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Abstract

Purpose We evaluated the diagnostic utility of abdominal ultrasound (AUS), an adjunct to abdominal X-ray (AXR), for
necrotizing enterocolitis (NEC) in congenital heart disease (CHD) patients.

Methods 86 patients with suspected NEC from 2009 to 2018 were classified as with CHD (n = 18) if they required cardiac
intervention versus without CHD (n = 68). Clinical and radiological data were collected, including AXR and AUS concord-
ance. Wilcoxon rank-sum test and Fisher’s exact test were performed.

Results CHD patients had higher birth weights (p <0.001) and gestational ages (p <0.001) than non-CHD patients. CHD
patients presented more frequently with hypotension (p =0.041) and less frequently with bilious emesis (p <0.001). Overall,
CHD patients were less likely to have AUS findings of pneumatosis (33.3 vs. 72.1%; p = 0.005) and decreased mural flow (0
vs. 20.6%; p = 0.035) compared to non-CHD patients. On concordance analysis, CHD patients had 3.9-fold more discordant
studies with pneumatosis on AXR but not on AUS (33.3 vs. 8.8%; p=0.016) compared to non-CHD patients. Urgent surgery
was required in 5.6% of CHD patients versus 16.2% of non-CHD patients.

Conclusion CHD patients with suspected NEC represent a distinct clinical population. AUS has particular utility in assessing
findings of bowel viability in the CHD NEC population, reflecting reduced rates of surgical NEC.

Keywords Necrotizing enterocolitis - Abdominal ultrasound - Abdominal radiograph - Cardiac - Congenital heart disease -
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Necrotizing enterocolitis (NEC), characterized by inflamma-
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tion and necrosis of the bowel, is most commonly a disease
of the preterm neonate. However, NEC is also seen less fre-
quently in full-term neonates, often in the setting of complex
congenital heart disease (CHD) [1-3]. The development of
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NEC in CHD patients may be related to bowel hypoperfu-
sion [4] and is most frequently reported in CHD patients
with single ventricle physiology [5-7]. In addition to the
previously reported different demographics of CHD and
non-CHD patients with NEC, reduced rates of surgical
NEC have also been reported in CHD patients. This find-
ing reflects decreased rates of full-thickness bowel ischemia
and bowel perforation in the CHD population [1, 8]. CHD
patients with surgical NEC have also been shown to present
with more frequent colonic involvement compared to non-
CHD patients, potentially highlighting a different underlying
pathophysiology [9].

Despite the different clinical course of CHD patients with
suspected NEC, there have been few studies focusing on the
role of specific radiological findings in evaluating for sus-
pected NEC in CHD patients. Abdominal ultrasound (AUS)
has emerged as a valuable diagnostic adjunct to abdominal
X-ray (AXR) in the general NEC population [10]. Despite
the limitations associated with its user-dependent nature,
AUS plays an important role in the setting of indetermi-
nate or non-specific AXR findings during an evaluation for
NEC [10, 11] with the potential benefit of reducing radia-
tion exposure from serial AXR. AUS, like AXR, can assess
for pneumatosis, portal venous gas, and pneumoperitoneum.
It can also uniquely provide a detailed evaluation of the
character and volume of free intra-abdominal fluid, iden-
tify focal fluid collections, and assess bowel wall thickness,
peristalsis, and perfusion [12—17]. Recent studies have sug-
gested that AUS may have increased sensitivity for bowel
ischemia compared with AXR [18, 19]. More detailed bowel
assessment may be particularly helpful in ruling out bowel
ischemia in CHD patients with a lower clinical suspicion for
surgical disease.

In this study, we primarily aimed to evaluate if AUS plays
a unique role in discriminating suspected NEC specifically
in the CHD population. First, we compared demographic
and clinical features of patients with and without CHD
undergoing evaluation for suspected NEC. Next, we com-
pared radiological findings over the admission as well as
concordance between paired AUS and AXR for findings of
pneumatosis, portal venous gas, and pneumoperitoneum in
patients with and without CHD. Lastly, clinical outcomes
including rates of surgical NEC were compared between
patients with and without CHD.

Materials and methods

This is an IRB-approved multicenter retrospective review
performed at three level III-IV newborn intensive care units
(NICUs) in Boston, Massachusetts with pediatric surgery
consultation at all three sites provided by Boston Children’s
Hospital. Data were collected and managed using REDCap
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(Research Electronic Data Capture), which is a secure, web-
based software platform designed to support research data
capture studies [20, 21].

Medical records of patients undergoing imaging evalua-
tion and surgical consultation with concern for NEC from
2009 to 2018 were reviewed for demographic, clinical, and
imaging data. To be included in the study, patients had at
least one paired AXR and AUS occurring within a 24-h
period to facilitate concordance analysis. AUS was per-
formed at the discretion of the provider and was not per-
formed routinely in all patients undergoing evaluation for
NEC. Demographic, clinical, and imaging data were com-
pared between patients with and without CHD. Patients were
classified as having CHD if they had structural or functional
cardiac disease (including severe cardiomyopathy with heart
failure) that required open surgical or catheter-based inter-
vention, excluding isolated patent ductus arteriosus (PDA).
Details of specific structural anomalies were collected. In
the non-CHD cohort, the presence of structural anomalies
not requiring intervention was recorded. A sub-analysis was
performed comparing non-CHD patients who did or did not
require PDA ligation.

Additional demographic and clinical characteristics were
compared between CHD and non-CHD patients. Outborn
status was defined as a patient requiring transfer from an
outside hospital to one of the three NICUs. Risk factors for
NEC, signs or symptoms of NEC prompting imaging evalu-
ation, and need for respiratory support at time of NEC evalu-
ation were also compared.

Imaging findings were collected from AXR and AUS
reports if the study indication included clinical concern for
NEC or surveillance after previous abnormal studies with
ongoing concern for NEC. Single- or two-view AXR was
performed by radiology technologists and read by expe-
rienced pediatric radiologists. The two-view films were
variable including supine with left lateral decubitus, supine
with cross-table lateral, and prone with left lateral decubitus.
AUS studies were performed by sonographers and read by
pediatric radiologists at two of the three centers (Boston
Children’s Hospital and Boston Medical Center) or adult
obstetrical radiologists at the third center (Brigham and
Women’s Hospital).

AXR and AUS findings were collected from studies
occurring at any time point during the admission when the
patient was being evaluated for NEC. These findings were
compared between patients with and without CHD. Findings
on either AXR and/or AUS included pneumatosis, portal
venous gas, and pneumoperitoneum. Additional AUS find-
ings included echogenic free fluid, focal fluid collection,
bowel wall thickening (>2.6 mm) or thinning (< 1.1 mm)
[12], decreased bowel wall mural flow, echogenic bowel,
and hyperemic bowel. Alexander et al. provide examples
of these AUS imaging findings [22]. Evaluation of bowel
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peristalsis was not routinely performed at all three centers,
so these findings were not included. Imaging findings were
considered positive if reported at least once during the hos-
pital course.

Concordance for the presence of pneumatosis, portal
venous gas, and pneumoperitoneum between paired AXR
and AUS studies was also compared between CHD and
non-CHD patients. Concordance analysis was performed
only on paired AXR and AUS studies occurring within a
24-h window. If multiple AXRs were performed within that
24-h period, the last AXR performed before the AUS was
selected. If a patient had multiple paired studies throughout
the hospital course, only the first study pair with a positive
result on either AXR and/or AUS for pneumatosis, portal
venous gas, and/or pneumoperitoneum was included. If
the patient had no positive paired studies over the hospital
course, then the first negative paired study was included.
Suspicious AXR findings for pneumatosis such as “bubbly
lucencies concerning for NEC” were considered positive.

Several clinical outcomes during the admission were
compared between the CHD and non-CHD patients includ-
ing the need for surgical intervention for NEC, NEC-related
mortality, and overall mortality. Surgical intervention was
classified as either acute intervention (referring to primary
peritoneal drainage (PPD) alone, laparotomy alone, or PPD
plus laparotomy) versus delayed surgical intervention for
NEC-related stricture. The duration of the first antibiotic
course for NEC treatment and time to resume full enteral
feeding after initial concern for NEC were also compared.

Statistical analysis

The non-parametric Wilcoxon rank-sum test and Fisher’s
exact test were used, as appropriate, to compare CHD and
non-CHD patient characteristics, radiological findings, and
clinical outcomes on univariate analysis. Fisher’s exact test
was used to compare concordance categories for AXR and
AUS findings between CHD and non-CHD patients. The
same analyses were used to compare non-CHD patients who
did versus did not undergo PDA ligation. Statistical analyses
were performed using Stata version 16.0 (StataCorp, College
Station, Texas). A two-sided p-value < 0.05 was considered
statistically significant.

Results

Patient demographics

In this study, 86 patients with concern for NEC had at
least one paired AXR and AUS. Of the 86 patients, 68

(79.1%) underwent single-view AXR, while 18 (20.9%)
underwent two-view AXR. For the two-view AXR, the

views included supine and left lateral decubitus (n =15;
83.3%), supine and cross-table lateral (n=2; 11.1%), and
prone and left lateral decubitus (n=1; 5.6%).

There were 18 patients with CHD requiring cardiac
intervention. CHD anomalies requiring intervention
included hypoplastic left heart syndrome (n=5; 27.8%),
Tetralogy of Fallot (n=3; 16.7%), severe cardiomyopathy
and/or heart failure (n=3; 16.7%), atrioventricular canal
defect (n=2; 11.1%), double outlet right ventricle (n=2;
11.1%), partial anomalous pulmonary venous return with
aortic coarctation (n=1; 5.6%), pulmonary atresia with
intact ventricular septum (n=1; 5.6%), and isolated atrial
septal defect (ASD) with ventricular septal defect (n=1;
5.6%). Of these 18 patients, 15 (83.3%) required cardiac
surgery, while 3 (16.7%) required catheter-based inter-
vention. Fifteen (83.3%) patients required either cardiac
bypass during surgery or ECMO during their hospital
course. Sixteen (88.9%) CHD patients had PDAs, and 11
(61.1%) required PDA ligation. Of the 18 CHD patients,
14 (77.8%) had their first paired AXR and AUS performed
to evaluate for NEC following their cardiac intervention.
This occurred at a median 53 days (IQR 8.3, 119) after
cardiac intervention. In contrast, 4 (22.2%) patients had
their first paired AXR and AUS with concern for NEC
performed before their cardiac intervention. This occurred
at a median 23.5 days (IQR 6.3, 76.8) prior to cardiac
intervention.

There were 68 patients classified as non-CHD patients.
Eleven (16.2%) patients in this cohort had patent foramen
ovale or ASD, and 1 (1.5%) patient had a bicuspid aortic
valve. None of these structural defects required interven-
tion during the hospital course. Of the non-CHD patients,
31 (45.6%) had PDAs. Eleven (16.2%) non-CHD patients
with PDAs required medical therapy such as acetami-
nophen or indomethacin, and 12 (17.6%) required PDA
ligation.

Patient demographics and clinical characteristics are com-
pared between the CHD and non-CHD patients in Table 1.
Compared with non-CHD patients, CHD patients had a
later median gestational age at birth (37.0 vs. 27.6 weeks;
p<0.001) and greater median birth weight (2.4 vs. 1.0 kg;
p <0.001). CHD patients also had significantly higher
median 1-min APGAR scores (7.0 vs. 4.0; p=0.021) and
5-min APGAR scores (8.0 vs. 7.0; p =0.012) than non-CHD
patients.

Within the non-CHD group, patients requiring PDA liga-
tion had significantly lower median gestational age at birth
(25.5 [IQR: 24.4, 26.5] vs. 28.1 [IQR: 26.1, 31.6] weeks;
p=0.001), birth weight (0.7 [IQR: 0.5, 0.9] vs. 1.1 [IQR:
0.7, 1.5] kg; p=0.009), 1-min APGAR scores (2 [IQR: 1,
3.8] vs. 5 [IQR: 3,7]; p=0.002), and 5-min APGAR scores
(6 [IQR: 1.3, 7] vs. 7 [IQR: 6,8]; p =0.009) than patients not
requiring PDA ligation.
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Table 1 Demographic and

s > g CHD patients Non-CHD patients p value®
Cl¥nlcal comparison of patients (n=18) [N, %] (n=68) [N, %]
with and without congenital
heart disease (CHD) Male sex 13(72.2) 37(54.4) 0.193
Ethnicity
Non- Hispanic Caucasian 2(11.1) 12(17.6) <0.001*
Black 0(0) 27(39.7)
Asian 0(0) 3(4.4)
Hispanic 1(5.6) 5(7.4)
Native American 1(5.6) 0(0)
Other/Unknown 14(77.8) 21(30.9)
Delivery method
Vaginal 1(5.6) 20(29.4) 0.050
C-section 15(83.3) 45(66.2)
N/a 2(11.1) 3(4.4)
Median birth weight (kg; IQR) 2.4(2.1,3.7) 1.0(0.7, 1.4) <0.001°%*
Median gestational age at birth (weeks; 37.0(36.3, 38.6) 27.6(25.5, 30.3) <0.001*
IQR)
Median 1-min APGAR (IQR) 7.0(3.5, 8.0) 4.0(2.0,7.0) 0.021%*
Median 5-min APGAR (IQR) 8.0(7.5, 8.5) 7.0(5.0, 8.0) 0.012%*
Outborn status 3(16.7) 7(10.3) 0.430

CHD congenital heart disease, /QR interquartile range

*Statistically significant at p <0.05

4P values refer to results from the Wilcoxon rank-sum test or Fisher’s exact test, as appropriate

NEC risk factors and clinical presentation

Risk factors for NEC and presenting signs/symptoms at
time of NEC evaluation are summarized in Table 2. Four
of 18 (22.2%) CHD patients received a blood transfu-
sion within 48 h of initial NEC evaluation compared to
37 of 68 (54.4%) non-CHD patients (p =0.018). Feeding
information before the time of NEC evaluation was avail-
able in all CHD patients and 66 of 68 non-CHD patients.
CHD patients were significantly less likely to have ever
been breast-fed than non-CHD patients (61.1 vs. 87.9%;
p =0.015). CHD patients also had higher rates of any
formula feeding before NEC evaluation than non-CHD
patients (38.9 vs. 19.7%), but this did not reach statistical
significance (p =0.119).

The most common presenting symptom in both CHD
and non-CHD patients was abdominal distension (77.8
and 91.2%, respectively). Compared to non-CHD patients,
CHD patients were significantly more likely to present with
hypotension (66.7 vs. 39.7%; p =0.041) and significantly
less likely to present with bilious emesis (11.1 vs. 57.4%;
p <0.001). There were no significant differences in any
other presenting symptoms (Table 2). Although fewer CHD
patients required invasive mechanical ventilation than non-
CHD patients (38.9 vs. 57.4%), there was no significant dif-
ference in the type of respiratory support required at the time
of initial evaluation for NEC (p = 0.069).
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There were no significant differences in any NEC risk
factors or presenting symptoms between non-CHD patients
who did versus did not require PDA ligation (p > 0.1).

Hospital course imaging findings

When comparing imaging findings throughout the overall
hospital course (Table 3), CHD patients were significantly
less likely than non-CHD patients to have pneumatosis on
AUS (33.3 vs. 72.1%; p=0.005) and decreased bowel mural
flow on AUS (0 vs. 20.6%; p =0.035).

There were no significant differences in rates of pneu-
matosis on AXR (66.7 vs. 79.4%; p =0.346) or any other
radiological findings between CHD and non-CHD patients
(Table 3).

In a sub-analysis, there were no significant differences in
rates of any AXR or AUS findings over the hospital course
between non-CHD patients who did versus did not require
PDA ligation (p > 0.3).

Concordance analysis

Concordance between paired AXR and AUS for pneuma-
tosis, portal venous gas, and pneumoperitoneum was ana-
lyzed. There was no significant difference in median hours
between first paired AXR and AUS for CHD patients versus
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Table 2 Comparison of necrotizing enterocolitis (NEC) risk factors
and clinical presentation in patients with and without congenital heart
disease (CHD)

CHD patients Non-CHD p value®
(n=18) [N, %] patients (n=68)
[N, %]
Blood transfusion 4(22.2) 37(54.4) 0.018*
within 48 h prior to
NEC evaluation
Feeding before NEC evaluation®
Any breast milk 11(61.1) 58(87.9) 0.015*
feeding
Any formula feeding  7(38.9) 13(19.7) 0.119
Signs/symptoms at time of initial NEC evaluation
Abdominal disten-  14(77.8) 62(91.2) 0.207
sion
Abdominal wall 2(11.1) 18(26.5) 0.221
erythema
Bilious emesis 2(11.1) 39(57.4) <0.001%*
Hematochezia 9(50.0) 24(35.3) 0.285
Hypotension 12(66.7) 27(39.7) 0.041*
Oliguria 2(11.1) 18(26.5) 0.221
Respiratory support at time of NEC evaluation
Ventilator 7(38.9) 39(57.4) 0.069
Non-invasive 5(27.8) 18(26.5)
positive pressure
ventilation (CPAP
or BIPAP)
High-flow nasal 1(5.6) 1(1.5)
cannula
Low-flow nasal 2(11.1) 0(0)
cannula
None (room air) 3(16.7) 10(14.7)

NEC necrotizing enterocolitis, CHD congenital heart disease
*Statistically significant at p <0.05

P values refer to results from Fisher’s exact test

®5 =66 for non-CHD patients

for non-CHD patients (3.5 h [IQR: 1.3, 11.4] versus 5.7 h
[IQR: 2.8, 10.0]) (p=0.181).

Figure 1 summarizes concordance data for pneumatosis
between the first paired AXR and AUS in CHD and non-
CHD patients. Non-CHD patients were significantly more
likely to have a concordant positive paired study for pneu-
matosis than CHD patients (32.4 vs. 5.6%; p=0.033; Fig. 1).
CHD patients had 3.9-fold more discordant paired studies
with a positive AXR, but negative AUS for pneumatosis than
non-CHD patients (33.3 vs. 8.8%; p=0.016; Fig. 1). Rates of
discordant paired studies with a negative AXR, but positive
AUS for pneumatosis were similar between CHD (27.8%)
and non-CHD (35.3%) patients (p = 0.780; Fig. 1).

For the finding of portal venous gas, there were
no significant differences between the CHD and non-
CHD groups in any of the AXR and AUS concordance

categories (p > 0.2). The majority of paired studies in both
the CHD patients (72.2%) and non-CHD patients (76.5%)
were negative on both AXR and AUS for portal venous
gas. There were similar rates of discordant paired stud-
ies that were negative on AXR, but positive on AUS for
portal venous gas in CHD (22.2%) and non-CHD (22.1%)
patients. One CHD patient (5.6%) had a discordant paired
study that was positive on AXR, but negative on AUS for
portal venous gas. None of the non-CHD patients had this
type of discordant paired imaging for portal venous gas.

For the finding of pneumoperitoneum, 100% of studies
in CHD patients and 95.6% of studies in non-CHD patients
were negative on both AXR and AUS. The remaining
paired studies (n=3; 4.4%) in non-CHD patients were
discordant with AXR negative, but AUS positive for
pneumoperitoneum.

Clinical outcomes

Overall, 4 of 18 (22.2%) CHD patients and 5 of 68 (7.4%)
non-CHD patients died during the admission (p = 0.087).
There was a 0% NEC-specific mortality rate in CHD
patients versus 5.9% in non-CHD patients, though this
did not reach statistical significance (p =0.575). All other
mortality was secondary to cardiopulmonary failure.
There were no significant differences in surgical or mor-
tality rates between non-CHD patients who did and did not
require PDA ligation (p > 0.1).

In the CHD cohort, only 1 patient (5.6%) required
acute surgical intervention and underwent PPD. No CHD
patients required acute laparotomy for NEC. In contrast,
11 of 68 (16.2%) non-CHD patients required acute surgi-
cal intervention for NEC. Three (4.4%) non-CHD patients
underwent PPD alone, 6 (8.8%) underwent laparotomy
alone, and 2 (2.9%) underwent PPD plus laparotomy. Two
of 18 (11.1%) CHD patients and 6 of 68 (8.8%) non-CHD
patients had delayed surgery for presumed NEC-related
stricture. There was no statistically significant differ-
ence in rates of acute surgery for NEC or delayed surgery
for NEC-related stricture between CHD and non-CHD
patients (p =0.446 and p =0.671, respectively).

Both CHD and non-CHD patients underwent a median
of 1 (IQR: 1, 2) discrete antibiotic course for NEC treat-
ment (p =0.426). There was a trend towards decreased
duration of the first antibiotic course for NEC treatment
in CHD patients who received a median 7 days (IQR: 5,
14) of antibiotics compared to a median 13 days (IQR:
9, 14) in non-CHD patients (p =0.061). Median time to
restart full enteral feeding after initial NEC concern was
26 days (IQR: 15, 39) in CHD patients versus 31 days
(IQR: 20-51) in non-CHD patients (p = 0.600).
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Table 3 Summary of hospital
course abdominal X-ray (AXR)
and abdominal ultrasound
(AUS) findings for patients with
and without congenital heart
disease (CHD)

Fig.1 Comparison of abdomi-
nal X-ray (AXR) and abdominal
ultrasound (AUS) concordance
for pneumatosis in first paired
studies from patients with and
without congenital heart disease
(CHD versus non-CHD);
Asterisks denote a statistically
significant difference in the
proportions of studies in that
concordance category between
CHD and non-CHD patients
(p<0.05)

Discussion

This study’s primary goal was to assess the role of AUS
in discriminating suspected NEC in the unique CHD
population because of ultrasound’s ability to assess intra-
abdominal fluid collections and bowel viability [13-17].
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CHD patients (n=18)

Non-CHD patients (n=68) p value®

[N, %] [N, %]
Findings concerning for ischemic bowel during admission
Pneumatosis (AXR) 12(66.7) 54(79.4) 0.346
Pneumatosis (AUS) 6(33.3) 49(72.1) 0.005*
Portal venous gas (AXR) 7(38.9) 15(22.1) 0.222
Portal venous gas (AUS) 4(22.2) 19(27.9) 0.769
Bowel wall thickening (AUS) 5(27.8) 18(26.5) 0.999
Bowel wall thinning (AUS) 0(0) 11(16.2) 0.110
Echogenic bowel (AUS) 3(16.7) 11(16.2) 0.999
Hyperemic bowel (AUS) 2(11.1) 10(14.7) 0.999
Decreased mural flow (AUS) 0(0) 14(20.6) 0.035*
Findings concerning for bowel perforation during admission
Pneumoperitoneum (AXR) 2(11.1) 8(11.8) 0.999
Pneumoperitoneum (AUS) 0(0) 7(10.3) 0.337
Echogenic free fluid (AUS) 2(11.1) 12(17.6) 0.724
Focal fluid collection (AUS) 0(0) 7(10.3) 0.337
CHD congenital heart disease, AXR abdominal X-ray, AUS abdominal ultrasound
*Statistically significant at p <0.05
4P values refer to results from Fisher’s exact test
AXR and AUS Concordance
for Pneumatosis
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BCHD (%; n=18) 5.6 33.3 33.3 27.8
ONon-CHD (%; n=68) 324 23.5 8.8 35.3

In this study, patients with CHD undergoing evaluation
for suspected NEC do appear to represent a distinct clini-
cal population from patients without CHD. Similarly to
prior studies [1, 8, 9, 23], we report higher gestational
ages, larger birth weights, and different risk factors for
NEC development including an association with reduced
breast milk feeding in the CHD compared to non-CHD
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population. Furthermore, CHD patients presented more
frequently with hypotension than non-CHD patients, pos-
sibly reflecting a different underlying pathophysiology in
the CHD population that may involve bowel hypoperfusion
and inadequate oxygen delivery [2, 4, 7].

This study showed the utility of AUS as an adjunct to
AXR in evaluating bowel integrity in this distinct CHD
patient population. Upon review of imaging findings over
the entire hospital course, CHD patients were significantly
less likely to have AUS findings of pneumatosis or decreased
bowel mural flow compared to non-CHD patients. These
results likely reflect reduced rates of full-thickness bowel
ischemia in the CHD cohort. This is corroborated by the
CHD population’s descriptively shorter first antibiotic
courses, reduced rates of acute surgical NEC, and lower
NEC-related mortality compared to CHD patients, though
these differences did not reach statistical significance.

Furthermore, on concordance analysis of first paired
AXR and AUS studies for NEC evaluation, CHD patients
had significantly fewer concordant study pairs that were both
positive for pneumatosis and significantly more discordant
study pairs with pneumatosis visualized on AXR, but not on
AUS compared to non-CHD patients. Importantly, none of
the CHD patients with pneumatosis seen on AXR, but not
AUS required surgical intervention. These findings suggest
that AUS may assist with ruling out full-thickness bowel
ischemia in the setting of a concerning or indeterminate
AXR combined with low suspicion based on a patient’s
clinical status. The added information from AUS may help
to potentially reduce the duration of unnecessary antibiotic
therapy, allow earlier initiation of feeding, and prompt ear-
lier workup of possible alternate diagnoses such as milk
protein intolerance. Both CHD and non-CHD patients had
a similar proportion of paired studies with negative AXR but
positive AUS for pneumatosis on concordance analysis. This
finding suggests that AUS may also have increased sensitiv-
ity for pneumatosis compared to AXR in certain settings in
both patient populations, as has been previously reported
[18].

These findings highlight that AUS adds diagnostic value
as an adjunct to AXR in the evaluation of NEC. AUS does
have several limitations, however. AUS is more time inten-
sive than AXR and, therefore, may not be appropriate for
an unstable patient. Furthermore, AUS is user dependent
and requires an experienced imager. The results from our
centers with radiologists who have years of experience in
sonography of newborns may, therefore, not be generalizable
to other centers.

In this study, we did not include patients with isolated
PDA in the CHD cohort even if they required PDA liga-
tion based upon precedent set in prior literature [9] and
lack of consensus for indications for treatment of PDA
[24]. However, we did perform a sub-analysis of patients

in the non-CHD cohort who required PDA ligation given
the reported association between patients with PDAs and
increased NEC risk [25-27]. There were no significant dif-
ferences in any clinical or imaging findings between non-
CHD patients who did versus did not require PDA ligation.
Future studies should further evaluate NEC risk and the role
of AUS in this particular patient cohort.

There are several overall study limitations. First, this was
a retrospective study with small group sizes, especially in
the CHD cohort. The CHD cohort represented a heterogene-
ous group of patients with different structural and functional
cardiac lesions; this variation has implications for possible
differences in hemodynamic derangement leading to bowel
hypoperfusion. The majority of CHD patients received care
at only one of the three centers (Boston Children’s Hospital),
which may have biased radiological comparisons given each
center had a different radiology team performing and read-
ing images. In addition, only patients with paired AXR and
AUS were included to facilitate concordance analysis. Thus,
patients who were followed with only serial AXR without
AUS were excluded from the study. Finally, other clinical
data such as laboratory values, details of antibiotic and pres-
sor medications, and the pathological location of necrotizing
enterocolitis at surgery were not routinely collected and were
not included in the analysis.

Future prospective studies are necessary to determine
if the addition of AUS to AXR can influence management
decisions regarding antibiotic duration and time to re-initia-
tion of feeding, stratify surgical risk, and ultimately improve
clinical outcomes in both CHD and non-CHD patients with
suspected NEC.

Conclusions

CHD patients with suspected NEC appear to represent a
distinct clinical population compared to non-CHD patients
with later gestational ages at birth, larger birth weights, and
an increased likelihood of experiencing hypotension at the
time of initial workup for NEC. In the distinct CHD patient
population with reduced rates of surgical NEC, AUS has
particular utility in demonstrating a lower incidence of pneu-
matosis and decreased bowel mural flow compared to non-
CHD patients.
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