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Abstract

Objective To understand the nutritional intake and growth outcomes of very low birth weight infants with surgical
necrotizing enterocolitis (NEC).

Study design In a retrospective cohort study, linear mixed models were used to compare growth outcomes from birth to
24 months corrected age for very low birth weight (VLBW) infants with surgical NEC to those with spontaneous intestinal
perforation (SIP). Kaplan-Meier curves were developed to demonstrate the duration of parenteral nutrition (PN) use.
Result Height differed by surgical NEC and SIP over time (interaction p = 0.03). Surviving infants with surgical NEC had
lower head circumference z-scores at 24 months. Of infants surviving surgical NEC, 71% received PN for >60 days after
diagnosis.

Conclusion The majority of infants with surgical NEC have a delay in achieving enteral autonomy. There was a difference in

linear catch-up growth over time between infants with SIP and surgical NEC at 24 months.

Introduction

Growth failure in preterm infants following necrotizing
enterocolitis (NEC) is multifactorial. Inability to provide
enteral feeding during the acute phase of the disease,
incomplete bowel length following surgical resection,
malabsorption, and complications like obstruction or
stricture are all risk factors for growth failure even with
use of parenteral nutrition (PN). Infants with severe
NEC are at risk for intestinal failure, or the inadequate
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intestinal absorption of nutrients that leads to growth
failure and dependence on PN [1]. Optimizing growth in
these infants can improve neurodevelopmental outcomes
[2]. It is known that higher parenteral protein provision
following surgery for NEC leads to improved head cir-
cumference growth [3]. Understanding which of these
factors are modifiable will assist care providers in
focusing resources.

To better understand the growth outcomes for preterm
infants with NEC, we studied very low birth weight
(VLBW) infants with surgical NEC and compared their
management and long term growth outcomes to those with
spontaneous intestinal perforation (SIP). VLBW infants
with SIP were chosen as the control as they were expected
to have comparable average birth weights and gestational
ages. Additionally, both groups experience a surgical pro-
cedure and are expected to receive similar management by
being cared for by the same group of surgeons and neo-
natologists (e.g., ventilator support, antibiotic use, etc.).
These groups might have different functional ability to
achieve enteral autonomy, or independence from PN [4].
We hypothesized that infants with surgical NEC would
have restricted growth in comparison to infants with SIP,
and that this would be attributable to differences in nutri-
tional provision.


http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-020-00880-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-020-00880-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-020-00880-z&domain=pdf
http://orcid.org/0000-0002-2592-8046
http://orcid.org/0000-0002-2592-8046
http://orcid.org/0000-0002-2592-8046
http://orcid.org/0000-0002-2592-8046
http://orcid.org/0000-0002-2592-8046
http://orcid.org/0000-0002-7698-5059
http://orcid.org/0000-0002-7698-5059
http://orcid.org/0000-0002-7698-5059
http://orcid.org/0000-0002-7698-5059
http://orcid.org/0000-0002-7698-5059
mailto:Kera.mcnelis@cchmc.org

Delay in achieving enteral autonomy and growth outcomes in very low birth weight infants with surgical... 151

Subjects and methods

This retrospective study included all infants admitted to a
Level IV, referral neonatal intensive care unit (NICU) with
dates of birth between 1/1/2011 and 12/31/2016 with a
diagnosis of either NEC or SIP. This institution provides
consistent nutritional management for such patients with
oversight by a dedicated NICU intestinal rehabilitation
rounding team. The Institutional Review Board at Cincin-
nati Children’s Hospital Medical Center (CCHMC)
approved this study prior to initiation of study procedures
(IRB# 9223). The list of potentially eligible subjects was
generated through billing codes in the electronic medical
record (Fig. 1). This data set was also used in a separate
analysis; details of classification of the infants is described
elsewhere [5]. Manual chart review of clinical and surgical
data including progress notes, surgical reports, and pathol-
ogy reports, was accomplished through agreement by two
study investigators to verify diagnosis and determine study
inclusion. A third investigator adjudicated in case of dissent.
Subjects were excluded if they did not meet diagnostic
criteria for either SIP or NEC, if they had a birth weight
greater than 1500 g, if they had a diagnosis of both SIP and
NEC, or if NEC or SIP was a historical diagnosis and infant
did not receive care for the disease during the admission at
the study institution. Infants were excluded if they had a
congenital gastrointestinal anomaly such as gastroschisis.
NEC was classified by the modified Bell’s staging criteria,
and infants were designated “surgical NEC” if they received
a peritoneal drain or laparotomy for treatment of NEC
[6, 7]. Study data were extracted from the electronic med-
ical record, and then collected and managed using Research

Fig. 1 Flow diagram of study
subject selection. Potentially
eligible subjects were generated
through billing codes. Manual
chart review was completed with
exclusion of ineligible infants.

Electronic Data Capture (REDCap) tools hosted at CCHMC
[8].

Extracted data included demographic and baseline char-
acteristics and surgical interventions. Details of enteral
feeding, parenteral nutrition provision, and growth were
included at multiple time points through initial hospitali-
zation and follow up visits through 24 months corrected
age. Subjects were considered to have achieved enteral
autonomy if their growth and nutrient accretion was suc-
cessful after discontinuation of PN per their clinician.
Complete anthropometric measurements were trended
weekly during hospitalization and during appointments in
the neonatal high risk follow up clinic after discharge. In the
follow up clinic, recumbent length was measured with
length boards and a single examiner. Head circumference
was measured with a non-stretch tape. Anthropometric z-
scores were derived from the Fenton growth chart through
50 weeks corrected age and World Health Organization
growth charts thereafter [9, 10].

Data were extracted from surgical notes. The actual
remaining small bowel length was directly measured by the
surgeon during the operation. Expected bowel length values
were generated per corrected age, weight, and height for the
infant on the day of surgery using Struijs’ normative
reference data [11], and these three values were averaged.
The percent of remaining small bowel length was then
calculated by dividing the directly measured actual
remaining bowel length by the expected normative intest-
inal length per Struijs.’

Statistical software JMP Pro Version 14.0 (SAS institute,
Cary, North Carolina) was used for analysis of de-identified
data. Comparison of categorical demographic and outcome

Infants born 1/1/11-12/31/16
with diagnostic code for
necrotizing enterocolitis (NEC) or
spontaneous intestinal perforation (SIP)
(n=301)

Excluded:

« Did not meet diagnostic criteria (n=96)
Birthweight >1500g (n = 56)
Both SIP and NEC (n = 6)
No treatment for NEC or SIP at
institution (n = 31)

Included in final analysis

(n=112)
SIP Medical Surgical NEC
(n=25) NEC (n=41)
‘ (n=46)
[
SIP survivors to discharge Medical NEC Surgical NEC
(n=19) survivors to discharge survivors to discharge
(n= 43) (n=14)
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characteristics of surviving infants with SIP and surgical
NEC was made with Fisher’s exact tests. Wilcoxon rank-
sum test were used for group comparisons of continuous
variables. Log-rank tests from Kaplan—Meier analyses were
used to compare the duration of PN for surviving infants
with medical NEC, surgical NEC, and SIP. Linear mixed
models were used to compare longitudinal growth outcomes
(weight, height, head circumference) by NEC and SIP
groupings. The following variables were considered for
inclusion in each model: NEC/SIP status, study visit, NEC/
SIP by visit interaction, gestational age, and sex. Modeled
means and 95% confidence intervals were calculated by
NEC/SIP status and study visit. All significance tests were
two-sided with a critical alpha level of 0.05.

Results

Three hundred and one unique infants were identified as
potentially eligible through electronic medical record
extraction. Of these, 112 met inclusion criteria (Fig. 1).
Most of the infants who were excluded for birth weight
>1500 g had a congenital anomaly that posed additional risk
for ischemic bowel disease, such as gastroschisis. The 46
infants with medical NEC were only included in the ana-
lysis of PN duration. Of the 25 VLBW infants with SIP,
19 survived to hospital discharge. Two infants with SIP
died after initial hospitalization of unknown causes (unex-
pected deaths at home, one of these infants had a ven-
triculoperitoneal shunt), so that 17 infants were followed to
24 months corrected age. The final analysis included 41
VLBW infants with surgical NEC, of which 14 survived to

hospital discharge. The majority (73%) of infants with
surgical NEC who did not survive to NICU discharge died
within 72 h of diagnosis of NEC. One infant with NEC died
unexpectedly after initial hospitalization at home; this infant
had a tracheostomy tube.

Table 1 shows the baseline and outcome characteristics
of the surviving VLBW infants with a history of SIP or
surgical NEC. There were no statistically significant dif-
ferences in the demographic characteristics of these infants.
There were no statistically significant differences in
comorbidities related to prematurity, with the exception of
cholestasis. Other than complications related to prematurity,
one of the infants with surgical NEC also had Tetralogy of
Fallot, and one infant with SIP had a sacrococcygeal
teratoma.

Infants with surgical NEC were discharged at a sig-
nificantly later corrected age, and this was due to a longer
length of stay and not an earlier gestational age at birth
(Table 1). The median length of small bowel remaining in
this group was 86.1% (interquartile range 39.9% — 97.0%).
Only 1 of 14 (7%) surviving VLBW infants with surgical
NEC were diagnosed with NEC totalis at first laparotomy.
Four of 14 (29%) qualified for a diagnosis of short bowel
syndrome using a definition of <50% remaining short
bowel.

Figure 2 displays the duration of PN provision for sur-
viving VLBW infants with each stage of NEC and infants
with SIP after the respective diagnosis was made. Surviving
VLBW infants with surgical NEC had a median duration of
89 days (95% CI: 29, 188), significantly longer than that for
infants with medical NEC (29.5 days [95% CI: 23, 43];
p <0.001) and infants with SIP (35 days [95% CI: 27, 53],

Table 1 Comparison of
surviving infants with surgical

Surgical NEC, n =14 SIP, n=19 p value

necrotizing enterocolitis or
spontaneous intestinal
perforation.

Baseline characteristic
Birth weight (g)
Gestational age (weeks)
Gender, female
Antenatal steroids
Comorbidity

Culture (+) sepsis

Bronchopulmonary dysplasia

Intraventricular hemorrhage, Surgical-4

Patent ductus arteriosus

Retinopathy of prematurity requiring treatment

Cholestasis(Direct bilirubin > 2)
Management

Length of stay (days)

Corrected age at discharge (weeks)

Initial management: laparotomy

765 (650-1030)
25.9 (24.7-27.7)

855 (732-1157) 0.38
26.6 (25.3-28.6) 0.43

57.1% (8) 47.4% (9) 0.73
16.7% (2) 15.8% (3) 1.0

57.1% (8) 36.8% (7) 0.30
78.6% (11) 63.2% (12) 0.46
21.4% (3) 26.3% (5) 1.0

71.4% (10) 42.1% (8) 0.16
21.4% (3) 15.8% (3) 1.0

64.3% (9) 26.3% (5) 0.03
180 (108-269) 101 (77-135) 0.01
50.5 (41.6-58.8) 41.9 (39-46.6) 0.03
78.6% (11) 42.1% (8) 0.04

Data are median (interquartile range) or percent (number).
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p =0.004). Duration between infants with medical NEC
and SIP did not statistically differ (»p = 0.27). The majority
(10/14, 71%) of surviving VLBW infants with surgical
NEC received PN for greater than 60 days. A substantial
minority (6/14, 43%) of this group received PN for
>90 days. Two of these infants remained on PN at a year of
life.

Initial enteral feeding was maternal breast milk when
available or supplemental pasteurized donor milk from the
OhioHealth Mothers’ Milk Bank (Columbus, OH). Infants
were not discharged home with donor milk and were tran-
sitioned to a supplement formula prior to discharge
(Table 2). Both groups received on average 24 kcal/oz
enteral feeds at discharge. Three infants with surgical NEC
were discharged to home with PN, and these infants received
each 45, 51, and 116 mL/kg of enteral feeding volume in
addition to PN. While only 10.5% of infants with SIP had a
subsequent hospitalization related to bowel disease com-
pared to 38.5% of infants with surgical NEC, this did not
reach statistical significance (p =0.09). There was not a
statistically significant difference in the total number of
gastroenterology, neonatal, and surgery follow up appoint-
ments in the first 24 months of corrected age between infants

Parenteral Nutrition Exposure After Diagnosis
100~ )
=-= medical NEC
= surgical NEC

sP

80 !
60-
40-

20

Percent on Parenteral Nutrition
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Fig. 2 Duration of parenteral nutrition exposure after diagnosis of
necrotizing enterocolitis or spontaneous intestinal perforation.
This Kaplan-Meier curve displays duration of parenteral nutrition
exposure (days) in 19 very low birth weight (VLBW) infants diag-
nosed with spontaneous intestinal perforation, 43 VLBW infants with
medical necrotizing enterocolitis (NEC), and 14 VLBW infants with
surgical NEC. Included infants survived to hospital discharge.

with surgical NEC (median 9 appointments) and infants with
SIP (median 6 appointments, p = 0.12).

At 18-24 months corrected age, three surviving infants
with SIP were missing anthropometric data and two sur-
viving infants with surgical NEC were missing anthropo-
metric data. Weight z-scores did not differ by NEC/SIP
status over time (interaction p = 0.2), nor did the surgical
NEC and SIP groups differ globally (p =0.77, Fig. 3).
However, values did differ over time (p <0.001) for the
entire cohort. Specifically, weight z-scores decreased from
birth to discharge (p<0.001), then increased from 4 to
8 months to 18-24 months (p =0.001). Height z-scores
were found to differ by surgical NEC/SIP status over time
(interaction p =0.03, Fig. 4. For surgical NEC patients,
values significantly decreased from birth to discharge (p =
0.002), and remaining similar through 18-24 months.
Among SIP patients, height z-scores declined from birth to
discharge (p <0.001) and again at the first follow-up visit
(p =0.044), then increased from 15-18 months to
18-24 months (p = 0.03). Head circumference z-scores did
not differ by NEC/SIP status over time (interaction p =
0.13), nor did the surgical NEC and SIP groups differ
globally (p = 0.87, Fig. 5). However, values did differ over
time (p = 0.04) for the entire cohort. Head circumference z-
scores decreased from birth to discharge (p =0.03), then
remained similar through 18-24 months.

Discussion

In this study we found that height z-score differed between
SIP and surgical NEC over time. Although both cohorts had
significantly decreased height z-scores from birth to dis-
charge, SIP infants had more catch up growth at
18-24 months of corrected age whereas the height z-scores
of surgical NEC infants remained similar from discharge to
18-24 months of corrected age. We did not find a statisti-
cally significant difference in the weight outcomes in
VLBW infants with surgical NEC or SIP. This is a sur-
prising finding, given that infants with surgical NEC
underwent bowel resection, had longer length of stay during
their initial NICU hospitalization, and had greater use of PN
and elemental formula compared to SIP infants. Although it

Table 2 Comparison of
nutritional management of

Surgical NEC, n =14 SIP, n=19 p value

former very low birth weight
infants with surgical necrotizing
enterocolitis or spontaneous
intestinal perforation.

Gastrostomy tube placement

Elemental formula prescription at 15-18 months

corrected age

Whole cow’s milk at 15-18 months corrected age

Elemental formula at hospital discharge

Discharge home with parenteral nutrition

42.9% (6/14)
78.6% (11/14)
21.4% (3/14)
50% (6/12)

15.8% (3/19)  0.12
21.1% (4/19)  0.001
0% (0/19) 0.07
0% (0/16) 0.03

17% (2/12) 50% (8/16) 0.11

Data are median (interquartile range) or percent (number).
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Fig. 3 Change in weight z-scores in very low birth weight infants
with surgical necrotizing enterocolitis or spontaneous intestinal
perforation from birth through hospital discharge and follow up at
24 months corrected age. Z-scores were calculated using the Fenton
growth chart through 50 weeks corrected age and World Health
Organization growth charts thereafter [9, 10]. Linear mixed models
were used to compare longitudinal weight outcomes by surgical
necrotizing enterocolitis (NEC) and spontaneous intestinal perforation
(SIP) groupings. Modeled means and 95% confidence intervals were
calculated by NEC/SIP status and study visit.

Height Z-score by Group & Visit.
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Fig. 4 Change in height z-scores in very low birth weight infants
with surgical necrotizing enterocolitis or spontaneous intestinal
perforation from birth through hospital discharge and follow up at
24 months corrected age. Z-scores were calculated using the Fenton
growth chart through 50 weeks corrected age and World Health
Organization growth charts thereafter [9, 10]. Linear mixed models
were used to compare longitudinal height outcomes by surgical
necrotizing enterocolitis (NEC) and spontaneous intestinal perforation
(SIP) groupings. Modeled means and 95% confidence intervals were
calculated by NEC/SIP status and study visit.

was not a statistically significant difference, there was a
trend towards higher numbers of subspecialist follow up
appointments and additional hospitalizations in the group
with surgical NEC. While many of these infants met the
classic definitions of “extrauterine growth failure” or
“postnatal growth failure” (weight< 10th percentile at

SPRINGER NATURE
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Fig. 5 Change in head circumference z-scores in very low birth
weight infants with surgical necrotizing enterocolitis or sponta-
neous intestinal perforation from birth through hospital discharge
and follow up at 24 months corrected age. Z-scores were calculated
using the Fenton growth chart through 50 weeks corrected age and
World Health Organization growth charts thereafter [9, 10]. Linear
mixed models were used to compare longitudinal head cir-
cumference outcomes by surgical necrotizing enterocolitis (NEC) and
spontaneous intestinal perforation (SIP) groupings. Modeled means
and 95% confidence intervals were calculated by NEC/SIP status and
study visit.

discharge), experts have recently suggested that other
growth metrics are more important for predicting neurode-
velopmental outcomes [12]. Postnatal head-sparing growth
may be critical to optimize neurodevelopment, and this is
important as infants with NEC are at risk for neurodeve-
lopmental impairment [13-16].

These results are consistent with previous studies which
demonstrated that preterm infants with surgical NEC have
growth failure at 18—-24 months [17-19]. Our study is novel
in that it adds the details of nutritional management and
reveals the growth differences in surgical NEC despite the
prolonged duration of PN. Enteral autonomy is a con-
sideration for classifying infants with intestinal failure, as
this functionally defines whether infants are dependent on
PN for survival. One definition of intestinal failure in
infants is the need for PN for greater than 90 days [4, 20].
Other experts use a cutoff duration of 60 days [21, 22].
Using either definition, a substantial proportion of infants
with surgical NEC fulfilled the criteria for intestinal failure.
This was true even though only 29% of these infants had
short bowel syndrome per remaining intestinal length. In
addition, 19.5% of the infants with medical NEC received
>60 days of PN after diagnosis. Notably, most infants with
medical NEC would be cared for in the regional Level 3
birth hospitals and only transferred to CCHMC for the need
for subspecialist care, so this represents a biased population
of infants with medical NEC. It is clear that the ability to
achieve enteral autonomy is more complex than the length
of bowel resected.
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One limitation of the study is the small sample size,
thereby limiting statistical power to detect differences by
surgical NEC and SIP groupings. The beginning of the
epoch for inclusion was chosen to follow infants after
institutional changes were made to the care of preterm
infants, such as establishment of a donor milk protocol [23].
The endpoint was chosen so that all included infants would
have growth outcome and follow up data through
24 months corrected age. Along with the low rates of NEC
at our institution, this limited the potential sample size.
Multicenter studies or networks might be able to generate a
larger sample size, but they may have difficulty attaining the
level of detail in management choices that we are able to
describe. The results of this study may help inform future
larger, multicenter studies.

The local protocols and management style of our institu-
tion and intestinal rehabilitation team may limit the general-
izability of this study [24]. Use of elemental formula as a
supplement to maternal milk following surgical NEC, for
example, is part of our evidence-based approach to allow for
bowel adaptation that may be center-specific [4, 24, 25].
Although patient and family variables are factored into a
decision to place a gastrostomy tube or send an infant home
with PN, there may be considerable center-based variations in
care [21]. Our intestinal rehabilitation team considers con-
tinuous enteral feeding to be a critical element to assist in
bowel remodeling for patients with intestinal failure, and
gastrostomy tubes are placed to deliver continuous enteral
feeding. Some of the foci of management strategies at our
center include careful postoperative fluid and nutritional
management, early and aggressive enteral feeding advance-
ment, and use of PN to achieve goal macronutrient provision
[25]. There is emerging literature on biomarkers to predict
intestinal recovery [26]. Novel treatments such as teduglutide,
a recombinant human glucagon-like peptide-2 analog that
promotes an intestinal adaptive response, may be the next
strategy to achieve enteral autonomy in these patients [27].

Conclusion

Although the minority of infants with surgical NEC quali-
fied as having short bowel syndrome using a remaining
bowel length definition, the majority of the group had a
duration of PN > 60 days which is suggestive of physiolo-
gical intestinal failure. VLBW infants with surgical NEC
did not demonstrate catch-up linear growth as did infants
with SIP by the 18-24 month corrected age follow up visit.
Through 24 months corrected age, there was no difference
in weight z-scores between patients with surgical NEC and
those with SIP. In addition to careful PN provision and use
of elemental formula, novel therapeutics such as teduglutide
might be the next area of research to help infants recovered
from surgical NEC to achieve enteral autonomy.
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