants, 3.3% developed Bell stage I-III 

NEC pre-operatively. An exclusive unfortified human milk diet was associated with a significantly 

lower risk of pre-operative NEC (OR 0.17, 95% CI 0.03–0.82, P=0.03) in a multivariable 

regression model controlling for cardiac lesion, race, feeding volume, birth weight small for 

gestational age, inotrope use pre-surgery/pre-NEC, and prematurity. Feeding volumes exceeding 

100 mL/kg/day were associated with a significantly higher risk of pre-operative NEC (OR 3.05, 

95% CI 1.19–7.90, P=0.02).
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Conclusion—The findings suggest that an unfortified exclusive human milk diet may reduce the 

risk of pre-operative NEC in infants with complex congenital heart disease.
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Necrotizing enterocolitis (NEC) is the most common gastrointestinal illness in infants. NEC 

is a complex illness with high morbidity and mortality.5–8 Most cases of NEC occur in 

premature, very-low and extremely-low birth weight infants; however, an estimated 10% of 

cases occur in full-term infants.1–3 Congenital heart disease (CHD) is a major risk factor for 

NEC and may account for as much as 33% of the cases seen in term infants.1,4 Depending 

on the study population, 1.5%−11% of infants with CHD develop NEC in the neonatal 

period.5–11 Among infants with CHD, it is theorized that those with ductal dependent 

cardiac lesions may have the highest risk of developing NEC. This is a result of diastolic 

steal from a patent ductus arteriosus leading to mucosal damage from decreased intestinal 

perfusion, predisposing the infant to NEC.12

Infants with ductal dependent cardiac lesions often have feeds held or severely limited 

during the pre-operative period due to concern for NEC,13 despite a lack of evidence for this 

practice. Although the incidence of pre-operative NEC is largely unknown, a systematic 

review of infants with CHD reported that, of those who developed NEC in a cohort of 6,683 

patients, 48% of cases occurred before cardiac surgery14. Feeding infants during the pre-

operative period may be beneficial by improving overall fluid status and stability in the post-

operative period,18 and may improve overall growth and nutrition. Prolonged periods of 

fasting result in intestinal villus atrophy as well as derangement of the intestinal microbiota,
13,15 which may increase the risk for NEC post-operatively and have a long-term impact on 

growth. As such, there is increasing recognition of the need to develop standardized feeding 

protocols that optimize nutrition and minimize the risk for NEC during the pre-operative 

period.16–19

In this retrospective cohort study of infants with complex CHD, we evaluated multiple 

potential feeding risk factors for NEC in the pre-operative period. We hypothesized that 

exposure to cow’s milk formula during the pre-operative period and feeding volumes 

exceeding 100 mL/kg/day would increase the risk for NEC in this population.

Methods

This was a retrospective cohort study of infants with complex CHD admitted to Texas 

Children’s Hospital from January 1, 2010-January 1, 2016. Infants of all gestational ages 

were enrolled into the study if they had one of the following cardiac physiologies: bi-

ventricular lesion with ductal dependent pulmonary perfusion (BiV dd-PBF), bi-ventricular 

lesion with ductal dependent systemic perfusion (BiV dd-SBF), single ventricle lesion with 

ductal dependent pulmonary perfusion (SV dd-PBF), single ventricle lesion with ductal 

dependent systemic perfusion (SV dd-SBF), single ventricle without ductal dependent 

pulmonary or systemic perfusion (SV), d-transposition of the great arteries (d-TGA), truncus 
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arteriosus, aorto-pulmonary window, severe Ebstein anomaly requiring prostaglandin, or 

Tetralogy of Fallot absent pulmonary valve.

Infants were excluded if they were admitted at >72 hours of age or had heterotaxy, 

omphalocele, gastroschisis, bowel atresia, Hirschsprung disease, imperforate anus, 

diaphragmatic hernia or hypoxic ischemic encephalopathy. Infants with cardiac anomalies 

that did not require intervention were excluded. There were no restrictions on the type of 

intervention needed, including transcatheter procedures. Infants were identified for possible 

inclusion in the study via pharmacological records or echocardiogram results. The hospital’s 

pharmacological database was used to identify patients admitted during the time frame of 

interest who received prostaglandin E1. Further, infants with the above congenital heart 

lesions were identified from the hospital’s echocardiogram database. These two lists were 

combined, duplications were removed, and each resulting medical record was reviewed for 

possible inclusion.

For the infants who met inclusion criteria, the data were retrospectively collected starting 

from admission until the first cardiac surgery, first episode of NEC, or discharge, whichever 

came first. The following data were collected for every enrolled infant: race; sex; gestational 

age; birth weight; cardiac lesion; days to first surgery; need for respiratory support, 

antibiotics, and inotropes; date feeds were initiated; type of feeds provided; largest volume 

of feeds (mL/kg/day) provided; and the feeding route that was used (oral vs nasogastric).

Cardiac lesions were categorized based on physiology. Each infant’s echocardiogram results 

were reviewed along with surgical records. Infants were defined to have single ventricle 

(SV) or bi-ventricle (BiV) disease and determined to have ductal dependent pulmonary or 

systemic perfusion based on the initial echocardiogram. Infants with d-transposition of the 

great arteries, truncus arteriosus, and aorto-pulmonary window were defined as separate 

categories as they have slightly different physiologies than those of the other groups.

Pre-operatively these infants were either admitted to the Cardiovascular Intensive Care Unit 

or the level 4 Neonatal Intensive Care Unit at Texas Children’s Hospital. At the time of this 

study, there were no institutional guidelines addressing the feeding of these infants. Feeds 

were started pre-operatively if an infant was deemed stable by the care team. Each provider, 

in conjunction with a multi-disciplinary team (consisting of cardiologists, neonatologists, 

and neonatal dietitians) could make decisions about the timing of feeding initiation, feeding 

type, feeding initiation volume, feeding advancement rate, and the feeding route. Typically, 

infants with complex CHD were fed pre-operatively in our hospital if they were 

hemodynamically stable and not requiring respiratory support, regardless of the use of a 

prostaglandin infusion. In term infants, feedings were usually initiated with mother’s own 

milk. If mother’s own milk was not available, unfortified formula or donor human milk was 

offered depending on family and physician preference. Feeds were started at a trophic 

volume of 20 mL/kg/day and advanced by 20 mL/kg/day with a total fluid restriction of 

120–140 mL/kg/day, though there were no institutional guidelines at the time of this study. 

The maximum enteral feeding volume was also at the discretion of the provider. Feeds in 

term infants were not fortified until feeding volumes exceeded 100 mL/kg/day and the infant 

failed to achieve appropriate weight gain.
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A case of NEC was defined based on Bell’s Modified Criteria (see Figure 1, available 

online).19 Each case of NEC was reviewed by two neonatologists and a radiologist to 

determine staging (Bell’s Ia-IIIb). Discrepancies were first addressed by mutual discussion 

with third party involvement if necessary. In the case of a perforation, surgical and 

pathological reports were used to differentiate between NEC and spontaneous perforation.

We limited the cohort to the last 6 years as pasteurized donor human milk has only been 

available for use in infants of any gestational age at Texas Children’s Hospital since 2009. In 

the remainder of this paper, human milk diet (HMD) will refer to feedings of either mother’s 

own milk or donor human milk.

Statistical Analysis

Quantitative variables were summarized using the median and interquartile range separately 

for the pre-operative NEC versus no NEC groups. Maximum feeding volume and gestational 

age were compared for patients with and without NEC using the Wilcoxon rank sum test. 

Bivariate associations with NEC were examined by fitting logistic regression models 

separately for each hypothesized risk factor. A multivariable logistic regression model was 

built by including all risk factors found to be significantly associated with NEC (p=0.05) and 

those that were considered to be clinically relevant covariables. SAS version 9.4 (SAS 

Institute, Inc.; Cary, NC) was used for all data analysis.

Results

We identified 878 infants for possible inclusion in the study, and 546 patients were enrolled 

(Figure 2, available online). The demographics of the final cohort are summarized in Table 

1. The cohort was predominately male, term, and Caucasian. Forty-four percent of the 

cohort had left-sided obstructive cardiac lesions. During their first hospitalization, 3.3% of 

patients developed NEC before their first cardiac surgery. Patients who developed NEC in 

the pre-operative period did so at a median age of 8.5 days, interquartile range (IQR) 5–11; 

the median age at surgery was 16 days (IQR 13–34). The median age at which feeds were 

started was 3 days (IQR 2–5). NEC developed a median of 5 days (IQR 3–10.5) after 

starting feeds. Two infants with NEC received packed red blood cell transfusions pre-

operatively.

Approximately two thirds of the cohort were fed prior to their first cardiac surgery or first 

episode of NEC (Table 2). An exclusive unfortified HMD was received by 54.5% of infants 

in the study and 25.5% attained a maximum feeding volume greater than 100 mL/kg/day. In 

bivariate analyses, an exclusive HMD and Caucasian race were associated with a lower risk 

for NEC, whereas birth at <37 weeks of gestation, feeding volumes >100 ml/kg/day and BiV 

dd-PBF cardiac lesions were associated with increased risk for NEC (Table 3).

A larger maximum volume of feeds during the pre-operative period was associated with an 

increased risk for NEC (median 100 mL/kg/day (IQR 40–140) for the NEC group versus 

median 20 mL/kg/day (IQR 0–100) for the non-NEC group, P=0.04).
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In the multivariable regression model (Table 4), an exclusive unfortified HMD was 

associated with a significantly lower risk for NEC after controlling for feeding volume, birth 

weight small for gestational age, race, inotropic support pre-operatively/pre-NEC, 

prematurity (gestational age <37 weeks), and cardiac lesion. Infants with cardiac lesions 

characterized as BiV dd-PBF had an increased risk of NEC. Compared with infants with 

other types of ductal dependent lesions, patients with BiV dd-PBF were younger (37.5 

weeks vs 38.2 weeks, p-value 0.01), waited longer for surgery (19 days vs 9.2 days, p-value 

0.008), reached larger maximum feeding volumes (103.2 mL/kg/day vs 45.6 ml/kg/day, p-

value <0.0001), and were less likely to be maintained on an exclusive unfortified HMD 

(31.9% vs 60.1%, p-value <0.001).

Additional analyses were conducted in infants who developed stage II or stage III NEC 

during the pre-operative period. Bivariate associations are summarized in Table 5 (available 

online). No risk factor for stage II or III NEC remained statistically significant when 

included in a multivariable regression model that controlled for the covariates previously 

described.

Evaluating the risk for NEC during the entire first hospital admission, including both the 

pre-operative and post-operative periods, infants with SV dd-SBF lesion were at the highest 

risk (unadjusted OR 4.30, 95% CI 2.39–7.73, p-value <0.0001).

Discussion

Our study evaluated the association between an exclusive HMD and pre-operative NEC in a 

population of infants with complex CHD and found that an unfortified HMD was associated 

with a statistically significant reduction in the risk for pre-operative NEC within this 

population after controlling for multiple covariables. We also found, contrary to past studies,
5–11 that infants with BiV dd-PBF physiology were at an increased risk of NEC in the pre-

operative period compared with those with other types of ductal dependent lesions. It is 

unlikely that infants with BiV dd-PBF lesions are truly at increased risk for NEC compared 

with infants with other types of ductal dependent lesions, but rather, this association may 

reflect current practices at Texas Children’s Hospital. We are more willing to offer 

aggressive medical therapy for younger infants with this physiology. This creates a unique 

situation, increasing their risk for NEC in the pre-operative period, simply because they have 

a longer duration of exposure to risk factors during this period. Although statistical 

methodology may help control for confounders in a retrospective cohort study, these 

methods often do not completely control for all biases. We recognize this limitation and 

acknowledge that the results of this study may be biased by the large group of infants with 

BiV dd-PBF lesions.

We found that unfortified HMD was associated with a statistically significant reduction in 

the risk for pre-operative NEC Stage I-III. When infants with Bell’s Stage I NEC were 

excluded from the analysis, the association with human milk was no longer statistically 

significant. However, we chose to include infants with Stage I NEC for the primary outcome 

because, at our institution, any condition that warrants cessation of feeds and antibiotics 

could delay surgical repair and subsequently affect the clinical course of the infant. We note 
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that two infants received packed red blood cell transfusions pre-operatively, though based on 

the timing of the transfusions, it does not appear that the transfusions were related to the 

development of NEC.

It is noteworthy that when we considered the risk for NEC during the entire first hospital 

admission, including both the pre-operative and post-operative periods, infants with SV dd-

SBF lesion were at the highest risk. Although the primary purpose of our study was to 

evaluate pre-operative NEC, post-operative NEC in infants with congenital heart disease 

deserves further investigation. This is especially true for those at-risk infants with single 

ventricle physiology given the high overall mortality rate during the inter-stage periods. As a 

result, a number of studies have focused on post-operative gastrointestinal morbidity in this 

population.16, 20–21 Our results are consistent with this observation.

Though it has not been shown previously that an exclusive HMD is protective against NEC 

in infants with complex CHD, the use of exclusive human milk diets (mother’s own milk, 

and/or pasteurized donor human milk) has been extensively studied in premature infants, and 

there is mounting evidence to support a possible biological explanation for protective effects 

in infants with complex CHD. The consensus in premature infants is that an exclusive HMD 

reduces the risk of medical NEC by 60% and surgical NEC by 90%.2, 22–25 In the premature 

infant, there are a wide variety of initial insults that can result in mucosal damage in the 

intestines, including decreased blood flow secondary to a patent ductus arteriosus, 

medications, hypotension, inflammation due to milk components in the feeds themselves, or 

abnormal intestinal flora.26–31 Current theory proposes that the initial response of the 

immune system in the immature gut is dysregulated, and once activated, triggers a cascade 

of events resulting in NEC. This dysregulated immune response leads to mucosal breakdown 

and ultimately bowel wall necrosis. Human milk appears to play an important role in 

lessening the dysregulated response and may have a protective impact on the infant’s 

microbiota, though further studies of this are needed.29–31 Though outside the scope of this 

paper, extensive research on the role of specific immune factors in the development of NEC 

is ongoing with new receptors and modulators being discovered regularly.26–31

In term infants, the immune system is typically more developed, thereby decreasing the risk 

for NEC. However, in infants with congenital heart disease, ischemia from hypoperfusion 

may serve as the trigger for dysregulation of the immune system. Similar to the preterm 

population, the numerous immune protective factors in human milk may provide a protective 

mechanism against NEC in infants with congenital heart disease who are at risk for similar 

inflammatory insults.

The protective effects of human milk against NEC in this population appear to be 

multifactorial. There are many beneficial factors of human milk including immunoglobulin 

A, lactoferrin, growth factors, and cytokines. In addition, the use of human milk has been 

thought to impact the intestinal microbiota of both preterm and term infants32. As a 

particularly vulnerable population, infants with congenital heart disease are subject to a 

number of inflammatory processes that could cause an alteration of the microbiota. These 

include hypoxia, infection, hospitalization, and exposure to antibiotics. Further, the absence 

of enteral feeding can lead to intestinal mucosal atrophy causing a loss of important cell wall 
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barriers. This can result in bacterial overgrowth and trigger an inflammatory response33, 

particularly in those infants who are already at risk for poor splanchnic perfusion. When 

these risk factors are combined, the risk of NEC may be compounded. We hypothesize that 

the unique components of human milk may dampen the inflammatory process and serve as a 

protective mechanism against NEC in this population. The association of lower volume 

feeds with a decreased risk of NEC also supports the concept of priming the gut with the 

protective factors of human milk. However, it is important to appreciate that the splanchnic 

perfusion is in a vulnerable state and could be burdened by high volume feeding.

This study was a retrospective cohort study at a single pediatric center and the associations 

described here may not be generalizable to all infants with similar lesions. The study was not 

powered to fully evaluate risk factors associated with stage II and stage III NEC in the pre-

operative period. As the symptoms of stage I NEC are notoriously non-specific there is an 

increased risk for bias in this data set. However, every attempt was made to faithfully 

identify cases of NEC. We strictly adhered to Bell’s Modified criteria for stage I NEC and 

each case of NEC was reviewed by research staff and met specific pre-designated criteria for 

inclusion. The fact that the study period was defined by the use of donor breast milk at our 

center may introduce selection bias. Although our findings suggest that an unfortified, 

exclusive human milk diet may reduce the risk for pre-operative NEC in infants with 

complex congenital heart disease, this study should be primarily viewed as a hypothesis-

generating study and further prospective randomized controlled studies are needed.
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Abbreviations

NEC Necrotizing Enterocolitis

CHD Congenital Heart Disease

BiV Bi-ventricular

BiV dd-PBF Bi-Ventricular Lesion with Ductal-Dependent Pulmonary 

Blood Flow

BiV dd-SBF Bi-Ventricular Lesion with Ductal-Dependent Systemic 

Blood Flow

SV dd-PBF Single Ventricle Lesion with Ductal-Dependent Pulmonary 

Blood Flow

SV dd-SBF Single Ventricle Lesion with Ductal-Dependent Systemic 

Blood Flow

SV Single Ventricle without Ductal-Dependent Pulmonary or 

Systemic Blood Flow
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HMD Human Milk Diet
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Figure 1. 
Clinical criteria for diagnosis of NEC by Modified Bell’s Staging.
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Figure 2. 
Flowchart of infants included in the study and reasons for exclusion.
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Table 1.

Demographics

Attribute N=546 (%)

Sex

 Male 319 (58.4)

Race

 African American 67 (12.3)

 Caucasian 453 (83)

 Asian 16 (2.9)

 Native American/Pacific Islander 1 (0.2)

 Unknown 9 (1.6)

Ethnicity

 Hispanic 197 (36.1)

APGAR Scores

 Median 1 Min. APGAR 8

 Median 5 Min. APGAR 9

Gestational Age

 Gestational Age in Weeks: Mean(SD) 38 (1.9)

 % Born at <37 Weeks 105 (19.2)

Birth Weight

 <1000g 0 (0)

 1000–1500g 7 (1.3)

 1501–2000g 29 (5.3)

 >2000g 510 (93.4)

Growth Restriction
1

 <10% 76 (13.9)

Cardiac Lesions

 SV w/ductal dep Sys. 126 (23.0)

 BV w/ductal dep Sys. 119 (21.8)

 D-TGA 89 (16.3)

 BV w/ductal dep Lung 85 (15.6)

 SV w/ductal dep Lung 61 (11.2)

 SV w/o ductal dep perf. 31 (5.7)

 Truncus 28 (5.1)

 Other
2 7 (1.3)

Necrotizing Enterocolitis

 NEC Pre-Surgery 18 (3.3)

NEC Stage

 Stage I 8 (44.4)

 Stage II 6 (33.3)

 Stage III 4 (22.2)

1
Based on the 2013 age specific Fenton Charts

J Pediatr. Author manuscript; available in PMC 2020 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cognata et al. Page 13

2
A-P Window, Severe Ebstein’s requiring PGE, Absent Pulmonary Valve
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Table 2.

Pre-Operative Feeding Exposures

Risk Factor N (%)

Any Feeds 363 (66.5)

Receiving > 100 ml/kg/day 139 (25.5)

Received feed by N
1 139 (38.3)

Exclusive Unfortified BMD
1 198 (54.5)

Received Fortification
1 63 (17.4)

Received any Formula
1 151 (41.6)

Feeds started with UAC in place
1 184 (50.7)

1
% of those patients receiving any feeds (N=363)
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Table 3.

Bivariate Associations with NEC in the Pre-Operative Period

Risk Factor Odds Ratio 95% CI P-Value

Patient Gender Female 0.56 0.22–1.43 0.22

Caucasian 0.36 0.13–0.99 0.049

<37 weeks gestation 2.79 1.06–7.39 0.04

PGE dose > 0.0125 0.82 0.31–2.20 0.68

Patient was Growth Restricted 1.79 0.57–5.60 0.32

Nasal CPAP 1.48 0.32–6.95 0.62

Mechanical Ventilation 0.93 0.28–3.10 0.91

Patient Received Inotropes 1.14 0.37–3.52 0.83

Patient Received Antibiotics 2.40 0.87–6.4 0.09

Patient had culture + bacteremia 1.74 0.21–14.6 0.61

Patient received any feeds 2.59 0.74–9.05 0.14

Feeds > 100 ml/kg/day 3.05 1.19–7.90 0.02

Received Feeds while on PGE 1.46 0.57–3.73 0.43

Received any Feeds via Ng 1.89 0.67–5.34 0.23

Exclusively unfortified Human Milk Diet 0.12 0.03–0.54 0.006

Formula Fed 2.94 0.98–8.77 0.054

Fortified Feeds 2.49 0.82–7.56 0.11

Feeds started while UAC in place 0.64 0.22–1.84 0.41

Cardiac Lesion

Patient with SV w/o ductal dep lung or sys perfusion 0.98 0.13–7.59 0.98

Patient with SV w/ductal dep pulmonary perfusion 0.99 0.22–4.43 0.99

Patient with SV w/ductal dep systemic perfusion 0.41 0.09–1.80 0.24

Patient with BV w/ductal dep pulmonary perfusion 5.95 2.29–15.46 0.0003

Patient with BV w/ductal dep systemic perfusion 0.2 0.03–1.55 0.13

Patient with dTGA 0.29 0.04–2.24 0.24

Truncus Arteriosus 1.09 0.14–8.51 0.93

Tetralogy of Fallot with absent pulmonary valve 5.12 0.58–44.89 0.14
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Table 4

Multivariate Regression Model

Risk Factor Odds Ratio 95% CI P-Value

Exclusively Unfortified BM Diet 0.17 0.04–0.84 0.03

Cardiac Lesion: BV w/ductal Dep L 3.27 1.07–9.96 0.04

Feeds >100ml/kg/day 1.02 0.32–3.28 0.97

SGA Infant 1.20 0.30–4.73 0.80

Premature Infant 1.45 0.43–4.90 0.55

Caucasian 0.37 0.11–1.21 0.10

Needed Inotropic Support Pre-Surgery/Pre-NEC 1.05 0.26–4.26 0.95
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Table 5

Bivariate Associations with Stage II/III NEC in the Pre-Operative Period

Risk Factor Odds Ratio 95% CI P-Value

Caucasian 0.28 0.08–0.99 0.05

<37 weeks gestation 6.62 1.80–23.91 0.004

SGA 1.55 0.32–7.43 0.59

Feeds > 100 ml/kg/day 4.53 1.26–16.31 0.02

Exclusively unfortified Human Milk Diet
1 0.23 0.05–1.12 0.07

Received any fortified feeds
2 3.99 1.04–15.3 0.04

Patient with BV w/ductal dep pulmonary blood flow 3.75 1.03–13.56 0.04

1
Unfortified Human Milk Vs Unfortified Formula, Fortified Human Milk, Fortified Formula

2
Unfortified Human Milk, Unfortified Formula Vs. Fortified Human Milk, Fortified Formula
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