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Global Newborn Society

Each time we lose an infant, we lose an entire life and its potential!

Newborn is the official journal of the Global Newborn Society (GNS), a globally-active, non-profit organization that is registered as a 501(c)
(3) non-profit formation in the United States and is currently being listed as an analogous charity in many other nations. The aim is to
enhance research in newborn medicine, understand epidemiology (risk-factors) of disease, train healthcare workers, and promote social
engagement. The GNS was needed because despite all improvements in medical care, infants remain a high-risk patient population with
mortality rates similar to 60-year-olds. We need to remind ourselves that Every Baby Counts, and that Each Time We Lose an Infant, We Lose
an Entire Life and its Potential.

Our logo above, a hand-drawn painting, graphically summarizes our thought-process. There is a lovable little young infant exuding
innocent, genuine happiness. The curly hair, shape of the eyes, long eye-lashes, and the absence of skin color emphasize that infants
need care all over the world, irrespective of ethnicity, race, and gender. On the bib, the yellow background reflects happiness, hope, and
spontaneity; the globe symbolizes well-coordinated, world-wide efforts. The age-related vulnerability of an infant, with all the limitations
in verbal expression, is seen in being alone in the boat.

The unexpressed loneliness that many infants endure is seen in the rough waters and the surrounding large, featureless sky. However,
the shades of blue indicate that the hope of peace and tranquility is not completely lost yet. The acronym letters, GNS, on the starboard
are made of casted metal and are pillars of strength. However, the angular rough edges need continued polishing to ascertain adequacy
and progress. The red color of the boat symbolizes our affection. The expression “Every Baby Counts” seen on the boat’s draft below the
waterline indicates our commitment to philanthropy, and if needed, to altruism that does not always need to be visible. The shadow
behind the picture shows that it has been glued on a solid wall, one built out of our adoption and commitment.
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Design of the Journal Cover

The blue color on the journal cover was a careful choice. Blue is the color of flowing water, and symbolizes the abnormalities of blood
vascular flow that are seen in many neonatal illnesses. There is a gradual transition in the shades of blue from the top of the cover
downwards. The deeper shades of blue on the top emphasize the depth, expertise, and stability, which the renowned authors bring.
Light blue is associated with health, healing, tranquility, understanding, and softness, which their studies bring. The small letter “n” in
the title of the journal, newborn, was chosen to emphasize the little size of a newborn baby. The issue editors chose three articles to be
specifically highlighted; the two pictures and two titles below reflects an order suggested by them.

Instructions to Authors

The journal welcomes original articles and review articles. We also welcome consensus statements, guidelines, trials methodology, and core
outcomes relevant to fetuses/young infants in the first 1000 days. A detailed set of instructions to authors can be seen online at
https://www.globalnewbornsociety.org/intructions-for-authors. The manuscripts can be submitted via the online manuscript submission
system.
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Need for larger cohorts and standardized tools to study diseases in newborn infants

Fetuses, newborns, and young infants are at high risk of morbidity and mortality."? Genetic variations can alter the development of
primordial structures during embryonic and early fetal periods.3~ In the more mature fetus, the perinatal period, and during early infancy,
infections and consequent systemic inflammatory response syndrome can cause organ damage.’™ Later, various infectious and non-
infectious, ischemic, and mechanical injuries can disrupt many of these growing structures.® Many can trigger inflammation and cause
tissue damage due to vasomotor dysregulation with associated edema and temperature instability, cytokine storm, and activation of
leukocytes.'®'3 Our ability to restore damaged organ structures is still limited, and therefore, the emphasis remains on early detection
by imaging and supportive measures to limit tissue damage.'*'> Many young infants can also show growth failure, a condition named
as extrauterine growth restriction or labeled as extrauterine growth retardation and postnatal growth restriction.'6-2°

We need larger cohorts of patients and standardized, accurate tools to study altered development in newborn infants and their
eventual outcomes.?'-23 Cautious analysis of these data using both conventional and newer prediction tools can be helpful.24-26 Similarly,
the development of newer, easily portable equipment has raised new possibilities for the collection of standardized data.”” We need
to study large patient cohorts over time or in larger geographical territories to draw clinically relevant conclusions.?® These studies
can/should encompass all the 6 nodes that we seek to pursue to develop pathophysiological/clinical care models.?° There is a need
for information on host factors, infectious agents, environmental causes, therapy, nutrition, and systems management. Most of us are
familiar with the agent-host-environmental trinodal pathogenesis models. However, increasing information suggest that many drugs
still need evaluation in fetuses and young infants.3% In addition, some that are currently in use have limited efficacy, whereas others have
had unacceptable short- and long-term adverse effects.3'-33 To appropriately tailor these treatments and minimize risk, appropriate
nutrition, and also systems management to develop treatment strategies with fewer medication errors and high therapeutic efficacy
can be helpful.323* Understanding the temporal evolution of these changes can also be advantageous.323* All treatment modalities
are not uniformly available or affordable in different parts of the world, and hence there is a need for computational systems to assess,
monitor, and treat these highly susceptible patients.3>=3 If we know the possibilities, we can educate and motivate our care providers
to acquire and learn these tools.3®

Our journal, the Newborn aims to cover fetal/neonatal problems that begin during pregnancy or occur after birth during the first 1000
days after birth. In this 3" issue of the second volume, we present 8 important articles (Figure 1). Totapally and colleagues examined
the determinants of extremely prolonged length of hospital stay of 2180 days in the records of 1,314,066 neonates. They performed a
retrospective study in the 2012 Health Care Utilization Project (HCUP)'s Kid’s Inpatient Database (KID-2012).3° KID-2012 is a large publicly
available pediatric database derived from 4,179 participating hospitals from 44 states in the United States.*° All neonates who were
discharged from the hospital following complicated births during the year 2012 are included. Diagnoses and procedures were retrieved
using the international classification of diseases, 9™ revision (ICD-9) and the current procedural terminology (CPT) codes.*"*? Extremely
prolonged length of hospital stay was noted in 6.2/10,000 infants (n = 812); it was associated with African American race, medicaid
insurance,** zone improvement plan (ZIP) codes** associated with lower median incomes,* and birth in South and Midwest regions of
the US.*® Most were neonates who had a surgical procedure done, especially tracheostomy and gastrostomy. Overall, the occurrence
of extremely prolonged length of hospital stay was relatively uncommon among hospitalized neonates. However, these infants had
distinct clinical and demographic characteristics, which can be anticipated using prediction models. Such prediction may be important
for public policy issues and allocation of healthcare resources.

Systems management Agent o L -
* Respiratory syncytial virus infections in neonates: A persisting problem

» Neonates with an extremely prolonged length of stay: An
analysis of kids inpatient database
Nutrition ANl Gr o3 Host ° Clinical correlates of cholestasis in preterm infants with surgical
FACTORS | FACTORS necrotizing enterocolitis
» Epidemiological study of congenital anomalies and risk factors
in newborn infants in a tertiary care hospital of Bangladesh
« Extrauterine growth restriction: Need for an accurate definition

Therapy Environment

» Umbilical cord blood gases: Sampling,
evaluation, and application for clinicians

* Digital stethoscope use in neonates: A systemic
review

* Point-of-care ultrasound to diagnose and
monitor the course of necrotizing enterocolitis

Fig. 1: Areas of focus in the Newborn, Volume 2, Issue 3. In the Newborn, we have expanded the traditional agent-host-environment trinodal
disease model to a hexagonal system. The three additional foci represent extrinsic factors that can affect health; those originating in therapy,
nutrition, and systems management. This issue covers 4 of these foci, namely infectious diseases, host factors and treatment/monitoring systems.

A

iv Newborn, Volume 2 Issue 3 (July—September 2023)



Editorial

Zahirul Alam and his coworkers* examined a large cohort of 54,800 infants in outpatient visits at a center in Bangladesh and
recorded the first 100 with congenital anomalies. Sixty-nine infants were male and 31 were female (gender ratio 2.2:1). Abnormalities of
the central nervous system were seen in 30 infants, the musculoskeletal system in 24, gastrointestinal in 24, cardiovascular in 13, and the
genitourinary system in 9 infants. Thirty-eight infants had a history of antenatal exposure to radiation and 35 to pesticides. Twenty-two
infants were born to mothers with diabetes, and 18 to mothers with hypertension. Studies have shown considerable regional variation
in such background exposures. We need more studies so that regionally appropriate interventions can be designed.

Postnatal exposures to developing preterm infants may also be important. In an original study, Garg et al.*® studied retrospectively
collected data from a cohort of 62 infants with surgical necrotizing enterocolitis to investigate the clinical determinants and outcomes of
cholestasis. Cholestasis was seen more frequently in infants who had developed systemic inflammatory response syndrome and sepsis
with positive blood cultures. They had received parenteral nutrition for longer durations. They had longer lengths of hospital stay, more
surgical complications, and developed intestinal failure more frequently. Interestingly, the weight-for-length Z-scores were higher at a
postmenstrual age of 36 weeks.*>°% In other analytical paradigms, the duration of postoperative ileus and need for parenteral nutrition
were independently associated with severe cholestasis at 2 months of age.

There are 5 reviews. Bagga and colleagues®' reviewed our definitions of extrauterine growth restriction in neonates and then
collaborated with experts from various parts of the world to refine the information. We know that newborn infants can show considerable
variation in growth parameters.>? In addition to conventional measurements such as weight, length, and head circumference, many
growth-restricted infants also show limited subcutaneous and total body fat.>3 In utero, these biometric data may be influenced by parental
genetic, nutritional, and anthropometric factors. After birth, infant growth may be affected by feeding and caloric intake, metabolic
activity, genetics, and the overall health status. The team has raised important questions about appropriate and timely recognition of
suboptimal growth during early infancy. They have also summarized currently available information on the risk of neurodevelopmental
abnormalities.

Chetan et al.>* reviewed the value of gut ultrasound in infants in the first 28 days after birth for diagnosing necrotizing enterocolitis.
They noted that altered bowel perfusion, decreased peristalsis, and bowel wall thickening showed better precision than abdominal
radiographs. These findings are similar to those seen in many systematic and narrative reviews.>>~>8 The high specificity and positive
predictive value could make this tool a guide for early identification and prompt surgical intervention in the dreaded diagnosis of
necrotizing enterocolitis.

Hiranandani and coworkers> reviewed ways to evaluate and interpret umbilical cord blood gases as a marker of neonatal vitality at
the time of birth. Although there have been many advancements in fetal monitoring, a time lag can still be seen in many infants in the
onset of fetal heart rate abnormalities and delivery. Measurement of cord blood pH and gas values can be one way to determine the
degree of compromise. These data can help in assessing whether the precipitating event was acute, prolonged, or had occurred much
before the onset of labor. Timely recognition of fetal circulatory compromise can help in appropriate institution of preventive measures
and help prevent birth asphyxia.

Singh et al.® reviewed respiratory syncytial virus (RSV) as a cause of lower respiratory tract infections in young infants. Globally, RSV
accounts for 2.3% of deaths among neonates 0-27 days of age. It is an enveloped, single-stranded, non-segmented, negative-strand
RNA virus, a member of the family Pneumoviridae. These infections are seen most frequently in children aged below 24 months; most
patients present with cough, fever, and wheezing. Reverse transcriptase-polymerase chain reaction, culture, and rapid antigen tests can
be useful. Therapy is mainly supportive; standard precautions, hand hygiene, breastfeeding, and contact isolation should be followed.
Recent AAP guidelines do not recommend routine pavilizumab prophylaxis for preterm infants born at 29-35 weeks unless they have
chroniclung disease, hemodynamically significant congenital heart disease, and other coexisting conditions.®’ RSV can lead to long-term
sequelae such as wheezing and asthma, which can increase healthcare costs and impair the quality of life.

Roff et al.53 assessed the evidence for the efficacy of digital stethoscopes in neonates. They performed a systematic review of studies
published between January 1, 1990, and May 29, 2023; a total of 41 papers were identified as appropriate for narrative synthesis based
on pre-decided criteria. There were 13 non-full-text articles, including journal letters or conference abstracts, and 28 were full-text
articles appropriate for full qualitative analysis. These data showed that digital stethoscopes have been studied in the context of artificial
intelligence for sound quality assessment and chest sound separation (n = 5), cardiovascular sounds (n = 11), respiratory sounds (n = 4),
bowel sounds (n = 4), swallowing sounds (n = 2), and telemedicine (n = 2). This article discusses the potential utility of digital stethoscope
technology for the interpretation of neonatal sounds for both humans and artificial intelligence. Digital stethoscopes can enable enhanced
interpretation of neonatal cardiac sounds, although there is a need for refinement of the quality of sounds.
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Neonates with an Extremely Prolonged Length of Stay:
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ABSTRACT

Background: With scientific and technological advances in intensive care, there is an increasing survival rate among neonates with complex
medical problems who experience an extremely prolonged length of stay (EPLOS) of =180 days in the hospital. Little is known about the
antecedents and characteristics of this particular group of neonates.

Aim: To characterize the risk factors associated with EPLOS in neonates.

Patients and methods: Retrospective study of neonates from the National Hospital Discharge Database for Children, Kids Inpatient Database
2012 (KIDS-2012), maintained by the Healthcare Cost and Utilization Project (HCUP), using data from 4,170 hospitals in 44 states in the US. All
neonates with complicated births who were discharged from the hospital other than from the normal newborn nursey during the year 2012
were included. Newborns with uncomplicated hospital stays who were discharged from the normal newborn nursery were excluded. Diagnoses
and procedures were retrieved using ICD-9 codes. Descriptive analyses were done to identify incidence and prevalence. Comparisons were
made of neonates with EPLOS (LOS >180 days) and non-EPLOS (LOS <179 days) using univariate and multivariate analyses.

Results: A total of 1,314,066 neonates with complicated births discharged from US hospitals in 2012 were included in the analysis. The incidence
of EPLOS was 6.2/10,000 (n = 812). On univariate analyses, neonates with EPLOS were more likely to have the following risk factors: Black race,
Medicaid insurance, ZIP codes associated with lower median incomes, and born in the South and Midwest regions of the US. Most were neonates
who had a surgical procedure done, especially tracheostomy and gastrostomy, being the most common procedures.

Conclusion: The occurrence of EPLOS is relatively uncommon among hospitalized neonates. The clinical and demographic characteristics of this
subset of complicated neonates are distinct and can be anticipated using prediction models. Prediction models for EPLOS may be important

for public policy issues and the proper allocation of healthcare resources.
Keywords: Hospital Length of Stay, Neonatal Intensive Care Unit, Pediatric Intensive Care Unit.

Newborn (2023): 10.5005/jp-journals-11002-0067

INTRODUCTION

With advances in scientific knowledge and technology in intensive
care units, there has been an increased survival of extremely sick
neonates with conditions that would previously be considered
lethal. Consequently, the need for ongoing advanced technological
support in these infants has probably resulted in extremely
prolonged hospital stays. Another reason for the prolonged
hospitalization of neonates may be the increased societal and
parental expectations for technology-assisted care for what may
be considered futile care by nurses, physicians, and members of
the healthcare team.! The length-of-stay for preterm birth is also
increasing at a pace of 0.59% each year, probably related to the
survival of extremely immature infants.? The use of advanced
technologies in the hospital has also influenced the increased use
of technology post-discharge, especially with the capability to
provide respiratory and renal support at home for small children.
It is reported that infants with prolonged initial hospitalization
may also be at risk for increased morbidity and mortality post-
discharge.® Given the changing landscape in this field of study, it
is important to identify the risk factors for neonates who are likely
to have extremely prolonged hospital lengths of stay. However, a
current review of the literature shows a paucity of research and
information on this subject. Therefore, we designed this study
with the aim to evaluate the risk factors and clinical correlates of
neonates with an EPLOS - defined as a hospital stay of =180 days.
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PATIENTS AND METHODS

Definition of EPLOS: The use of an operational definition of
extremely prolonged length of stay is derived from an extension
of the concept of prolonged length of hospital stay. Prolonged

©TheAuthor(s). 2023 Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and non-commercial reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


https://creativecommons. org/licenses/by-nc/4.0/
https://creativecommons. org/licenses/by-nc/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Extremely Prolonged Length of Stay in Neonates

length of hospital stay for neonates has been defined previously
based on evidence, which suggests that the majority of extremely
premature infants are discharged by 42 weeks post-menstrual age
(PMA = gestational age at birth in weeks + weeks after birth); which
for a 25-week GA infant would be about 120 days of hospital stay.**
We extrapolated this to surmise that about 180 days of hospital
stay, which constitutes almost half a year, would be an appropriate
cut-off point for distinguishing an extremely prolonged length of
hospital stay. For a 25-week GA infant, this would be about 50-51
weeks post-menstrual age (PMA).

This is a retrospective study using data available from the 2012
Health Care Utilization Project’s (HCUP) Kids' Inpatient Database
(KID-2012).5 Kids'Inpatient Database is the largest publicly available
pediatric database derived from 4,179 participating hospitals from
44 states in the United States, taking care of patients <20 years
of age. This database is one in a family of databases and software
tools developed as part of the HCUP. The project is coordinated
through the Center for Organization and Delivery Studies, which is
within the Agency for Healthcare Research and Quality (AHRQ). The
database is derived from discharge abstracts and typically includes
clinical and resource utilization information with >100 clinical and
non-clinical variables for each hospital stay. There may be up to a
maximum of 25 diagnoses and 15 procedures per hospitalization.
The information in the database represents approximately 80%
of complicated hospital births and 10% of uncomplicated hospital
births per participating state. Hospital regions are classified as
Northeast, Midwest, South, and West. The KID database was speci-
fically designed to permit researchers to study a broad range of
conditions and procedures related to child health issues. Researchers
and policymakers can use the KID to identify, track, and analyze
national trends in healthcare utilization, access, charges, quality, and
outcomes. The KID contains clinical and resource use information
included in a typical discharge abstract, with safeguards to protect
the privacy of individual patients, physicians, and hospitals (as
required by data sources). The KID excludes data elements that
could directly or indirectly identify individuals. Healthcare Cost and
Utilization Project publishes a new KID every 3 years.

We performed a retrospective review of the KID-2012 for
neonatal (within 28 days of birth) admissions with complicated
births (UNCBRTH = 0). Normal neonates were excluded from the
analysis. All neonatal admissions with complicated births were
included in the data analysis. We evaluated the prevalence, and
clinical correlates of neonates with an EPLOS as defined by length of
stay >180 days. We have compared the EPLOS group with the group
having a length of stay <179 days (non-EPLOS) among infants who
were considered complicated births. International Classification of
Diseases, ninth revision (ICD-9) diagnosis and procedure codes were
used to retrieve various diagnoses and procedures, respectively.

Statistical Analysis

The prevalence of EPLOS is reported per 10,000 discharges of
neonates with complicated births. The mortality rate is reported
per 100 neonates. All categorical variables [gender, race, patient
location, median household income (MHI)] were analyzed with Chi-
square tests. Healthcare Cost and Utilization Project defines MHI by
the zip code in which the child resides. The zip codes are stratified
by quartiles with quartile 1 representing the lowest and quartile 4
representing the highest income. Binomial data are presented as
odds ratios with 95% confidence intervals and p values. P-values
<0.05 are considered statistically significant. All continuous variables
(total charges, length of stay, number of procedures, and the
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number of diagnoses) were analyzed by the Mann-Whitney U test.
Their analyses are presented as a median and interquartile range
(IQR). All data were weighted according to HCUP recommendations
prior to analysis to calculate national estimates. Demographic
variables were compared between EPLOS and non-EPLOS groups.
Univariate analyses were done to evaluate the variable associated
with an extremely prolonged length of hospital stay. Binary logistic
regression analysis was done to evaluate predictive variables for
EPLOS. All variables with a frequency of at least 0.1% and a p-value
< 0.05 on univariate analysis were included in the binary regression
model. Then adjusted odds ratios were calculated after controlling
for characteristics that were significant on univariate analysis
including, birth weight, race, region of the country, socioeconomic
ZIP code quartile, disease diagnoses, and procedures. Missing values
were coded as a separate category for the variables of interest.

These data were analyzed with SPSS version 28 (IBM
Corporation, Armonk, NY) or StatCalc of Epi Info™ (Centers for
Disease Control and Prevention, Atlanta). This study was exempt
from IRB review.

REesuLTs

Prevalence of EPLOS

From a total of 3,118,814 hospital discharges recorded in the
KID-2012 database, there were a total of 1,314,066 neonates with
complicated births. Out of these complicated births, 812 neonates
(6.2/10,000) had an EPLOS. Although EPLOS neonates represented
only 0.06% of all complicated birth admissions, these infants,
because of their prolonged hospitalization, accounted for 2% of
all occupied beds.

Demographic Variables

Demographic variables were compared within EPLOS and non-
EPLOS neonates and the results are shown in Table 1. There were no
significant differences in the sex distribution of neonates between
the two groups. Significantly lower proportions of neonates were
born in the hospital they were cared for in the EPLOS group [47.7%
vs 84.9%, p < 0.0001; OR: 0.16 (95% Cl: 0.14-0.19)]. Neonates from
the South and Midwest were more highly represented in the
EPLOS group compared to neonates from the Northeast and the
West [76.1% vs 59.7%, p < 0.0001; OR: 2.2 (95% Cl: 1.8-2.5)]. The
proportion of neonates with Medicaid insurance was higher and
private insurance was lower in the EPLOS group [72.3% vs 53.6%,
p < 0.0001; OR: 2.3 (95% Cl: 1.9-2.7)]. Similarly, the proportion of
Blacks was higher [33.5% vs 16.5%, p < 0.0001; OR: 2.6 (95% ClI:
2.2-3.0)] and Whites was lower (37.0% vs 51.3%; p < 0.0001) in
EPLOS group. A significantly higher proportion of neonates were
residents from ZIP codes that were classified in the lower half of
median income in the EPLOS group [66.3% vs 54.2%, p < 0.0001;
OR: 1.7 (95% Cl: 1.4-1.9)].

Complications and Interventions

A comparison of clinical correlates of neonates in the two groups
is presented in Table 2. Overall, medical complications and the
need for procedural interventions were higher in the EPLOS
group. A major operating procedure was performed in 87.4% of
neonates in the EPLOS group compared to 26% in the non-EPLOS
group [p < 0.0001; OR: 19.8; (95% Cl: 16.1-21.4)]. Tracheostomy and
gastrostomy procedures were the most common procedures
performed in neonates with EPLOS. The median hospital day on
which tracheostomy was performed was 135 days (IQR: 90-161).
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Table 1: The differences in demographic variables in neonates with extremely prolonged length of stay and non-extremely prolonged length of stay

Variable EPLOS group Non-EPLOS group p-value; (OR; 95% Cl)
Male (%) 56.0 54.6 p =0.42;(1.06; 0.92-1.22)
Gestational age <27 weeks (%) 37.2 1.6 p =0.000; (37.2; 32.3-43.0)
Birth weight <1000 gm (%) 51.1 2.08 p =0.000; (49.3; 42.9-56.6)
Race and ethnicity

White (%) 37.0 51.3

Black (%) 335 16.5

. . p =0.000; (2.6; 2.2-3.0); Black vs all others

Hispanic (%) 17.5 19.1

Asian (%) 32 5.1
Insurance

Medicaid (%) 72.3 53.6 p =0.000; (2.3; 1.9-2.7); Medicaid vs private

Private (%) 27.7 46.4 insurance

In-born (%) 47.7 84.9 p =0.000; (0.16; 0.14-0.19)

Children’s hospital (%) 36.5 4.8 p =0.000; (11.5;10.0-13.2)
U.S.region

South and Midwest (%) 76.1 59.7

p =0.000; (2.2; 1.8-2.5)

Northeast and West (%) 239 40.3
ZIP codes with median income quartiles

Quartile 1 (%) 385 29.8

Quartile 2 (%) 27.8 244

. p =0.000
Quartile 3 (%) 21.8 239
Quartile 4 (%) 11.9 21.9

Table 2: Comorbid conditions and complications in neonates with extremely prolonged length of stay and non-extremely prolonged length of stay

Variable EPLOS group Non-EPLOS group  p-value; (OR; 95% Cl)

Birth weight <1000 gm (%) 51.1 2.1 p < 0.0001; (49.3; 42.9-56.6)
RDS (%) 53.6 7.1 p <0.0001; (15.0; 13.1-17.2)
Pulmonary air leaks (%) 17.4 1.5 p <0.0001;(13.5; 11.2-16.2)
Pulmonary hemorrhage (%) 5.6 0.2 p <0.0001; (34.4; 25.4-46.6)
Atelectasis (%) 18.0 0.7 p <0.0001; (31.0; 25.9-37.1)
BPD (%) 46.1 0.8 p <0.0001; (109.9; 95.6-126.3)
Mechanical ventilation (%) 68.9 10.9 p <0.0001; (18.1; 15.6-21.0)
Tracheostomy (%) 28.1 0.05 p <0.0001; (733; (618-869)
PDA (%) 554 4.4 p <0.0001; (26.7; 23.3-30.7)
Cardiopulmonary arrest (%) 6.3 0.12 p <0.0001; (55.9; 41.9-74.5)
NEC - any stage (%) 223 0.4 p <0.0001; (65.3; 55.3-77.2)
Gastrostomy (%) 304 0.28 p <0.0001; (157; 134-183)
lleostomy (%) 12.0 0.1 p <0.0001; (125; 100-155)
Colostomy (%) 79 0.1 p <0.0001; (84.0; 64.7-109)
Retinopathy of prematurity (%) 24.0 14 p <0.0001; (22.0; 18.7-25.9)
Intraventricular hemorrhage - any grade (%) 30.2 1.2 p <0.0001; (34.9; 30.1-40.6)
Ventricular shunt (%) 7.5 0.1 p <0.0001; (73.6; 56.4-96.1)
Major operating room procedure (%) 874 26.0 p <0.0001; (19.8; 16.1-24.4)
Phototherapy (%) 20.2 14.1 p <0.0001;(1.6; 1.3-1.8)
ECMO (%) 5.7 0.1 p <0.0001; (67.7; 50.0-91.7)

ECMO, extracorporeal membrane oxygenation; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; RDS, respiratory distress syndrome

Outcome

Overall, approximately 80% of all neonatal deaths occur within 10
days of admission for a complicated birth. The mortality rate was
significantly higherin the EPLOS group (10.9% vs 1.1%; p = 0.000; OR:
11.0 (95% Cl: 8.8-13.7). Only 0.6% of all deaths in neonates occurred

with EPLOS. The median [IQR] length of hospital stay was longer
[214 (193-247) days vs 2 (2-3) days; p = 0.000] and the hospital
charges were higher [$1,859,847 (1,334,863-2,537,870) vs $3,211
(2,115-5,623)] in EPLOS group compared to the non-EPLOS group. In
the EPLOS group, the disposition at discharge from the hospital was
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Table 3: Summary of binary regression analysis for variables predicting extremely prolonged length of stay in neonates

95% Cl for Odds ratio
Independent variable B Significance Odds ratio Lower Upper
Birth weight <1000 gm 1.643 0.000 5.171 4.043 6.614
African American race 0.421 0.000 1.523 1.269 1.828
Hospital: South or Midwest 0.397 0.000 1.487 1.238 1.786
Born in the same hospital -0.373 0.001 0.688 0.555 0.854
Children’s hospital 0.958 0.000 2.606 2.084 3.260
Insurance: Medicaid 0.475 0.000 1.609 1.351 1916
Major operating procedure 1.927 0.000 6.867 5.461 8.633
Extracorporeal membrane oxygenation 2354 0.000 10.532 7.206 15.392
Dialysis 0.825 0.044 2.281 1.022 5.091
Patent ductus arteriosus 0.630 0.000 1.878 1.557 2.265
Transient tachypnea of newborn -1.178 0.000 0.308 0.164 0.579
Respiratory distress syndrome 0.407 0.000 1.503 1.217 1.855
Pulmonary air leaks 0.366 0.001 1.442 1.151 1.807
Atelectasis 0.345 0.003 1413 1.125 1.774
Bronchopulmonary dysplasia 1.191 0.000 3.292 2.666 4.064
Tracheostomy 3.606 0.000 36.810 29.046 46.650
Necrotizing enterocolitis 0.976 0.000 2.654 2.108 3.340
Gastrostomy 1.765 0.000 5.840 4.756 7.172
lleostomy 0.703 0.000 2.019 1.493 2.731
Colostomy 1.459 0.000 4.302 3.058 6.054
Intraventricular hemorrhage 0.379 0.000 1.461 1.194 1.788
Constant -10.268 0.000

Income levels, mechanical ventilation, pulmonary hemorrhage, and cardiopulmonary resuscitation were included in the regression model but were not

reached statistical significance

to ahome destination in only 47.8% of neonates compared to 88.9%
in the non-EPLOS group (p < 0.0001). A significantly high proportion
of EPLOS (31.0%) were discharged to skilled nursing homes or with
provisions for home health care compared to a small minority (4.7%)
needing such arrangements in the non-EPLOS group (p < 0.0001).

Binary Logistic Regression

Binary logistic regression was performed to assess the effects
of the independent variable listed in Table 3 on the likelihood
that neonates have EPLOS. The logistic regression analysis was
statistically significant at a (25) = 6541, p < 0.0001. A regression
model based on this analysis explained 48.2% (Nagelkerke R?) of
the variance in extremely prolonged length of stay and correctly
classified 99.9% of neonates with EPLOS. Neonates requiring
tracheostomy procedures are 36.8 times more likely to have
EPLOS. The effect of clinical variables (diagnoses or procedures)
on EPLOS is presented in Table 3. The tests of the assumption of
independence of independent variables showed no collinearity.
Pearson bivariate correlation showed a correlation of <0.4 among
all independent variables. The Variance in Inflation Factor was <3
forallindependent variables in the collinearity diagnostics of linear
regression analysis.

Predicted_Logit = -10.268 + (1.643*BW_LessThan1000) +
(0.475*Medicaid insurance) + (0.421*Race_Black) + (0.958*Childrens
hospital) + (0.397*Region_South or Midwest) + (1.926*Major
operating procedure) + (.630*PDA) + (0.407*RDS) + (0.366*Air
leaks) + (0.345*Atelectasis) + (.379*IVH_Any) + (1.191*BPD)
+ (2.354*ECMO) + (3.606*Tracheostomy) + (0.976*NEC_Any) +
(1.765*Gastrostomy) + (0.703*lleostomy) + (1.459*Colostomy)
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+(0.825*Dialysis) — (0.373*Born in same hospital) — (1.178*Transient
tachypnea of newborn)

Predicted_Probability = (2.718281828/Predicted_Logit)/(1 +
2.718281828APredicted_Logit) [ is exponent sign]

Discussion

This study describes the prevalence of EPLOS (6.2 per 10,000
discharges) in non-uncomplicated neonatal births in the US for
the year 2012 based on data from HCUP’s KID database. In this
study, we were also able to describe for the first time, the clinical
correlates and risk factors in neonates with a hospital stay >180
days versus neonates who had a shorter length of stay. Based on
the data available for analysis, we derived a predictive model that
would predict EPLOS.

The length of hospital stay for neonates is primarily dependent
on the maturity of the infant at birth, with more immature infants
needing longer hospital stays.” The average duration of the length
of stay of extremely premature babies (23-28 weeks of gestation)
during 1977 to 1986 was 95 days and was inversely proportional
to gestational age.® A recent large multicenter study of infants,
born <28 weeks gestation and admitted to one of 12 tertiary US
centers between January 1998 and October 2001 showed that 18%
of infants had a prolonged length of stay defined as discharge at
>42 weeks post-menstrual age.* An audit of hospital admissions to
children’s hospital groups in Ireland showed that of all infants that
needed a hospital stay of >1 month, there were 4.4% (19/436) that
needed a hospital stay of >6 months with an average stay of 331
days.’ They also showed a temporal trend towards longer hospital
stays but no details of demographics or clinical correlates were
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provided.? The only study published to date relating to extremely
long hospitalization of neonates identified 680 infants from the
KID-2003 data, that needed hospitalization of about 6 months
(=180 days) or longer." In this study, no denominator was provided
to estimate prevalence. Our results in this study based on KID-2012
data using the same definition (=180 days) identified 812 neonates.
The difference in patient number may not be due to a real change
in prevalence but may be due to several factors such as changes in
nature, number, or characteristics of hospitals contributing to the
KID data. However, the prevalence rate of 6.2 per 10,000 neonates
with non-uncomplicated births has not been reported heretofore
and needs to be corroborated with data from other large databases
such as the Vermont-Oxford Network.

Investigation of hospital length of stay to mortality has shown
that the majority of neonatal mortality is within the first 1-2 weeks
of birth.®1% A study by Catlin et al. using the KID 2003 data of 680
neonates who stayed =180 days reported a mortality rate of 16%.!
In the present study, 812 neonates stayed for =180 days with a
mortality rate of 10.9%. Although the mortality rate is high in
babies with EPOLS, the total number of children dying after EPLOS
is relatively small compared to all neonatal deaths. However, this
small proportion of patients with EPLOS does occupy a significant
proportion of ICU or hospital beds.®"

In our study, the following factors were associated with at least
a 2.5-fold or more increase in the unadjusted odds ratio for EPLOS -
birth-weight <1000 gm (extremely low birth weight — ELBW);
diagnosis of BPD, NEC or cardiopulmonary arrest; the need for a
major surgical procedure, especially procedures for placement of
colostomy, gastrostomy or tracheostomy. The highest unadjusted
odds ratio was for tracheostomy (>36-fold increase). Other factors
with lower than 2-fold increase in unadjusted odds ratios were
black race, births in South or Midwest regions of the US, Medicaid
insurance, diagnosis of PDA, diagnosis of respiratory problems such
as RDS, pulmonary air-leaks or atelectasis, or the need for ileostomy
surgical procedure.

Many morbidities have been shown to be higher in black
neonates, but the issue of prolonged hospital length of stay has
not been adequately studied in this population.'? Higher hospital
stays for conditions such as surgery for congenital heart disease
have been noted in the black race compared to other racial groups
in the US.”® Therefore, the finding of increased EPLOS in blacks in
this study was not unexpected. However, this finding needs to be
interpreted with caution as the black race is highly correlated with
otherrisk factors such as lower socioeconomic status and Medicaid
insurance status.'® Therefore in an analysis adjusted for these two
variables, we found that black neonates have 1.5 times the odds of
EPLOS than other neonates.

In our study, EPLOS was associated with multiple procedures
and other neonatal comorbidities. In a study evaluating clinical
correlates of prolonged length of stay (>42 week post-menstrual
age), development of chronic lung disease, necrotizing enterocolitis
requiring surgery, and two or more episodes of sepsis were found
to be the major risk factors.*

Extreme prematurity or very low birth weight (VLBW, <1000 gm
birth weight) are known to be associated with prolonged length
of stay.* In most of these infants, the length of stay is a factor
of the time needed for full maturity of physiological functions.
For example, a 23-week gestational age infant needs 119 days
(17 weeks) just to reach full maturity of 40 weeks. However, even
within this group, some infants have other major morbidities that
may prolong hospital stay by another 2 months or more. Among

the respiratory morbidities that contribute to EPLOS, we found
that BPD has the most impact (OR-3.4) with relatively minor effects
of the need for mechanical ventilation (OR-1.3), RDS (OR-1.6), and
pulmonary air leaks (OR-1.4) or atelectasis (OR-1.5). The effect of
respiratory morbidities on prolonging hospital stay (>42 PMA)
has been previously reported but their impact on EPLOS has not
been previously described.? It is well recognized that the need
for tracheostomy represents the highest level of intervention for
the continuing care of neonates with respiratory compromise.''®
Therefore, it is not surprising that tracheostomy, in our study, had
the highest unadjusted OR (36.8) for EPLOS. The median age of
tracheostomy in our study cohort was 135 days, which is similar to
the previous reports.'*'>

Another contributor to prolonged length of stay that has been
previously reported is complications resulting from NEC, especially
the need for surgical procedures.*'® Even though the diagnosis of
NEC increased the adjusted odds for EPLOS by 2.7-fold, the need
for major surgical intervention of any kind (OR-6.8) or specific
procedures such as ileostomy (OR-2.0), colostomy (OR-4.3) or
gastrostomy (OR-5.8) made EPLOS even more likely. Other studies
focused on outcomes of neonates with NEC have shown that the
need for surgery and the type of surgery affect hospital length of stay;
but there are no published reports on the impact of NEC on EPLOS.'”

Although the proportion of neonates receiving cardiopulmonary
resuscitation in the EPLOS group was significantly higher in
univariate analysis, the adjusted odds ratio in regression analysis
was not significantly different between both groups.

There are several limitations of our study and analyses. The use
of a large administrative database, while providing a large sample
size, also limits the availability of detailed clinical information. The
accuracy and completeness of coding may vary, but the errors can be
mitigated by the extensive sampling of data. Birthweight category
was used as a proxy for the degree of immaturity of the neonate.
Additionally, the temporal sequence of the clinical factors studied
is lacking; therefore, we can only comment on the association
but cannot infer whether the given factor was the cause or the
result of EPLOS. Despite these limitations, the available data and
the conducted analyses provide information that has significant
implications for policy, planning, and practice of healthcare in the
United States.

CoNcLUSION

In conclusion, we have shown that neonates with EPLOS, though
relatively few, have important implications for provisions of
healthcare within NICUs and PICUs. Our study is one of the first
attempts at characterizing the clinical correlates of this population
of patients. More studies using other data sources need to be done
to further define this group of neonates and develop strategies for
their optimal management.
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ABSTRACT

Background: Congenital anomalies are structural/functional defects in various organs (systems) that are apparent at birth. These anomalies
originate prior to birth due to altered embryonic/fetal development. These are significant contributors to stillbirths/infant mortality over the
world; the global variation in incidence is possibly related to regional differences in exposure to various etiological factors.

Objectives: To investigate the epidemiological profile of various congenital abnormalities in newborn infants in Bangladesh.

Materials and methods: This cross-sectional observational study was conducted in Central Medical College Hospital, Cumilla, Bangladesh. We
recorded 100 consecutive congenital anomalies in 54,800 infant visits in our outpatient clinics. Data were collected from families after informed
written consent.

Results: Out of the 100 infants with congenital anomalies, 69 infants were male and 31 were female (gender ratio 2.2:1). Congenital abnormalities
were seen in the central nervous system (CNS) in 30, in the musculoskeletal system in 24, gastrointestinal in 24, cardiovascular in 13, and the
genitourinary system in 9 infants. Thirty-eight infants had a history of antenatal exposure to radiation, and 35 of them to pesticides. Twenty-two
were born to mothers with diabetes, and 18 to mothers with hypertension.

Conclusion: We identified antenatal exposure to radiation, pesticides, maternal diabetes, and maternal hypertension asimportant predisposing
factors for congenital anomalies. Congenital anomalies of the CNS and musculoskeletal/gastrointestinal defects were seen most frequently.
Identification of risk factors can help in designing appropriate interventions.

Keywords: Ambiguous genitalia, Anencephaly, Atrial septal defect, Bangladesh, Birth-defect registries, Chromosomal abnormalities, Cleft
palate, Cleft lip, talipes, Congenital anomalies, Congenital diaphragmatic hernia, Cytomegalovirus, Duodenal atresia, Embryonic development,
Environmental contaminants, Epidemiological profile, Epidemiology, External teratogens, Fetal development, Folic acid deficiency, Global Burden
of Disease study, Hydrocephalus, Hypospadias, ICD-9, ICD-10, Infant, Inguinal hernia, lodine deficiency, limperforate anus, Meningomyelocele,
Micronutrients, Multifactorial transmission, Newborn, Patent ductus arteriosus, Pesticides, Polydactyly, Radiation, Rubella, Single-gene disorders,
Spina bifida, Syndactyly, Tetralogy of Fallot, Tracheoesophageal fistula, Undescended testis, Ventricular septal defect.
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HIGHLIGHTS

- Congenital anomalies are structural/functional defects in various
organs (systems) that are apparent at birth.

+ In this study, we investigated the epidemiological profile
of various congenital abnormalities in newborn infants in
Bangladesh.

« We recorded 100 consecutive congenital anomalies in 54,800
infant visits in our outpatient clinics.

- Congenital anomalies of the central nervous system (CNS)
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and musculoskeletal/gastrointestinal defects were seen most
frequently.

- Antenatal exposure to radiation, pesticides, maternal diabetes,
and maternal hypertension as important predisposing factors
for congenital anomalies. Identification of risk factors can help
in designing appropriate interventions.

INTRODUCTION

Congenital birth defects include structural/functional abnormalities
present since birth. An estimated 7.9 million infants are born all
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over the world with these conditions and are at risk of physical
impairment after birth and perinatal mortality.? More than 90%
of these defects are seen in low-resource regions that have very
few birth-defect registries with detailed information.> Due to low
awareness, inadequate diagnostic capabilities, under-presentation
to medical institutions, and consequent under-reporting, the
prevalence of congenital anomalies is considerably underestimated
in these areas.*

We know that congenital malformations are caused by a
variety of factors, including single-gene disorders, chromosomal
abnormalities, multifactorial transmission, external teratogens,
and micronutrient shortages.® Maternal infections such as rubella
and cytomegalovirus; diabetes mellitus; iodine and folic acid
deficiencies; exposure to medicinal and recreational drugs such
as alcohol and tobacco; certain environmental contaminants;
and radiation are important than other important predisposing
factors.® In the 2015 Global Burden of Disease study, congenital
abnormalities accounted for 11% of infant deaths. These were
the sixth most common cause of mortality in under-5-years-old
children.” These issues can also cause long-term impairment,
affecting society, families, healthcare systems, and individuals.®
Overall, 1in 40 (2.5%) infants are born with one or more detectable
deformities; nearly half of these cases were born with 1 deformity,
whereas the other half had more than one.’

Regular prenatal assessment and directed care can reduce
perinatal mortality.' Malformations are broadly classified into
the following three types: (A) Single deformity; (B) multiple
deformities with a recognizable pattern (syndrome); and (C)
multiple malformations without an identifiable pattern. Minor
malformations are structural defects that may not alter clinical
function but may have esthetic implications, such as preauricular
tags. Major malformations, such as cleft lip and palate, or ventricular
septal defects, have a substantial impact on function or social
acceptability."

Congenital birth defects can often present as syndromes, where
several pathophysiologically connected abnormalities originate in
ashared cause." Organ development is crucial throughout the first
trimester, especially between the 3-8-week period of pregnancy.
During this time, any type of injury might induce multiple
congenital abnormalities.'” In many regions, perinatal infections,
or macro- and micronutrient malnutrition might increase the risk
of birth malformations; up to 94% of all birth defects may be seen
in such settings>'® In some regions, dietary supplementation with
folic acid has reduced the prevalence of neural tube abnormalities.
Genetic factors may also be at play; the incidence of congenital
deformities may be higher in low-birth-weight (LBW) infants and in
those born from consanguineous marriages." The risk of congenital
malformations increases with advanced maternal age, exposure to
certain drugs, teratogens, radiation, maternal illnesses, smoking,
and alcohol consumption.'® The incidence and type of congenital
abnormalities in various geographic regions may also change
with ethnicity, socioeconomic level, diet, environmental variables,
maternal age, and lifestyle.'®

There is a need for further work to identify the cause and
possible interventions to prevent congenital anomalies. An
improved understanding of the epidemiology of birth abnormalities
can help design directed efforts to prevent these defects. In this
study, we took the first steps to screen for the prevalence of different
congenital anomalies in infants in our community.
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MATERIALS AND METHODS

Study Design and Setting

This cross-sectional observational study was performed at the
outpatientclinics in the Central Medical College Hospital in Cumilla,
Bangladesh during the period from June 2019 to June 2022. The
approval of the ethics review committee was obtained prior to
the initiation of the study. Parents’ consent was obtained prior
to enrollment for data collection, and strict confidentiality was
maintained while processing the data and creating the reports
by eliminating all personal identifiers. Data were collected from
the first 100 patients with congenital anomalies who presented
to the outpatient clinics during the period from June 2019 to June
2022. The total number of patients seen during the study period
was 54,800. Various anomalies were recorded based on physical
examinations of the infants. Information such as maternal parity,
gestational age, education, social standing, family history of
congenital malformations, illness in a sibling, cousin marriages,
relationships with cousins, concomitant medical conditions,
industrial exposure, and viral infections in the first trimester were
also noted. The frequency and pattern of anomalies, male-to-female
ratio, and the severity of congenital malformations were noted as
outcome variables.

Statistical Analysis

Microsoft Excel and statistical package for the social sciences
(SPSS) software, version 25.0, were used for data entry and analysis.
Sociodemographic information, risk variables, and congenital
malformations were all summarized using descriptive statistics.
Qualitative data are reported as frequency and percentage, whereas
quantitative data are given as mean and standard deviation.
Comparisons were made using tabulation and graphic displays
such as tables and bar diagrams.

ResuLTs AND OBSERVATION

Out of the 54,800 patients seen during the study period, 100 patients
were identified with congenital anomalies. The recorded anomalies
encompassed a range of conditions, including cardiovascular,
musculoskeletal, and neurological anomalies, among others. The
calculated percentage of patients with congenital anomalies was
approximately 0.1825%.

Table 1 shows demographic characteristics. Gender distribution
of the neonates revealed that out of 100 cases, 69.0% of patients
were male and 31.0% were female. Male-female ratio was 2.2:1. A
total of 57% of the respondents came from urban areas. Notably,
67% of them had a history of hospital delivery.

Evaluation of maternal risk factors showed that 38.0% of the
patient had been exposed to antenatal radiation, 35% had exposure
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to pesticides, 22% were diagnosed to have had diabetes, and 18%
had hypertensive disorders (Table 2).

Table 3 shows the prevalence of different types of congenital
malformations. Cleft lip/palate was detected in 13 patients; talipes
in 12, polydactyly in 9, hypospadias in 8, and meningomyelocele
in five patients. Other common malformations were atrial septal
defect, inguinal hernia, ventricular septal defect, imperforate
anus, duodenal atresia, tracheoesophageal fistula, anencephaly,
syndactyly, etc.

The pattern of congenital abnormalities present in neonates
is summarized in Figure 1. Anomalies were noted most frequently
in the CNS (30%), followed by the musculoskeletal system (24%),

Table 1: Demographic characteristics of the newborn (n = 100)

Frequency
Variables Male (n, %) Female (n, %) Total
Gender distribution 69 31 100
Residence
Rural 29 (42.0%) 14 (45.1%) 43
Urban 40 (57.9%) 17 (54.8%) 57
Place of delivery
Home 21 (30.4%) 10 (32.2%) 31
Hospital 48 (69.5%) 21 (67.7%) 69
Mode of delivery
NVD 43 (62.3%) 19 (61.2%) 62
(@) 26 (37.6%) 12 (38.7%) 38
CS, cesarean section; NVD, normal vaginal delivery
Table 2: Maternal risk factors (n = 100)
Variables Number of patients
Exposed to antenatal radiation 38
Exposure to pesticides 35
Maternal diabetes 22
Maternal hypertensive disorder 18
Prior history of antiseizure medication 7
Poor nutritional status 27

gastrointestinal system (24%), cardiovascular system (CVS) (13%),
and the genitourinary system (9%).

Table 4 shows the relationship between congenital abnor-
malities and maternal and fetal factors. It was evident that male
subjects are commonly affected by CNS and gastrointestinal
anomalies, females are commonly affected by musculoskeletal
system deformities. Maternal parity is an important predictor
of congenital anomalies. Infants born to primigravidae women
showed more anomalies in the central nervous and genitourinary
systems. The CVS malformations were more common in
multiparous women. Births in urban areas showed more CVS and
genitourinary system anomalies, whereas gastrointestinal system

Table 3: Different types of congenital malformations observed in
neonates (n = 100)

Clinical diagnosis
Cleft palate and cleft lip 13

Number of patients

Talipes 12

(O]

Ventricular septal defect
Patent ductus arteriosus
Tetralogy of Fallot
Congenital diaphragmatic hernia
Anencephaly
Tracheoesophageal fistula
Polydactyly
Meningomyelocele
Hydrocephalus
Hypospadias

Inguinal hernia
Imperforate anus
Syndactyly

Duodenal atresia
Undescended testis

Atrial septal defect

Spina bifida

Ambiguous genitalia

= N U1 N b W LT L1 O LT L O » W N W D

30

24

Number

24

13

Central nervous
system

Musculoskeletal

Gastrointestinal

Genitourinary Cardiovascular

Fig. 1: Distribution of the pattern of congenital anomalies (n = 100)
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Table 4: Congenital malformations in relation to maternal and fetal factors (n = 100)

CNS Musculoskeletal system Gastrointestinal system CcVvs Genitourinary system Total

Newborn gender

Male 21 11 19 9 9 69

Female 9 13 31
Maternal history

Primigravida 26 13 14 6 6 65

Multigravida 4 11 10 7 3 35
Residence

Urban 17 14 11 8 7 57

Rural 13 10 13 5 2 43
Exposed to antenatal radiation

Yes 17 15 38

No 13 19 13 8 62
Exposure to pesticides

Yes 14 11 3 5 2 35

No 16 13 21 8 7 65

anomalies were seen more frequently in rural regions. Maternal
exposure to radiation and pesticides were important risk factors
for congenital malformations.

Discussion

Out of 100 cases in this study, 69% were male and 31% were female
(gender ratio was 2.2:1). A total of 57% of responders were from
urban areas; 69% of our patients had a history of hospital delivery.
Most (62%) had been delivered vaginally. Our study differed from
other cohorts, where the gender ratios were relatively similar. In a
screening study of 50 patients, 54% were males with a gender ratio
of 1.2:1.° In a larger cohort of 3,210 admissions, 226 newborns (7%)
had congenital malformations." In this study, 130 (57.5%) were
male patients and 96 (42.5%) were female patients. Another study
with congenital anomalies in 8.4% showed 52 (54.1%) males and 44
(45.8%) females.'® These studies show a wide variation in geographic
distribution, cultural influences, and socioeconomic conditions.
We recorded a high frequency of cleft lip and palate, talipes,
polydactyly, hypospadias, and meningomyelocele. Other common
malformations were an atrial septal defect, inguinal hernia,
ventricular septal defect, imperforate anus, duodenal atresia,
tracheoesophageal fistula, anencephaly, and syndactyly. Overall,
the CNS (30%) was the most often afflicted system in this study,
followed by the musculoskeletal system (24%), gastrointestinal
system (24%), CVS (13%), and genitourinary system (9%) of
total abnormalities. However, a review of the literature shows
considerable variability between cohorts. One study showed a
high frequency of neurological anomalies (2.3%); anencephaly
(11.5%), spina bifida (11.5%), and meningocele (12.3%). Clubfoot
(7.7%), omphalocele (3.8%), and gastroschisis (3.8%) were the
most prevalent musculoskeletal abnormalities (3.1%). The most
prevalent gastrointestinal tract abnormalities were esophageal
atresia (4.6%), Pierre—Robin syndrome (4.6%), cleft lip (18.5%), and
cleft palate (16.2%).! In another cohort, the circulatory system was
most frequently implicated, followed by the neurological and
musculoskeletal systems.'® Another study showed a relatively
large number of neural tube defects but also two with Down'’s

188 Newborn, Volume 2 Issue 3 (July—September 2023)

syndrome, one with a facial abnormality, and three with congenital
cardiac disease."”

Many risk factors were associated with congenital anomalies.
In our cohort, parental consanguinity, maternal undernutrition,
obesity, a history of abnormalities in the family, LBW, and preterm
birth were associated with a higher prevalence of congenital
malformation with non-significant differences for maternal age and
neonate sex.’ Evaluation of maternal history and risk factors, 38%
of the mothers had been exposed to antenatal radiation and 35%
to pesticides. Male infants were more frequently affected by CNS
and gastrointestinal anomalies, unlike females who had a higher
incidence of musculoskeletal system deformities. Interestingly,
maternal parity was also an important predictor of specific
congenital anomalies. Primigravidae women more frequently
carried fetuses with CNS and genitourinary system anomalies.
Multiparous mothers frequently gave birth to fetuses with CVS
malformations. On the evaluation of residence, infants born in
urban areas frequently showed cardiovascular and genitourinary
system anomalies, unlike the higher numbers of gastrointestinal
defects seen in rural areas.

One study focused on maternal and infant risk factors for
congenital malformations. Although not statistically significant,
low or high maternal ages (<20 or >35 years) were associated with
a higher risk of congenital deformities.'® Parental consanguinity
was an important risk factor. Maternal malnutrition and obesity
were both related to an increase in congenital malformations in
their fetuses. Fetal gender was not an important determinant.
Prematurity and LBW increased the risk of congenital abnormalities.®
Birth weight, maternal diseases, inadequate prenatal care, smoking,
prior abortion, past congenital abnormalities, and consanguinity
have been associated with congenital malformations.'” Circulatory
problems appear to be more prevalent when compared to previous
research, which isimportant to know because many of these infants
can be salvaged with timely intervention.?’ Public education
about various risk factors, maternal health, and the need for early
prenatal identification and therapy can help.?' Timely intervention
in known risk factors such as folic acid or iodine deficiency may
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help, although more work is needed to confirm the size of the
therapeuticimpact.?>?3 There is a need for standardized systems for
categorizing birth defects (such as the International Classification
of Diseases [ICD]-9 or ICD-10) so that data can be compared across
various geographical regions and over time.?* The Global Burden
of Disease Study and WHO reviews show that up to 17-42% of
infant mortality may be related to congenital anomalies.?® There
is considerable variability in the incidence of various congenital
abnormalities in different regions, so the efforts need to be directed
more precisely.

CONCLUSION

The CNS and musculoskeletal issues are the most common
congenital defects. Congenital anomalies were more common
when the mother had a history of exposure to radiation, chemicals,
paternal consanguinity, and diseases. Long-term disabilities
resulting from congenital defects may have a considerable
effect on a child’s health and development as well as on families,
healthcare systems, and on society as a whole. Proper evaluation
and appropriate treatment prevent the burden of congenital
anomalies.
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ABSTRACT

Background: We sought to investigate the clinical determinants and outcomes of cholestasis in preterm infants with surgical necrotizing
enterocolitis (SNEC).

Methods: Retrospective comparison of clinical information in preterm infants who developed cholestasis vs those who did not.

Results: Sixty-two (62/91, 68.1%) infants with NEC developed cholestasis at any time following the onset of illness. Cholestasis was seen more
frequently in those who had received ionotropic support at 24 hours following sNEC diagnosis (87.1% vs 58.6%; p = 0.002), had higher mean
C-reactive protein levels 2 weeks after NEC diagnosis (p = 0.009), had blood culture-positive sepsis [25 (40.3%) vs 4 (13.8%); p = 0.011], received
parenteral nutrition (PN) for longer durations (108.4 + 56.63 days vs 97.56 + 56.05 days; p = 0.007), had higher weight-for-length z scores at
36 weeks’ postmenstrual age [-1.0 (-1.73,-0.12) vs -1.32 (-1.76, -0.76); p = 0.025], had a longer length of hospital stay (153.7 + 77.57 days vs
112.51 + 85.22 days; p = 0.024), had intestinal failure more often (61% vs 25.0%, p = 0.003), had more surgical complications (50% vs 27.6%; p =
0.044), and had >1 complication (21% vs 3.4%; p = 0.031). Using linear regression, the number of days after surgery when feeds could be started
[OR 15.4; confidence interval (Cl) 3.71,27.13; p = 0.009] and the postoperative ileus duration (OR 11.9, Cl 1.1, 22.8; p = 0.03) were independently
associated with direct bilirubin between 2 and 5 mg/dL (mild-moderate cholestasis) at 2 months of age. The duration of PN was independently
associated with direct bilirubin >5 mg/dL (severe cholestasis) at 2 months of age in these patients.

Conclusion: Cholestasis was seen in 68% of infants following surgical NEC. The most likely contributive factors are intestinal failure and subsequent
PN dependence for longer periods. Our data suggest that identification and prevention of risk factors such as sepsis and surgical complications
and early feeds following NEC surgery may improve outcomes.

Keywords: Anthropometric, Adhesions, Bell’s criteria, Cholestasis, Farnesoid X, Fenton growth, Fish oil-containing lipid emulsion, Fistula, lleocecal
valve, Intralipids, Infant, Intestinal failure, Liver X receptors, Logistic regression, Necrotizing enterocolitis, Neonate, Outcome, Parenteral nutrition,
Perforations, Pneumoperitoneum, Pneumatosis, Portal venous gas, Preterm, Premature, Soybean oil-medium chain triglycerides—olive oil-fish
oil, Surgical site infection, Stricture, Term-equivalent age, Weight-for-length, Wound dehiscence, z-scores.
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« Necrotizing enterocolitis is a major cause of morbidity and
mortality in premature infants.

-+ In a retrospective study, we reviewed the medical records of
91 infants to identify the clinical determinants and outcomes
of cholestasis in preterm infants with surgical necrotizing
enterocolitis. Sixty-two (62/91, 68.1%) infants with NEC
developed cholestasis at any time following the onset of iliness.

+ Cholestasis was seen more frequently in those who had received
ionotropic support at 24 hours following the diagnosis of
surgical NEC, had higher C-reactive protein levels, 2 weeks
after the diagnosis of NEC, had blood culture-positive sepsis,
received parenteral nutrition for longer durations, had higher
weight-for-length z-scores at 36 weeks postmenstrual age, had
a longer length of hospital stay, had intestinal failure, and had
more surgical complications.

+ Cholestasis is seen in most infants recovering from surgical NEC.
Intestinal failure and subsequent dependence on parenteral
nutrition for long periods are important predictors.

INTRODUCTION

Necrotizing enterocolitis (NEC) affects 6-10% of very-low-birth-
weight premature infants"? and surgical disease remains a leading

Baptist, Wake Forest School of Medicine, Winston Salem, North
Carolina, United States of America

2Department of Pediatrics, University of Mississippi Medical Center,
Jackson, Mississippi, United States of America

3Global Newborn Society, Clarksville, Maryland, United States of
America

“Frank Porter Graham Child Development Institute, University of North
Carolina at Chapel Hill, NC, United States of America

>Department of Regenerative Medicine, Wake Forest School of
Medicine, Winston Salem, North Carolina, United States of America
5Department of Pediatric Surgery, Atrium Health Wake Forest Baptist,
Wake Forest School of Medicine, Winston Salem, North Carolina,
United States of America

"Department of Pathology, Atrium Health Wake Forest Baptist, Wake
Forest School of Medicine, Winston Salem, North Carolina, United
States of America

8Texas Children Hospital, Baylor College of Medicine, Houston, Texas,
United States of America

°Louisiana State University Health Sciences Center - Shreveport, LA,
United States of America

Corresponding Author: Parvesh Mohan Garg, Department of Pediatrics/
Neonatology, Atrium Health Wake Forest Baptist, Wake Forest School

©TheAuthor(s). 2023 Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and non-commercial reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Cholestasis in Surgical NEC

cause of death in almost 40-50% of these patients.® Nearly 13-45%
of infants with surgical NEC develop intestinal failure,*> which is
associated with prolonged hospitalization and higher economic
burden.®

Short bowel syndrome secondary to surgical NEC in preterm
infants is associated with a longer hospital stay, growth failure,
cholestasis, and liver injury.” Cholestasis is frequently seen in these
infants, affecting 42-85%.2"'" Bowel length and preservation of the
ileocecal valve are the major predictors of weaning from PN.° The
duration of parenteral nutrition (PN) following surgical NEC is an
independent clinical risk factor for cholestasis.® Thus, while these are
well-known risk factors for cholestasis following surgical necrotizing
enterocolitis (SNEC), other clinical predictors of cholestasis after
sNEC are not well-studied. African American infants show a higher
prevalence of surgical NEC and its associated mortality,'? although
the clinical predictors of cholestasis in African American preterm
infants with surgical NEC need further study.

We have previously published systemic morbidities and
clinical outcomes in preterm infants with sSNEC.*"7 In these
reports, we investigated the clinical determinants and outcomes of
cholestasis in these patients. We compared clinical information in
preterm infants with and without cholestasis in a SNEC cohort. The
associations between clinical factors and outcomes were assessed
with univariate and multivariable logistic regression analyses.
We now compared the clinical determinants and outcomes of
cholestasis in preterm infants with sNEC.

MEeTHODS

Study Design

The study was conducted at the University of Mississippi Medical
Center (UMMC) Neonatal Intensive Care Unit, a Level IV unit with
900-1000 admissions yearly and referrals from the entire state.
The UMMC Institutional Review Board approved the study with a
waiver of informed parental consent. Allinfants admitted between
January 2013 and December 31, 2018, with a diagnosis of NEC
(Bell stage lIl), were included in the study.'® Neonates diagnosed
with medical NEC, isolated ileal perforation, kidney anomalies,
congenital heart disease, and intestinal atresia were excluded
from the analysis.

Clinical Information

Demographicdata collected included birth weight (BW), gestational
age (GA), appropriate for GA status (AGA), race, sex, mode of delivery,
outborn status (referred from other hospitals), and Apgar score <6
at 5 minutes. Maternal information collected included clinically
diagnosed chorioamnionitis, antenatal steroids, and pregnancy-
induced hypertension (PIH). Neonatal data included patent ductus
arteriosus (PDA), respiratory support, inotrope (dopamine) use
24 hours after NEC onset, hematological information, ibuprofen/
indomethacin treatment (before NEC), and frequency of cholestasis
(direct bilirubin >2 mg/dL) at any time after NEC diagnosis. Sepsis-
related variables included blood culture-proven sepsis at NEC onset
and duration/type of antibiotics.

NEC Information

The diagnosis of NEC was based on abdominal X-ray findings,
including portal venous gas, pneumatosis, and pneumoperitoneum
and the cases were classified using Bell’s criteria.'”® Data on the age
at NEC diagnosis and frequency of Bell stage lll/surgical NEC were
compiled.’®?
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Histopathological Evaluation

Hematoxylin-and eosin-stained resected intestinal tissue sections
were evaluated by a team of a board-certified gastrointestinal
pathologists and a senior pathology trainee for necrosis,
inflammation, hemorrhage, and reparative changes.?®

Cholestasis

We recorded the data on cholestasis (direct bilirubin >2 mg/dL) at
the time of NEC onset?' and every week up to 2 months thereafter.
We defined mild-moderate cholestasis as a direct bilirubin between
2 and 5 mg/dL. Severe cholestasis was defined as a direct bilirubin
>5 mg/dL.

Postoperative and Outcome Data

We also recorded information on intestinal failure (parenteral
nutrition >90 days) and surgical morbidity. Postoperative
information such as postoperative ileus days (defined as the number
of days infants were NPO after bowel surgery), time to reach full
enteral feeds (>120 mL/kg/day), total parenteral nutrition days,
length of stay, and hospital mortality were measured. We defined
mortality as death due to any reason before hospital discharge.
Surgical morbidity/complications were defined as stricture, fistula,
wound dehiscence, surgical site infection (including abscess),
adhesions, and perforations. If an infant had more than one
abovementioned complication at any time following NEC were
grouped into more than 1 surgical complication cohort.

Somatic Growth

We tracked anthropometric variables, including weight, height,
weight-for-length, head circumference, and respective z-scores
using sex-specific Fenton growth charts at 36 weeks postmenstrual
age.

Brain Growth

Per our hospital practice, we obtained brain MRI without contrast
in all VLBW infants when clinically indicated at a corrected age of
36 weeks or before discharge. The most common reason for not
obtaining MRI was death or transfer to a different center for bowel
transplantation. All term-equivalent age (TEA) MRI scans were
scored independently by two pediatric neuroradiologists who were
unaware of the initial MRI reading and the diagnosis of cholestasis.
We used a 8-scale scoring system for white and gray matter injury
developed by Woodward et al.?

Statistical Methods

Demographic and clinical information in preterm infants with and
without cholestasis in the surgical NEC cohort were compared.
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Table 1: Clinical information of surgical NEC infants with and without cholestasis

N Total (N=91) No cholestasis (N = 29) Cholestasis (N =62) p-value

Prenatal information

Chronic hypertension, n (%) 75 12 (16.0) 4(17.4) 8(15.4) 0.83

Antenatal steroid use, n (%) 88 65 (73.9) 18 (66.7) 47 (77.0) 0.31
Infant information

Gestational age (weeks, mean + SD) 91 27.2 (4.0) 27.8 (4.0) 27.0 (4.0) 0.35

Birth weight (gm, mean + SD) 91 1011.0(563.9) 1112.4(610.3) 963.6 (539.4) 0.24

Male, n (%) 91 63 (69.2) 22 (79.5) 41 (66.1) 0.35

Ethnicity, n (%) 91 0.23

African American 21(23.1) 10 (34.5) 11(17.7)

Caucasian 66 (72.5) 48 (77.4) 18 (62.1)

Latino 2(2.2) 1(3.4) 1(1.6)

Other 2(2.2) 0(0.0) 2(3.2)

C-section, n (%) 91 62 (68.1) 22 (75.9) 40 (64.5) 0.28

Out born, n (%) 91 62 (68.1) 18 (62.1) 44 (71.0) 0.40

Ventilation following NEC, n (%) 88 0.08

Intubation 78 (88.6) 23(82.1) 55(91.7)

CPAP 7 (8.0) 2(7.1) 5(8.3)

High flow 1(1.1) 1(3.6) 0(0.0)

Room air 2(2.3) 2(7.1) 0(0.0)

Patent ductus arteriosus, n (%) 91 57 (62.6) 15(51.7) 42(67.7) 0.14

Pressor support 24 h after NEC, n (%) 91 71 (78.0) 17 (58.6) 54 (87.1) 0.002

Indomethacin use, n (%) 91 12(13.2) 1(3.4) 11(17.7) 0.06

The presence of bold and italic values signified p < 0.05

Continuous data were summarized as median (1st quartile, 3rd
quartile) with Mann-Whitney U or Kruskal-Wallis tests for differences.
Categorical data were summarized as numerical counts and
percentages. Variability was quantified using standard deviations
(SDs). Group differences were tested with Chi-squared or Fisher's exact
tests. Variables with significant association (p-value less than 0.05)
in univariate analysis were candidates for the multivariable models.
A multinomial logistic regression was conducted to assess the
potential risk of cholestasis associated with the following variables:
pressor support 24 hours after NEC, indomethacin use, time to
surgery from NEC onset, TPN days, postoperative ileus days, and
time to reach full feeds. Simple linear regression was conducted to
assess the predictors for persistent cholestasis at 2 months following
the surgical NEC with the following continuous variables: length of
stay, time to reach full feeds, TPN days, and length of postoperative
ileus. A generalized linear regression using a binomial distribution
was conducted on mortality, time to reach full feeds, intestinal
failure, surgical complication, a single-surgical complication,
more than one surgical complication, and white matter injury.
A p-value < 0.05 was considered statistically significant for all the
analyses. All analyses were performed in SPSS and SAS 9.4.

REsuLTs
Risk Factors for Cholestasis after sSNEC and Outcomes
of Cholestasis in SNEC

In our cohort of 91 infants with surgical NEC, 62 (62/91, 68.1%)
infants developed cholestasis at some time following the onset of

NEC. The patients had a gestational age of 27.2 + 4 weeks (mean +
SD) and birth weight of 1011 + 563.9 gms. The majority were male
infants (63/91, 69.2%) and of African American ancestry (66/91,
72.5%). Infants with cholestasis received inotropic support more
frequently at 24 hours following surgical NEC (87.1% vs 58.6%;
p=0.002), had higher mean CRP levels at 2 weeks after the onset of
surgical NEC (6.26 +5.70 vs 2.23 + 1.57; p = 0.009), and had positive
blood culture sepsis more often than those without cholestasis
(25 (40.3%) vs 4 (13.8%), p = 0.011).

Infants who developed cholestasis received parenteral
nutrition (PN) for longer periods (108.4 + 56.6 days vs 97.56 +
56 days; p = 0.007), had higher weight for length z-scores at 36
weeks postmenstrual age [-1.0 (-1.73,-0.12) vs -1.32 (-1.76, -0.76);
p = 0.025], and had a longer length of hospital stay (153.7 + 77.5
days vs 112.51 + 85 days; p = 0.024) when compared with infants
with no cholestasis. Infants with cholestasis developed intestinal
failure more often (35 (61%) p 6 (25%), p = 0.003), had more surgical
complications following NEC (31 (50%) vs 8 (27.6%), p = 0.044), and
had >1 complication (13 (21%) vs 1 (3.4%), p = 0.031) than those
without cholestasis. The data are summarized in Tables 1 to 3. There
was no significant difference in intestinal histopathology, length of
bowel resected, and the white matter injury on the brain MRI nor
mortality in the two groups.

On multivariable logistic regression modeling, the duration of
PN (OR 1.026; CI 1.004-1.050; p = 0.0235) and the need for inotropic
support for 24 hours following NEC (OR 6.68; Cl 1.374-32.562;
p =0.0186) were independent risk factors for cholestasis. The data
are summarized in Table 4.
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Table 2: NEC disease features in infants with and without cholestasis

N Total (N=91)  Nocholestasis (N=29)  Cholestasis (N=62)  p-value
NEC disease features

NEC age of onset (days, median + SD) 91 17.2(15.6) 14.7 (15.4) 18.4(15.7) 0.30
Time to surgery from NEC onset (hours, mean + SD) 91 243.3(507.8) 124.0 (407.1) 299.1 (542.6) 0.13
Radiologic findings, n (%) 91

Pneumatosis 51(56.0) 18 (62.1) 33(53.2) 0.43

Portal venous gas 6 (6.6) 0(0.0) 6(9.7) 0.08

Pneumoperitoneum 5(49.5) 7 (58.6) 8(45.2) 0.23
Penrose drain, n (%) 87 24 (39.1) 7 (25.9) 27 (45.0) 0.09
Presence of ileocecal valve, n (%) 90 1(67.8) 2(75.9) 9(63.9) 0.26
Region of bowel resected n (%) 88 0.50

Small bowel 56 (63.6) 19 (70.4) 37(60.7)

Large bowel 2(23) 0(0.0) 2(33)

Combined large and small bowel 0(34.1) 8(29.6) 22 (36.1)
Length of bowel resected (cm, mean + SD) 91 23.3(24.2) 23.6 (26.6) 23.2(23.2) 0.94
Necrosis grade (mean + SD) 91 6(1.3) 6(1.3) 6(1.3) 0.81
Inflammation grade (mean =+ SD) 91 9(1.0) 7 (1.0) .0(1.0) 0.09
Hemorrhage grade (mean + SD) 91 3(1.2) 5(1.0) 2(1.2) 0.24
Healed, n (%) 91 41 (45.1) 0(34.5) 1(50.0) 0.12

Sepsis variables

Positive blood culture sepsis, n (%) 91 9(31.9) 4(13.8) 25 (40.3) 0.01
CRP on the day of NEC (mg/dL, mean =+ SD) 77 8(8.7) 7(7.3) .8(9.2) 0.13
CRP 24 hours after NEC (mg/dL, mean + SD) 72 12.6(11.3) .6 (9.6) 14.5(11.6) 0.039
CRP 48 hours after NEC (mg/dL, mean + SD) 65 15.0(11.7) 128(128) 16.0 (11.1) 0.32
CRP 96 hours after NEC (mg/dL, mean =+ SD) 67 11.4(11.4) 6(7.8) 11.9(12.2) 0.50
CRP 1 week after NEC (mg/dL, mean =+ SD) 65 .0 (9.6) 6 (6.4) 7(10.3) 0.27
CRP 2 weeks after NEC (mg/dL, mean + SD) 64 3(5.3) .2(1.6) .3(5.7) 0.009
Central line days (days, mean + SD) 84 60.7 (41.3) 50.4 (34.6) 65.0 (43.4) 0.14

The presence of bold values signified p < 0.05

Risk Factors and Outcomes of Cholestasis at 2 Months
Following NEC

About 52 infants were eligible for the cholestasis analysis at 2
months following surgical NEC. In total, 15/52 (28.8%) infants had
complete resolution of cholestasis. Out of 37 infants with persistent
cholestasis, 22/52 (42.3%) had direct bilirubin levels between 2 and
5 mg/dL (mild—-moderate) and 15/52 (28.8%) had direct bilirubin
levels more than 5 mg/dL (severe cholestasis).

Those with resolved cholestasis at 2 months following the
onset of surgical NEC had higher birth weight (1192.6 + 623.8 vs
829+456 gms; p = 0.024), higher CRP levels at 48 and 96 hours
(p <0.05), and required small bowel resected less often [5/51 (9.8%)
vs 28/51 (54.9%); p = 0.004] following surgical NEC. The gestational
age, age of surgical NEC onset, length of bowel resection, surgical
morbidities, and death were not statistically significant in infants
with and without resolved cholestasis at 2 months following onset
of the surgical NEC. The data are summarized in Supplementary
Table 1.

On multinominal logistic regression, infants with surgical
NEC had longer durations of postoperative ileus (11.9, CI 1.1, 22.8;
p = 0.03), which was independently associated with direct bilirubin
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levels between 2 and 5 mg/dL (mild-moderate cholestasis) at
2 months of age. The duration of total PN was independently
associated with direct bilirubin >5 mg/dL (severe cholestasis) at 2
months of age in infants (OR 37.14; 4.26, and 70.03; p = 0.0269). The
data are summarized in Table 5.

Discussion

In our cohort, almost 68% of cases had cholestasis at any time
following surgical NEC. Infants with cholestasis were sicker at
the time of disease onset as evidenced by the need for inotropic
support at 24 hours and the frequency of blood culture-proven
sepsis. Infants with cholestasis had a higher incidence of intestinal
failure (56.5% vs 20.7%), received PN for longer durations, and
were more likely to have >1 surgical complication. Those with
cholestasis stayed in the hospital almost 6 weeks longer than
those without, although there was no overall increase in mortality
than these controls. Unlike other reports,® we saw no significant
differences in gestational age and birthweight in infants with and
without cholestasis. In our cohort of surgical NEC, we also did not
find significant differences in the presence of an ileocecal valve,
bowel histopathology, and the length of bowel resection. However,
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Table 3: Postoperative intestinal and outcomes information in infants with and without cholestasis

N Total (N=91) No cholestasis (N = 29) Cholestasis (N=62)  p-value
Postoperative intestinal features
Time to reach full feeds (days, mean + SD) 66 71.3 (45.6) 58.1(47.8) 77.1 (44.0) 0.12
Days of starting feeds (days, mean + SD) 80 19.3(17.0) 14.0 (10.0) 21.5(18.8) 0.08
Days of TPN (days, mean + SD) 90 97.6 (56.1) 74.7 (48.1) 108.4 (56.6) 0.007
Postoperative ileus (days, mean + SD) 81 176(155) 13.4(10.0) 19.2(17.0) 0.13
Surgical complication, n (%) 91 9 (42.9) 8(27.6) 31 (50.0) 0.044
Single complication, n (%) 91 3(25.3) 6 (20.7) 17 (27.4) 0.49
>1 complication, n (%) 91 4(15.4) 1(34) 13(21.0) 0.031
Wound dehiscence, n (%) 91 5(16.5) 2(6.9) 13(21.0) 0.09
Wound infection, n (%) 91 8(8.8) 1(3.4) 7(11.3) 0.22
Adhesions, n (%) 91 20 (22.0) 4(13.8) 16 (25.8) 0.20
Fistula, n (%) 91 5(5.5) 0(0.0) 5(8.1) 0.12
Intestinal failure, n (%) 83 42 (50.6) 6 (25.0) 36 (61.0) 0.003
Outcomes
Weight z-scores @36 weeks 72 -1.67 (-2.1,-0.88) -1.68 (-2.04,-1.05) -1.54 (-2.11,-0.87) 0.38
Length z-scores @36 weeks 72 -1.92 (-3.26,-1.30) -1.67 (-3.66,-1.19) -2.04 (-3.26,-1.35) 0.30
Weight-for-length z-scores @36 weeks 72 -1.11(-1.74,-0.194) -1.32(-1.76,-0.76) -1.0(-1.73,-0.12) 0.025
Head circumference z-scores @36 weeks 72 -2.16 ( 2.72,-0.98) -1.92 (-2.82,-0.942) -2.39(-2.77,-0.92) 0.30
White-matter injury, n (%) 60 8 (46.7) 9 (50.0) 9 (45.2) 0.74
Length of stay (days, mean + SD) 91 140.5 (81 .6) 112.4 (84.2) 153.7 (77.5) 0.024
Death 91 2(24.2) 6 (20.7) 6 (25.8) 0.60
The presence of bold values signified p < 0.05
Table 4: Regression analysis the maximum dose of amino acids, extra uterine growth restriction,
N=65 Exp (B) 95% Cl Significance feeding intolerance, surgically treated NEC, and longer total
Pressor support 24 hours 6689 1374-32562  0.0186 hospital stay were independent risk factors for the development
after NEC of PN-associated cholestasis (PNAC).”* soybean oil-medium chain
triglycerides-olive oil-fish oil (SMOF®) and breastfeeding were
Indomethacin use 4.783 0.352-64.991 0.2397 protective factors for PNAC. In comparison, in our cohort, the
Time to surgery from NEC  1.001 0.999-1.003 0.4012 infants with any cholestasis following surgical NEC had longer
onset length of stay on univariate analysis alone. We observed higher
TPN days 1.026 1.004-1.050 0.0235 weight-for-length ratio most likely due to consistent adequate
Days of starting feeds 1.109 0.996-1.235 0.0596 calories and proteins provided by the PN. However, at our center,
Time to reach full feeds 0.982 0.959-1.005 01213 we used the Intr.alipids® as a fat source that rpay have contributed
to the cholestasis frequency observed. We did not collect data on
Intercept 0.148 01099 the maximum dose of amino acid and dextrose concentration used

patients with cholestasis (direct bilirubin >2 mg/dL) had a higher
incidence of bloodstream infections following surgical NEC; in
sepsis-associated liver injury, bacterial toxins may have induced
pro-inflammatory cytokines and caused ischemic liver injury.?

In a retrospective study of 225 infants with NEC/SIP from
Finland, investigators found intestinal failure-associated cholestasis
(IFAC) in 42% of cases.’ In multivariate logistic regression analysis,
IFAC development was associated with septicemia and repeated
surgical procedures. However, there was no increase in overall
mortality.” We observed similar findings in our cohort; patients
with cholestasis had more surgical complications following NEC
and a larger number of infants had >1 complication. Infants who
needed multiple surgical procedures required PN support for a
longer duration with increased risk for cholestasis.

Arecent multicenter observational study of 465 preterm infants
assessing therisk factors associated with cholestasis indicated that

in preterm infants with cholestasis.

A recent metanalysis by Zou et al.?® indicated that fish oil-
containing lipid emulsion significantly reduced the occurrence of
PNAC with arisk ratio (RR) = 0.53, 95% confidence interval (Cl) 0.36-
0.80, p = 0.002. In mice, macrophage-derived interleukin (IL)-1f
seems to play a key role in PNAC, activating hepatocyte nuclear
factor-kappa B (NF-kB), which in turn interferes with farnesoid X
and liver X-receptor signaling to suppress the transcription of bile
and sterol transporters, thereby causing cholestasis.?® Hepatic
macrophages and related IL-1p and NF-kB signaling may be new
targets for restoring bile and sterol transport to treat or prevent
PNAC.

Similar to our study, Duro et al. reported cholestasis in 70% of
cases in a predominantly male cohort with a median gestational
age of 26 weeks.® They identified small-bowel resection or creation
of jejunostomy (odds ratio [OR] 4.96, 95% confidence interval [Cl]
1.97-12.51,p=0.0007) and duration of PN in weeks (OR 2.37,95% Cl
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Table 5: Bivariate analysis of resolved cholestasis

Direct bilirubin at 2 months of age <53

Direct bilirubin at 2 months of age >53

B 95% Cl p-value B 95% Cl p-value n
Length of stay1 8.39 -34.30,51.09 0.7000 38.80 -8.18,85.78 0.1055 53
lVlortaIity2 0.74 -1.62,3.11 0.5385 1.95 -0.35,4.24 0.0966 53
Achievement of full feeds? -1.79 -4.03,0.45 0.1174 -1.25 -3.64,1.14 0.3044 50
Time to reach full feeds’ 20.54 -8.50, 49.59 0.1657 14.74 -16.92,46.4 0.3615 43
Days of starting feeds’ 15.42 3.71,27.13 0.0099 0.67 -12.10,13.43 0.9185 52
TPN days1 21.40 -8.60,51.40 0.1620 37.14 4.26,70.03 0.0269 52
Short gut syndrome2 1.16 -0.36, 2.68 0.1347 0.72 -0.83,2.28 0.3627 50
Post-op ileus’ 11.95 1.10,22.80 0.0309 0.60 -11.23,12.43 0.9208 52
Surgical complication? 0.05 -1.26,1.35 0.9442 0.54 -0.91,1.99 0.4656 53
Single complication2 0.56 -0.99, 2.11 0.4780 0.98 -0.65,2.61 0.2392 53
More than 1 complication? -0.55 -2.12,1.03 0.4957 Low sample size 53
White-matter injury2 -0.68 -2.23,8.88 0.3930 -0.15 -1.92,1.61 0.8640 38

Continuous outcome uses linear regression; 2Binary outcome uses logistic regression; *Reference level direct bilirubin at 2 months of age <2

1.56-3.60, p < 0.0001) asindependent risk factors for PN-associated
liver disease (PNALD) in preterm infants with surgical NEC.% Just as
in our cohort, the duration of PN was independently associated
with cholestasis.

Our study has some important limitations. First, this was a
single-center experience, with predominantly African American
patients reducing the study’s generalizability. Second, the
retrospective study design and a small sample size limited our
power to detect associations between clinical factors, NEC, and
outcomes. Further, the small sample size may have resulted in type-I
errors from multiple comparisons. Finally, most of the neonates
with surgical NEC were African American. While this is partly due to
race distribution in Mississippi, this may also be related to adverse
social determinants of health and/or genetic risk for surgical NEC.

In summary, cholestasis is a common morbidity following
surgical NEC and it is most likely secondary to intestinal failure and
PN dependence foralonger period. We speculate that identification
of risk factors such as sepsis and surgical complication following
NEC surgery may allow the development of preventive strategies
for cholestasis and improve outcomes. There is a need for large
prospective multicenter clinical and translational studies to
fully understand the mechanisms, risk factors for, and impact of
cholestasis on health and outcomes in premature infants.
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ABSTRACT

Neonates show considerable variation in growth that can be recognized through serial measurements of basic variables such as weight, length,
and head circumference. If possible, measurement of subcutaneous and total body fat mass can also be useful. These biometric measurements
at birth may be influenced by demographics, maternal and paternal anthropometrics, maternal metabolism, preconceptional nutritional status,
and placental health. Subsequent growth may depend on optimal feeding, total caloric intake, total metabolic activity, genetic makeup, postnatal
morbidities, medications, and environmental conditions. For premature infants, these factors become even more important; poor in utero growth
can be an important reason for spontaneous or induced preterm delivery. Later, many infants who have had intrauterine growth restriction
(IUGR) and are born small for gestational age (SGA) continue to show suboptimal growth below the 10th percentile, a condition that has been
defined as extrauterine growth restriction (EUGR) or postnatal growth restriction (PNGR). More importantly, a subset of these growth-restricted
infants may also be at high risk of abnormal neurodevelopmental outcomes. There is a need for well-defined criteria to recognize EUGR/PNGR,
so that correctional steps can be instituted in a timely fashion.

Keywords: Body fat mass, Cohort of Indonesian PreTerm infants for long-term Outcomes study, Corrected gestational age, Delta-Z, Demographic
factors, Extra-uterine growth restriction, Failure to thrive, Fenton growth chart, Genetic make-up, growth charts, Infant growth, Intra-uterine
growth restriction, Intergrowth 21st charts, Infant feeding, Linear growth velocity, Maternal metabolism, Maternal and paternal anthropometrics,
Medications, Newborn, Neonate, Neurodevelopmental outcomes, Neonatal morbidities, Placental health, Postnatal growth restriction, Postnatal
malnutrition, Pre-conceptional nutritional status, Postnatal morbidities, Postnatal growth, Small for gestation, Term corrected age, Total caloric

intake, Total metabolic activity, Weight gain velocity, Z-scores.
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HIGHLIGHTS

- Neonates show considerable variation in growth; assessment
requires serial measurement of basic parameters such as weight,
length, and head circumference.

« Biometric parameters at birth may reflect demographic factors,
maternal and paternal anthropometrics, maternal metabolism,
preconceptional nutritional status, and placental health.
Postnatal determinants of growth include feeding, total caloric
intake, metabolic activity, genetic factors, morbidities, and
environmental conditions.

+ Infants who have had intrauterine growth restriction (IUGR)
and are born small for gestational age (SGA) may have low
growth potential. Many have suboptimal neurodevelopmental
outcomes.

- There is a need to accurately define extrauterine growth
restriction (EUGR) so that correctional steps can be instituted
in a timely fashion.

INTRODUCTION

Advancements in the field of neonatology over last two decades
has led to improved survival of premature and low birth weight
infants."2 However, the growth of these premature and critically
ill neonates remains a cause for concern. To define and monitor
the growth faltering of these infants, many terminologies has
been used in literature such as EUGR and PNGR,>* failure to
thrive,* and postnatal malnutrition.”> Many definitions have been
suggested for these terminologies and attempts have been made
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Definition of Extrauterine Growth Restriction

Table 1: Currently available identification tools for EUGR

Criteria Mild EUGR

Moderate EUGR

Severe EUGR When to apply?

1. Weight-for-age Z-scores® Decline of 0.8-1.2 SD

<75% of expected
weight gain for that
particular age

2. Weight gain velocity®

3. >2 of the following

« Length-for-age Z-scores® Decline of 0.8-1.2 SD

<75% of expected
length gain for that
particular age 15-18
days

« Length gain velocity®

(>3-5 consecutive days
of <75% intakes of
estimated protein/
calorie)

+ Days to regain birth
weight (in conjugation
with nutrient intake)

Decline of >1.2-2 SD

<50% of expected weight
gain for that particular age

Decline of >1.2-2 SD

<50% of expected length
gain for that particular
age 19-21 days

(>5-7 consecutive days
of <75% intakes of
estimated protein/calorie)

Decline >2 SD Not appropriate for first

2 weeks of life

Not appropriate for first
2 weeks of life

<25% of expected weight
gain for that particular age

Not appropriate for first
2 weeks, can be used
subsequently in
conjunction with other
parameters if accurate
length measurement

is available.

Decline >2 SD

<25% of expected length
gain for that particular age

Preferred for first 2 weeks
of life

>21 days (>7 consecutive
days of <75% intakes of
estimated protein/calorie)

Expected Z-score for weight for age and length for age. PWeight gain velocity and linear growth velocity were estimated using online calculator
(www.peditools.org). In this calculator, weight gain velocity is estimated by using the World Health Organization (WHO) methods; weight increments are
classified by birth-weight category presented in 1-week and 2-weeks intervals from birth to 60 days.?'

to correlate these with neurodevelopmental and other clinical
outcomes,>6-8

Infant growth rates have been followed on charts such as the
Fenton,” British,'” and Italian."" Growth parameters have been
studied in greater detail at some time points such as at a postnatal
age of 28 days, postnatal and/or corrected gestational ages of 36-40
weeks, or at the time of discharge from NICU. Similar to full-term
infants, preterm infants also grow along these growth curves.'>'
The growth trajectories may get altered during periods of high-
acuity illness, which might cause one or more anthropometric
parameters to drop in terms of centile ranks at discharge or at term
corrected age.'*"

Many studies have shown that drops in weight centiles may
predict suboptimal neurodevelopmental outcomes.*®” Altered
length'®'” and head circumference'*'8-2° at corrected 36 weeks, at
discharge, and/or and poor weight gain post-discharge have also
been associated with poor developmental outcomes. However,
we still have not been able to identify critical thresholds of these
parameters. There is a need to define EUGR in terms of weight
alone or in combination with length, head circumference, body
composition, and genetic markers, and genetic potential based
on parental anthropometric indices. Growth monitoring is also
important for interpretation of postnatal weight loss and loss of
growth centiles during high-acuity illness; we currently interpret
our findings by comparing with the reference fetus and arbitrary
statistical growth percentile cut offs. The objective of this article
is to extensively review the current literature and provide uniform
definition of EUGR postnatally,??> while answering few important
questions which lead the way.

We Still Need to Agree on a Single Definition
of Extrauterine Growth Restriction

To assess the appropriate medical and nutritional interventions
and to predict auxological long term outcomes, a consensus
definition of EUGR is still needed. We recommend rectification,
not only in the criteria to define EUGR but also the method and
tool for growth monitoring. Until a consensus defines EUGR, the

recommendations from “Identifying Malnutrition in Preterm and
Neonatal Populations: Recommended Indicators” (Table 1)° and
“Extrauterine Growth Restriction: Definitions and Predictability of
Outcomes in a Cohort of Very Low Birth Weight Infants or Preterm
Neonates,”?> which defines EUGR as longitudinal (if the weight
loss is more than one standard deviation (SD) between birth and
a given t-time and cross sectional (if weight was below the 10th
centile at a given t-time). A recent prospective cohort study from
Jakarta, Indonesia [the Cohort of Indonesian PreTerm infants for
long-term Outcomes (CIPTO) study] to study preterm infants born
at the Cipto Mangunkusumo General Hospital has also provided
important information.?* They defined EUGR (as in Table 1) as a
decline in the weight-for-age Z-score of above or equal to 1.2 and
have reported related outcomes.

Are we Using Appropriate Metrics to Define
Extrauterine Growth Restriction?

We are not sure if it is appropriate to assess growth using a single-
point, single-parameter measurement such as weight. Weight
measurements show high variability, and we have still notidentified
one growth chart as better than others for plotting growth of
preterm infants. We are also not certain whether a specific set of
growth charts can better assess the initial postnatal weight loss
and post discharge catch-up. These questions are important in
identification of EUGR.

Most studies still use a single point, single-parameter
measurement such as weight at corrected 36 weeks’ gestation
or at discharge.?>=?° This is a convenient way to define EUGR but
many studies have identified that there is a good catch-up between
36-40 weeks’ gestation;'>%3" EUGR has been defined in literature
using the following:

«  Percentile ranks (<3rd and <10th percentiles) at 36 weeks/
discharge,?

+ The Z-scores (Z-score of 1 or 2) for weight loss from that at
birth,*

« The Z-score at discharge of < —1.5 of intrauterine growth or
standard postnatal growth, 26335
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Systems management,
family issues

Medications, such
as diuretics

Environmental factors
such as heat loss

Pathogenesis of
EUGR/PNGR

Pre- (transplacental) and
postnatal nutrition

Host factors, including
genetic factors and maternal
anthropometric status

Pre- and postnatal
infections

Fig. 1: Multiple factors are likely involved in the pathogenesis of EUGR/PNGR

« Drop in Z-score (delta-Z) from birth to 36 weeks corrected
gestational age or at discharge 3%

Shah et al.5 compared the definitions related to both percentiles
(<3rd and <10th percentiles) at 36 weeks’ discharge, and Z-score
(1 or 2 Z-scores) losses from birth weight. Zozaya et al.” compared
Z-scores at discharge of below —1.5 of intrauterine growth or
standard postnatal growth and drop in Z-score (delta-Z) from birth
to corrected 36 weeks’ gestational age or at discharge. Both studies
concluded that the drop in Z-scores has a higher predictive value in
relation with neurodevelopment outcome than a single time point
measurement of weight less than 10th percentile.

Currently there is no consensus about which growth monitoring
tool is better for assessment of growth in preterm infants during
postnatal period. There are two following standard growth charts
available: (A) the Fenton growth chart is a reference chart based
ona cross-sectional study population® and (B) the Intergrowth 21st
charts (IG-21)*® that are based on a postnatal longitudinal study
population. In accordance with the available literature, growth
failure defined as a Z-score drop of >1 from birth to discharge
in terms of weight, length and head circumference”?*3 has
shown that that PNGR was less common with IG-21 as compared
to Fenton?®=* and is strongly associated with poor long-term
outcome. Larger studies are still required to identify the most
optimal growth assessment tool.

We Need to Consider Body Composition in Addition
to the Conventional Anthropometric Measurements
to Define Extrauterine Growth Restriction/Postnatal
Growth Restriction

Weight gain, as an isolated index, may not be the most appropriate
method to assess growth because weight is an indirect indicator
of body composition (lean body mass + fat tissue + body fluid).??
The lean body mass is likely to be more accurate as a predictor,
and fat tissue may be the least important. In a systematic review
and meta-analysis, Johnson et al.*® and Gianni et al.*’ showed that
preterm infants at corrected term gestational age of 40 weeks had
a higher proportion of body fat than comparable full-term infants.
The preterm infants in this cohort had less lean body mass, and
this continued to be a matter of concern until 5 years of age. In
another consideration, all preterm infants show a variable degree
of physiological weight loss in the first few days after birth due to
loss of extracellular fluid. This is reflected in growth charts as loss of
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growth percentiles.'? This fluid loss is important for hemodynamic
and physiological stability of these infants.*®*° If a preterm infant
is discharged from the hospital during this period of physiological
weightloss, these changes will be documented as EUGR but Rochow
et al."? showed that they subsequently regain normal growth
trajectories. The WHO recommends body mass index (BMI) and
weight-for-length as better standards for monitoring growth during
childhood,® but these guidelines cannot be readily extrapolated
for preterm infants. In these patients, the body composition will
remain concerning even if they gain weight because the length
will likely not change proportionately.>’>? We believe that instead
of using a single-point, single-parameter measurement such as
weight, following the three most commonly used anthropometric
parameters (weight, length and head circumference) over time
might be better.

The Impact of Suboptimal Growth goes
Beyond Somatic Consequences

In premature infants, neurodevelopmental outcomes are an
important indicator of the quality of care. Many recent studies
emphasize the effect of nutrition on neurodevelopmental outcome
of premature infants.>>~>° Others suggest that preterm infants
with multiple morbidities grow slower than controls who have
been relatively healthy.'*1>6 Hence, optimization of nutrition can
potentially improve both growth and developmental outcomes.
However, weight below 10th percentile at a single time point (36
or 40 weeks' corrected gestational age, or at discharge) is not the
only growth indicator that is associated with poor developmental
outcome;*®7 length'®!” and head circumference'®'8-2057-59 may
also be important predictors.

Infants who are born SGA®® have shown slower growth during
their hospital stay.”'*>’->° They are at increased risk of multiple
neonatal morbidities,>® neurological injury such as intraventricular
hemorrhage and periventricular leukomalacia,' and are at risk
of developmental delay. However, these are complex issues
that extend beyond infant health; parental cognitive capacity,
involvement, education, and socioeconomic status are also
important predictors of developmental outcome.®’~®* A cursory
look at the host-infections—environment-therapy-nutrition—
systems management hexagon that we have been using in this
journal to study disease pathogenesis suggests that thereis a clear
possibility of multifactorial origin (Fig. 1).5* There is a need for an
in-depth, careful analysis to determine the relative weightage of
each of these nodes.
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CONCLUSION

Extrauterine growth restriction/PNGR is an important problem
in recovering premature/critically ill infants and cannot be
ignored. To define EUGR appropriately is the need of the hour
and growth monitoring of preterm infants using appropriate
growth charts should be encouraged to identify early deviance
in growth trajectories. Only then we will be able to institute
relevant interventions in a timely fashion. The association with
neurodevelopmental outcomes increases its importance even
further; it may enrich our currently used single-point, single-
parameter measurement at 36 weeks or at corrected term
gestational age. If we do not have an optimum way of measurement,
it will remain difficult to compare the impact of many prophylactic/
therapeutic interventions.
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ABSTRACT

Context: Neonatal gut ultrasound (US) is an emerging clinical tool for quick diagnosis and prognosis in various abdominal pathologies. In this
review, we summarize normal gut US findings and concentrate on the specifications of diagnosing necrotizing enterocolitis.

Evidence: A comprehensive literature search was conducted across numerous sources with relevant keywords along with the specified age
group of 0-28 days of life.

Findings: This review describes the normal gut US picture with the basic technicalities needed to master the art of point-of-care (POC) abdominal
US.This modality is gaining importance due to its accuracy, applicability, safety, and affordability. Key findings include altered bowel perfusion,
decreased peristalsis, and bowel wall thickening with better precision compared to abdominal X-ray (AXR). Many meta-analyses and narrative
reviews have already demonstrated their usefulness. The high specificity and positive predictive value could make this tool a guide for early
identification and prompt surgical intervention in the dreaded diagnosis of necrotizing enterocolitis.

Conclusion: Emerging evidence and expertise in the field of abdominal US will make it a valuable tool for early diagnosis and prognosis of

necrotizing enterocolitis.

Keywords: Gut signature, Necrotizing enterocolitis, Point-of-care abdominal ultrasound.
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HIGHLIGHTS

« Neonatal gut ultrasound (US) is an emerging tool for quick
diagnosis and prognosis in various abdominal pathologies such
as necrotizing enterocolitis.

+ The abdomen is examined for fluid or free-air collection,
portal venous gas, intestinal echotexture, gut wall thickness,
pneumatosis intestinalis, and peristaltic movements.

+ The normal intestine shows a characteristic gut signature in
abdominal US with alternating hyperechoic and hypoechoic
layers. Peristalsis can be seen as a worm-like motion. In
necrotizing enterocolitis (NEC), the inflamed intestine shows
increased wall thickness due to ischemia and necrosis.

+ Intestinal intramural gas escaping through the mesenteric
vessels to the portal veins can be detected as echogenic foci in
the portal venous system or the distal parenchymal liver tissue.

«  The term “pneumatosis intestinalis” refers to gas entrapped in
the damaged layers of the bowel wall in NEC. Most gas bubbles
are seen as echogenic dots in the intestinal wall.

INTRODUCTION

Necrotizing enterocolitis (NEC), an acute inflammatory condition of
the gut, isa dreaded complication in premature and critically ill term
infants. It is seen in about 5-10% of very-low-birth-weight (VLBW)
infants with mortality rates ranging between 20 and 40%.'~3 The
mortality is inversely proportional to gestation and birth weight.>*
There is some information that timely diagnosis of NEC canimprove
the outcomes in these patients.

Early diagnosis of NEC is often difficult because clinical
features such as feeding intolerance, abdominal distension, and
gastrointestinal hemorrhages are non-specific and so are the
routine laboratory tests. Abdominal X-ray (AXR) evaluation has been
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considered a gold standard for diagnosing NEC and in assessing its
severity, such as in the modified Bell’s staging.>® The ease of access,
cost-effectiveness, and the short learning curve have made it an
integral part of both the diagnosis and monitoring of NEC. However,
AXR has important limitations; the findings of dilated gut loops,
air-fluid levels, and ascites can be non-specific, and others such as
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Point-of-care Ultrasound to Diagnose and Monitor

“.
-

Fig. 1: Four quadrants of the abdomen are to be studied in POC
abdominal US

LLQ, Left lower quadrant; LUQ, Left upper quadrant; RLQ, Right lower
quadrant; RUQ, Right upper quadrant

pneumatosis, portal venous gas, and fixed bowel loops are seen
only in about half of all cases with confirmed disease.” Therefore,
there is a need for diagnostic tools that are accurate, easy to apply,
and yet affordable. Point-of-care (POC) abdominal ultrasound
(US) can fulfill all these criteria; it is inexpensive, portable, not too
uncomfortable for the patient, has a fast turnaround time, can be
repeated for monitoring the course of the disease, and there is no
radiation exposure.

The POC abdominal US was first proposed in the 1980s for
diagnosis and subsequent monitoring of NEC.®° Since then,
many studies have supported its role in the assessment/clinical
management of NEC.°"® Even though AXR remains a first-line
modality with more than 90% of neonatologists still relying on
it to diagnose and manage NEC,'® POC abdominal US is gaining
importance. Ahle et al.'® conducted a survey and showed that POC
abdominal US was used in combination with AXR for managing NEC
in about 58% of all centers. Abdominal US was done most frequently
when the AXR findings were inconclusive. Many studies have
shown that POC abdominal US was better than AXR in diagnosing
NEC.">131517 However, abdominal US remains underutilized and
thereis a need for better awareness and training of neonatologists
for early diagnosis and treatment of NEC, which will likely improve
the outcomes.”'®

TECHNIQUE

The imaging of the gastrointestinal tract in POC abdominal US
requires a standardized, structured format. Faingold' published
a detailed protocol for doing POC abdominal US for diagnosing
NEC. High-frequency linear probes of 8-20 Hz are recommended
for clear visualization of the gut wall. Lower-frequency curvilinear
probes may be more useful forimaging free fluid in deeper spaces
and in detecting portal venous gas.

Images of all four quadrants of the abdomen should be
obtained (Fig. 1) with the probe placed in the two perpendicular
planes—transverse and longitudinal. The procedure is often easier
to perform by nesting or swaddling the infant, who should be
monitored for vital signs during the evaluation. Gas reverberation
artifacts (Fig. 2) are seen frequently while doing POC abdominal
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Fig. 2: Gas reverberation artifacts commonly seen in POC abdominal US

US. These can be reduced with gentle compression of the probe
and turning the infant to one side.

The infant should be carefully assessed before placing
the sonographic probe(s) as NEC is frequently associated with
abdominal tenderness; there might be a need for analgesics/
conscious sedation. The abdomen should be examined for (A)
fluid or free-air collection and portal venous gas using a lower-
frequency curvilinear probe; and (B) findings in the gastrointestinal
tract in grayscale and color Doppler mode. In the grayscale, the
intestines should be evaluated for echotexture, gut wall thickness,
dilatation, pneumatosis intestinalis, and peristaltic movements.
These findings may each need to be examined for at least one
minute in each view for changes with peristaltic movements. In the
color Doppler mode, the gut wall vascularity should be assessed
in comparison with adjacent bowel loops. The color Doppler may
need to be examined at a velocity of 0.029-0.11 m/seconds with
the lowest possible pulse repetition frequency without aliasing,
and with a low wall filter and the highest Doppler gain settings
without flash artifacts. These tools help in better delineation of
intestinal blood flow.">'® Observations of each quadrant should
be documented; the inability to assess specific region(s) due to
artifacts should be recorded for examination at later time points.
Follow-up assessments are frequently performed every 12-24
hours in view of the dynamic nature of the disease and because
gut wall abnormalities may be missed in some scans because of
frequently seen artifacts.

Normal Gut Appearance in Point-of-care Abdominal
Ultrasound

Gut Signature

The gut wall on POC abdominal US appears as alternate hyper- and
hypo-echoic layers (Figs 3 and 4). The intestinal wall shows the
following five layers from within outward: The mucosa (hyperechoic),
muscularis mucosae (hypoechoic), submucosa (hyperechoic),
muscularis propria (hypoechoic) and serosa (hyperechoic). This
alternating hyperechoic and hypoechoic layers on abdominal US is
called the “gut signature”.2%2! The appearance of these five layers
depends on the resolution of the probe, the quality of the sonogram,
and the depth of the gut being studied. In neonates, three layers are
more easily discernible, the most prominent being the hypoechoic
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Mucosa (hyperechoic)

Muscularis mucosae (hypoechoic)
Submucosa (hyperechoic)
Muscularis propria (hypoechoic)
Serosa (hyperechoic)

A 0.12cm

Fig. 5: Calipers measuring gut wall thickness. Normal gut wall thickness
in neonates is 1-2.6 mm

muscularis propria. The loss of this gut signature indicates bowel
pathology.

Gut Wall Thickness

Gut wall thickness is age dependent.?? In neonates, the normal gut
wall thickness varies between 1-2.6 mm (Fig. 5)."°2% In NEC, most
inflamed intestinal segments show increased wall thickness. Some
segments with ischemia and necrosis are relatively thin.”>*

Serosa (hyperechoic)
Muscularis propria (hypoechoic)
Submucosa (hyperechoic)
Muscularis mucosae (hypoechoic)

Mucosa (hyperechoic)

Fig. 6: Normal gut perfusion was assessed by putting a color Doppler
and counting the signal dots per sq.cm

Perfusion of Normal Gut

Gut wall perfusion can be assessed by placing color Doppler in
the gut wall. Normally, 1-9 color signal dots can be detected
per sq. cm at a color Doppler velocity of 0.029-0.11 m/s with the
lowest possible pulse repetition frequency without aliasing. The
highest Doppler gain settings without flash artifacts indicate
normal physiological bowel wall perfusion (Fig. 6)."° Abnormalities
of gut perfusion show no color dots even at the lowest velocity.
However, some segments can show increased dots or there might
be abnormal patterns.”'>2*

Peristalsis in Normal Gut

When POCabdominal USis used for real-time monitoring, peristalsis
can be seen as a worm-like motion; some segments may show
displacement of echogenic fluid in the opening/closing gut lumen.
Normal bowel usually shows at least 10 peristaltic movements per
minute.”

Intraluminal Gas Shadows

In the normal intestine, intraluminal gas shadows show as
echogenicdots (Fig. 7). These dots should be differentiated from the
echogenic dots present in the intestinal wall indicating intramural
pneumatosis intestinalis.”
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Point-of-care Abdominal Ultrasound
in Necrotizing Enterocolitis

Probe Tenderness

When an US probe is placed, signs of tenderness, even though
non-specific, may indicate early NEC. Administration of analgesics
may provide some comfort to these patients.

Portal Venous Gas

Echogenicintestinal intramural gas can often be seen escaping from
the mesenteric vessels into the portal venous system in hepatic
parenchyma (Fig. 8). On real-time POC abdominal US assessment,
these echogenic foci are typically seen moving distally. These are
seen as sharp bidirectional spikes superimposed on the underlying
waveform on spectral Doppler. Even though these echogenic foci
are usually transient and have low sensitivity, these are highly
specific for the recognition of NEC.2> The observers should note
thatinsertion/manipulation of an umbilical venous catheter(s) can
also be seen as echogenic foci.

- e

Fig. 8: Portal venous gas—echogenic foci in the portal vein system
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Free Fluid Collection

Neonates with NEC may have ascites, which show as anechoic areas
in the abdominal cavity between the gut and the surrounding
intraperitoneal structures. It can be of two types—simple and
complex (Fig. 9). Small amounts of simple free fluid can also present
physiologically.”” Complex ascites are more often echogenic
and can show loculations. These findings may indicate intestinal
perforation and a need for surgical intervention.?”

Free Air Collection

Pneumoperitoneum, a sign of intestinal perforation, is seen on
US as a hyperechoic line posterior to the anterior abdominal wall.
It is easiest to visualize between the anterior surface of the liver
and the abdominal wall (Fig. 10). However, the examiners should
be cautious and not compress the probe as this might displace
any air present in the space between the liver and the abdominal
wall.

Loss of Gut Signature

Changes in gut wall echotexture with the loss of gut signature
usually indicate bowel wall pathology. Increased intestinal
echogenicity with a loss of the hypoechoic muscularis signal is a
characteristic sign (Fig. 11). This should be differentiated from the
pneumatosis intestinalis, which is usually associated with posterior
shadowing.?®

Gut Wall Thickness

The gut should be visualized with measurements of bowel wall
thickness in all four quadrants (Fig. 12A). In the initial stages of NEC,
inflammation and edema are seen as increased bowel wall thickness
(>2.5-2.7 mm) (Fig. 12B)."*?3 Later, disease progression with ischemia
and necrosis may reduce bowel wall thickness (typically <1 mm)
(Fig. 12C).”1>232% |n a meta-analysis, neonates with low gut wall
thickness were at higher risk of requiring surgery or of death [odds
ratio (OR): 7.1, 1.6-32.3] compared to those with increased thickness
(OR:3.9,2.4-6.1).
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Figs 9A and B: Free fluid collection. (A) Simple free fluid—anechoic area between the gut walls; (B) Complex free fluid collection—echogenic
material is seen in between the anechoic areas suggestive of debris

; Abdominal LPELEIRE
WAl s e
P a4 il

/ Air (hyperechoic)

Fig. 10: Pneumoperitoneum—hyperechoic line can be seen between

the anterior surface of the liver and the abdominal wall Fig. 11: Loss of gut signature

d2 0.40 cm o
B d10.29cm ; ¢ A0.07cm

Figs 12A to C: Gut wall thickness. (A) Normal gut wall thickness; (B) Increased gut wall thickness; (C) Decreased gut wall thickness
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Figs 14A to E: Pathological perfusion of gut wall. (A) Zebra pattern; (B) Y-shaped pattern; (C) Ring-shaped pattern; (D) Increased color dots;
(E) Decreased perfusion of gut wall in NEC

Loss of Peristalsis

The normal gut has peristaltic movements. Gut pathology in NEC
leads to decreased or absent peristaltic movements (<10/min)."”
These findings might be missed if the bowel is not examined for
adequate periods of time.

Pneumatosis Intestinalis

The term pneumatosis intestinalis refers to gas entrapped in the
damaged layers of the bowel wall in NEC. These gases are produced
due to bacterial fermentation of static gut contents in the inflamed
bowel and are seen as echogenic dots in the intestinal wall.”’ These
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dots can range from a few, interspersed hyperechoic lesions in the
gut wall to a large circumferential cloud-like layer that surrounds
the bowel wall (circle sign) (Fig. 13).

Pneumatosis is often a transient finding in NEC and may require
repeated POC abdominal US scans.?® In addition to low diagnostic
sensitivity, it also does not aid in predicting the need for surgery
or the eventual outcome in these patients.?> As mentioned above,
the intramural dots of pneumatosis should be differentiated from
the normally seen intraluminal echogenic dots (Fig. 7). Unlike the
intramural pneumatosis that can be seen anywhere along the bowel
wall, the intraluminal gas shadows are usually seen in the
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non-dependent part of the intestine and get displaced on changing
the position of the baby or on the application of pressure with the
probe.

Abnormal Bowel Perfusion

After assessing the gut on a grayscale, further evaluation of
vascularity and bowel perfusion can be performed using color
Doppler. Inflamed segments of the bowel in NEC frequently
show hyperemia with increased vascularity. These changes show
characteristic US signatures such as the zebra pattern (increased
vascularity at the mucosal folds of the small intestine resulting
in multiple, parallel color lines) (Fig. 14A), Y-shaped patterns
(subserosal and mesenteric vessels) (Fig. 14B), ring-shaped patterns
(increased blood flow over the entire circumference of the bowel
wall) (Fig. 14C), or as increased color dots, more than the normal
(Fig. 14D).”1>?425 The ensuing bowel ischemia and necrosis result
in decreased and then absent perfusion of the gut (Fig. 14E). The
loss of perfusion frequently indicates a need for surgery or a fatal
outcome.?®> Comparison of the diseased segments of the intestine
with the surrounding normal gut might provide important insights
into the extent of altered perfusion.

Utility of Point-of-care Abdominal Ultrasound
in Necrotizing Enterocolitis

We know that AXR has limitations in the diagnosis of NEC.”?8 The
diagnosis is frequently feasible only when pneumatosis and/or
portal venous gas are seen. The sensitivity of these radiological
markers can be even lower in mildly-afflicted cases.?” Bowel wall
dilation is a sensitive finding but is not specific to NEC.” Other
non-specific findings include ascites, air-fluid levels, and bowel

wall thickening. An important clinical difficulty arises in the low
specificity of the sensitive signs and low sensitivity for the specific
signs.”28:3031

Many meta-analyses and narrative reviews have shown that
abdominal US is useful in the diagnosis of NEC.”'22%3233 Compared
to AXR, US seems to be more sensitive for early detection of NEG; it
can detect early markers such as altered bowel perfusion, decreased
peristalsis, and bowel wall thickening, and helps in the timely
initiation of management before the onset of advanced disease
marked by ileus, loss of bowel perfusion, and bowel wall thinning
(Tables 1 and 2).'%"2> Even though abdominal US may not detect
NEC in every single case, it can confirm the absence of findings of
NEC where AXR is equivocal.*3> The detection of pneumatosis and/
or portal venous gas can also help in differentiating perforated
NEC from other causes of intestinal perforation like spontaneous
intestinal perforation.>® Compared to abdominal radiography, US is
more sensitive in detecting pneumatosis and/or portal venous gas.>’

Unfortunately, both AXR and abdominal US seem to be
inadequate as stand-alone diagnostic tests for NEC. A non-
diagnostic AXR cannot nullify a suspicious abdominal US in a
preterm infant with suspicion of NEC. Abdominal US is more
informative than AXR in the evaluation for NEC, but its sensitivity
and negative predictive value are low. A negative abdominal US
scans should be interpreted with caution, particularly in at-risk
preterm infants. In a cohort of 100 infants with suspected NECand a
hypothetical overall prevalence of about 50%, Cuna et al.?* showed
that 25-40 infants with a negative US evaluation could have had
NEC (false negatives).

A meta-analysis® of studies of infants with probable NEC
showed US as having high specificity and positive predictive value

Table 1: Summary of POC abdominal US findings in a normal gut and NEC

Normal gut NEC
Probe tenderness ~ Absent Present
Gut wall echotex- 5 layers of alternating Loss of gut
ture hyperechoic and hy- signature
poechoic layers — gut
signature
Gut wall 1-2.6 mm Increased thickness —
thickness >2.6 mm
Later stages -
decreased thickness
<1 mm

(Contd...)
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Table 1: (Contd...)

Normal gut NEC
Probe tenderness  Absent Present
Peristalsis At least 10 Less than 10 peristal-
peristaltic tic movements per
movements per minute minute
Gut wall 1-9 color signal dots Increased
perfusion detected per sq.cm perfusion —

210 Newborn, Volume 2 Issue 3 (July—September 2023)

>9 color signal dots
detected per sq.cm
Specific patterns —
zebra pattern
Y-shaped pattern
Ring-shaped pattern
Later stages -
decreased or absent
perfusion
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Pneumatosis
intestinalis

Absent (intraluminal
gas may be present)

Portal venous Absent

gas

Fluid collection Absent (small amount
of simple free fluid can
be present

physiologically)

Free air Absent

collection

Present

Present

Present
Complex free fluid is
always pathological

Hyperechoic line
posterior to the ante-
rior abdominal wall

- easiest to visualize
between the anterior
surface of the liver
and the abdominal
wall

Table 2: Format for POC abdominal US
LLQ LUQ  RUQ

Phase I (using lower frequency curvilinear probe — 4-8 Hz)

RLQ

Portal venous gas
Tenderness
Fluid collection

Free air collection

Phase Il (using high-frequency linear probe — 8-20 Hz)

Gut wall echotexture
Gut wall thickness
Peristalsis*

Pneumatosis intestinalis

Perfusion

*For assessing peristalsis, the gut must be observed for at least 1T minute.
For each quadrant, the examination should be done in two planes—
transverse and longitudinal. LLQ, left lower quadrant; LUQ, left upper
quadrant; RLQ, right lower quadrant; RUQ, right upper quadrant

for NEC diagnosis. Classic signs of NEC on abdominal US (portal
venous gas, pneumatosis, and free air) had pooled sensitivities
ranging from 0.27 to 0.48 and pooled specificities ranging from
0.91 to 0.99. Bowel wall thinning and absent peristalsis had
overall low sensitivity (0.22 and 0.30) but high specificity (0.96
and 0.96) for NEC. Detection of abdominal fluid, which included
ascites and focal fluid collection, also had overall low sensitivity
and high specificity (simple ascites—0.45 and 0.92; focal fluid
collection—0.19 and 0.98). Hence, sonographic evaluation may
have low sensitivity and high specificity for the diagnosis of NEC.
The absence of the findings in a single sonographic examination
does not exclude NEC in a patient.

Abdominal US can help in prognostication in NEC. Focal fluid
collections, complexascites, absent peristalsis, pneumoperitoneum,
bowel wall echogenicity, bowel wall thinning, absent perfusion,
bowel wall thickening, and dilated bowel have been associated
with the combined outcome of the need for surgery or death.?®
Therefore, when positive, US can help in earlier, timely decision-
making for surgical management in NEC, when AXRs might still
be equivocal.
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Limitations

Further work is needed for increasing the acceptance of abdominal
US as a standard modality for the diagnosis of NEC. There is
limited experience in settings with low incidence of NEC. Also, the
steep learning curve, the higher financial burden of the machine,
interobserver variability, the perception of neonatologists toward
US, and the common artifacts faced, hinder its widespread use.
Clinical instability due to overzealous use of abdominal US leading
to desaturation, apnea, and bradycardia can be present. These
can be overcome by training and emphasis on the protocol-based
approach of the POC abdominal US examination with special
emphasis on the most important diagnostic pointers toward NEC.
Using a large quantity of gel with minimum possible pressure on
the abdomen may prevent stress to the neonate.

CoNcLUSION

Necrotizing enterocolitis, a nightmare for neonatologists, continues
to have poor outcome. Early diagnosis of NEC and timely surgical
intervention can hugely improve the prognosis of these neonates.
POC abdominal US along with clinical evaluation and AXR has the
potential to become the gold standard for the evaluation of these
neonates, which not only can diagnose early signs of NEC but also
may differentiate NEC from other causes of feed intolerance. With
the growing evidence about the benefits of abdominal US, and the
clinicians getting accustomed to sonography, it will go a long way
in managing such babies.
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ABSTRACT

Predicting the severity of birth asphyxia-related brain injury in newborn infants is a difficult task. Cord blood gases can be useful indices in
the assessment of the impact of peripartum events. Cord blood gas parameters are particularly important because, despite all the progress in
fetal monitoring, the time gap between the onset of fetal heart rate (FHR) abnormalities and birth asphyxia-related brain injury has remained
difficult to predict. In this paper, we have focused on cord blood gas values in understanding the degree of compromise. These data can help
determine the timing of fetal compromise prior to labor, and whether these precipitating events were acute or prolonged. When combined
with some adverse clinical markers, the accuracy of low-cord pH in predicting neonatal mortality and morbidity can be even higher. Low-cord
pH or eucapnic neonatal pH can also help in the surveillance of at-risk infants and in timely institution of neuroprotective therapies. We present
a detailed review on sampling, evaluation, and application of cord blood gas values for clinicians.

Keywords: Arterio-venous difference, ‘20, 30, 40, 50 rule;, Maternal hypoxemia, Base deficit, Birth asphyxia, Brain injury, Carbonic acid, Cerebral
palsy, Cord blood gas, Eucapnic pH, pH qu 40, Hypercapnia, Hypoxic-ischemic encephalopathy, Maternal positioning, Neonatal encephalopathy,
Nuchal cord, Organic acids, Oxygen-carrying capacity, Peripartum events, Placenta, Rectal temperature, Regional anesthesia, Respiratory acidosis,
Stillbirth, Surveillance, Umbilical arteries, Umbilical venous blood, Vascular zone, Universal cord blood gas analysis.
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Key PoinTs

«  Cord blood gas values can be useful indices in the assessment
of the impact of peripartum events.

« In combination with adverse clinical markers, cord pH can be a
useful predictor of neonatal mortality; serial measurements of
cord pH or eucapnic neonatal pH can help in the surveillance
of at-risk infants.

- An uneventful first stage of labor can show a base deficit of
3 mM/L, which further drops at a rate of 1T mM/L per hour
during the second stage of labor. In contrast, prolonged uterine
contractions may be associated with fetal heart decelerations,
and the base deficit may drop by 1 mM/L every 30 minutes.

- Low umbilical arterial pH <7 has been associated with a 10-fold
higher risk of 1-min Apgar score of <4, 5-min Apgar score of <7,
and 7.6-times higher risk of acute NE.

+ Increasing information suggests that universal cord blood gas
analysis can provide useful predictors of adverse neurocognitive
outcomes.

INTRODUCTION

The umbilical cord is the critical conduit in the womb between the
motherand her growing fetus; any insult or injury to this supply line
candisrupt fetal oxygenation. In clinical units, the materno-fetal unit
is routinely monitored for changes in maternal heart rate and blood
pressure, fetal heart rate (FHR), FHR variability, and fetal movements
during pregnancy and labor. Unfortunately, manual methods to
monitor these are cumbersome and may not be cost-effective. To
circumvent these difficulties, external and internal electronic fetal
heart monitoring came into vogue and these are now the standard
of care during labor.!

Recent years have broughtincreasing recognition that despite
all the advances made in fetal monitoring, we still face a time lag
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between the detection of FHR abnormalities and the delivery of
the infant. This sometimes jeopardizes fetal circulation and results
in birth asphyxia. Measurement of cord blood gas values can help
determine the degree of compromise and whether the precipitating
event was acute or prolonged, and its timing prior to the onset of
labor. Umbilical cord blood gas, a marker of neonatal vitality, is
now increasingly accepted as the standard of care in all high-risk
deliveries.? Hence, it is important for those who manage newborn
babies to be familiar with the practice of obtaining and interpreting
cord blood gas values.?

PHysioLoGY OoF PLACENTAL CIRCULATION

The placenta is a vascular zone where gas/nutrient exchange
between maternal and fetal circulation occurs. There is one large
umbilical vein that carries oxygenated blood and nutrients to the
fetus. Following tissue extraction of gases and nutrients, fetal
blood returns to the placenta in two small umbilical arteries. Hence,
umbilical artery blood primarily reflects fetal metabolism, while
umbilical venous blood represents placental functions.* Normal
fetal metabolism produces volatile (carbonic acid) and nonvolatile
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Figs 1A to D: Cord blood gas sampling procedure essentials. (A) Double clamp, a 20-cm long segment of cord. (B) Differentiate umbilical artery
from vein Take 2 heparinized syringes for paired samples. (C) Sample umbilical artery first at 45°. (D) Do not contaminate the sample with air
remove air bubbles, label both samples correctly transport and analyze within 30 minutes

A brief description of the umbilical cord blood gas sampling procedure can be viewed in the video available on its journal website at https://www.

newbornjournal.org/

acids (lactate and organic acids). These are neutralized by buffer
bases (bicarbonate and hemoglobin) to maintain the fetal pH
within a narrow range.” However, unlike newborn infants, the fetus
is unable to compensate for acidemia by respiratory and renal
responses. The placenta can help maintain the bicarbonate pool,
but biocarbonate depletion eventually manifests as base deficit.®

CorD BLooD GAS SAMPLING PROCEDURE

The accuracy of cord blood gas (CBG) analysis is improved by
double clamping of the cord on either side to isolate a 20 cm-long
portion, ideally before the baby’s first breath. Clamping of the cord
arrests the umbilical circulation; analysis of a sample drawn soon
thereafter gives an estimate of the acid-base status of the infant at
the time of birth. However, if the cord is not clamped to isolate its
blood circulation from that of the placenta, the ongoing placental
metabolism may alter the acid-base status in cord blood.” There
may be a progressive decline in pH and base excess, increase in
pCO, and lactate; these changes have been described as “hidden
acidosis”, which might just reflect a transient effect of initiation
of neonatal breathing and give a false impression of significant

acidosis at birth.2 In other cases, cord blood gas values may remain
unchanged for up to an hour after isolating the cord from maternal/
neonatal circulation.

In most infants, umbilical arterial blood gas values may
represent fetal metabolism, and if abnormal, may predict neonatal
morbidity. In many cases, blood drawn from a relatively superficial
umbilical vein can show less-accurate values. Hence, both arterial
and venous blood should be sampled. Blood can be drawn into
preheparinized syringes by needle aspiration, taking precautions
to exclude air bubbles before capping the syringe, and should be
analyzed within 30 minutes of sampling (Fig. 1). Contamination
of the syringe with air has no effect on pH, pCO,, or bicarbonate
but can significantly elevate pO, values when there is more than
37.5% residual air in the syringe.”"" The validation of paired (arterial
and venous) sample is based on minimum arterio-venous (A-V)
difference for pH and pCO,. The pH difference should be >0.02
units, and the PCO, difference should be >3.75 mm Hg. If the
minimum A-V difference is documented, it can be safely assumed
that the two samples are from different vessels, and the one with
lower pH and higher pCO, is from the artery."> With the practice of
placental transfusion gaining universal acceptance, concerns about
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its effects on cord blood gas seem unfounded even after delayed
cord clamping of up to 2 minutes."

INTERPRETATION OF CORD GAS VALUES IN
PRACTICE

In clinical practice, the following key questions need to be
considered about CBG values:

(A) Normal Values
In CBG analysis, pH, PCO,, and PO, are measured, whereas base
deficit (BD) is calculated. The normal ranges for umbilical pH and
blood gases which are broad and overlapping (shown in Table 1). It
is often difficult to assign it to the umbilical artery or vein.'*'> Ross
and Gala.'® recommend using the “20, 30, 40, 50 rule” as a simple
tool for remembering normal CBG values (Table 2). Umbilical arterial
PO, is typically lower than umbilical venous PO,, at 20- and 30-mm
Hg, respectively. PCO, value is higher in the umbilical artery than
the umbilical vein, thus, 50 mm Hg denotes umbilical artery value,
and 40 mm Hg indicates the umbilical vein value.

A normal uneventful first stage of labor leads to a base deficit of
3 mM/L, which further drops at a rate of 1 mM/L per hour during the

Table 1: Normal cord blood gas values

Umbilical artery Umbilical vein
pH 7.18-7.38 7.25-7.45
PO, 5.6-30.4 mm Hg 17.4-41.0 mm Hg
pCO, 32.4-66.0 mm Hg 27.0-49.4 mm Hg
BD mean (SD) 4.79 (3.46) mmol/L 4.0 (3.5) mmol/L

Table 2: The “20, 30, 40, 50 rule” cord blood gases rule

Value mm Hg Cord gas value depicted
20 Umbilical artery PO,
30 Umbilical vein PO,

40 Umbilical vein PCO,
50 Umbilical artery PCO,

Table 3: Factors affecting fetal acid base metabolism

second stage of labor. In contrast, prolonged uterine contractions
may be associated with fetal heart decelerations, and the base
deficit may drop by 1 mM/L every 30 minutes. The most severe
fetal compromise, as seen in sudden cord compression or uterine
rupture, may increase the base deficit by 1 mM/L every 2-3 minutes.
In these situations, the obstetric team may have only 10-15 minutes
to deliver the baby."”

pHya is typically lower than the umbilical vein pH, reflecting its
higher PCO, and lactate levels. As the base deficit increases during
labor, the pH falls. Brief rise in CO, levels (respiratory acidosis) may
cause some fluctuations in pH, but this does not usually cause a
significant insult and normalizes within a few minutes.'®

(B) Factors Affecting Fetal Acid-Base Metabolism

Several factors have been associated with impaired fetal
oxygenation and cord blood metabolic acidosis (Table 3). Maternal
hypoxemia (respiratory diseases, seizures) and reduced oxygen-
carrying capacity (anemia) may result in low maternal, and
consequently, low fetal PO,. Decreased uterine blood flow due
to hypotension (shock, sepsis, regional anesthesia, and maternal
positioning) and impaired perfusion on the maternal side of
the placenta (abruptio) can be seen as narrowed arterio-venous
differences in CBGs.'” However, partial or complete restriction
of umbilical blood flow (cord prolapse or entanglement, nuchal
cord) may be seen as progressive widening of the umbilical artery
and venous blood gas values. An arterio-venous pH difference
of more than 0.15 units can differentiate reliably between cord
prolapse and placental abruption. By virtue of being thin walled,
during cord compression, the umbilical vein is significantly more
compressed as compared with the umbilical arteries, reducing the
supply of blood from the placenta to the fetus. A hypoxic fetus
extracts most of the oxygen and generates more CO,, making the
arterial pH more acidotic, while umbilical venous pH is maintained
by a normally functioning placenta.?’ Apgar scores and umbilical
venous samples in such infants alone may be misleading, and it is
crucial to confirm the diagnosis by documenting acidosis in the
umbilical arterial blood.?'

Rarely, despite severe intrapartum asphyxia in cord accidents
(prolapse, true knot, and tight nuchal cord), the cord blood gas

Maternal factors Utero-placental factors Fetal factors

Maternal hypoxia Uterine hyperstimulation Umbilical cord factors
Respiratory diseases « Oxytocic drugs - Oligohydramnios
Respiratory depression + Prolonged labor «  Cord prolapse/compression
Trauma, seizures « Instrumental delivery + Nuchal cord
Smoking + Placental abruption +  Knots/entanglement

Maternal reduced oxygen-carrying capacity
+  Anemia .

« Carboxy hemoglobin + Infarction

« Dysfunction: reversal or reduction of flow
«  Premature rupture of membranes .

Reduced perfusion of placenta Uterine infection
Hypotension (shock/sepsis) .
Regional anesthesia

Maternal positioning

Preeclampsia

Diabetes

Heart disease

Chorioamnionitis

Utero-placental dysfunction
Abruptio placenta

Decreased fetal oxygen-carrying capacity
+ Anemia: isoimmunization

Vasa previa

Carboxy hemoglobinemia
Twin-to-twin transfusion

« Shoulder dystocia

- Congenital malformations
» Genetic abnormalities

«  Errors of metabolism

» Cardiac abnormalities

«  Multiple births
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values may be absolutely normal. Isolated cord segment on account
of complete obstruction of the umbilical vessels reflects blood gas
values unaffected by anaerobic fetal metabolism. On restoration
of circulation, blood gas taken after 30 minutes reveals true
disturbed fetal metabolism. In cases with intrapartum fetal death
(fresh stillbirth), normal cord gases suggest sudden fetal cardiac
arrest.?? Infants born by elective cesarean section and those born
to multiparous mothers have CBG values closer to normal adult
values.?® In twin deliveries, the second twin exhibits a time-bound
precipitous fall in cord pH.>* Abnormal umbilical cord morphology,
length, vascular coils per centimeter, and true knots seem to have
a very weak correlation with low-cord pH.?>?® Although placental
infection like chorioamnionitis with or without funisitis is associated
with cerebral palsy, the mechanism appears independent of
a hypoxic-ischemic insult.?”” Helwig et al.,?#%° in their study of
15,000 vigorous newborn infants, showed that the cord arterial
pH dropped more in term/post-term than in preterm infants. This
trend was attributed to a shorter duration of labor in those born
prior to term and increased placental oxygen consumption with
advancing maturity.

(C) Evaluation of Fetal Hypoxia and Acidosis

Cord blood gas provides the most accurate and objective evidence
of asphyxia at the time of birth. It complements routine clinical
assessment of the baby at birth using the APGAR scoring system.'®3°
Cord blood gas is an indicator of fetal oxygenation — a measure of
fetal well-being and perhaps an indicator of the quality of obstetric
care. Deranged cord gases suggest possible birth asphyxia, a term
that summarizes a lack of pulse, oxygen supply, and carbon dioxide
washout. One can question about the mechanisms by which the
fetus can thrive in the relatively hypoxic state in utero, but the
predominance of fetal hemoglobin, Bohr’s effect, and the still
state of the fetus are plausible protective factors. Low umbilical
artery pH (pHy,) is an established marker of hypoxia and can
help in early identification of asphyxia. The umbilical artery base
deficit (BD,) may be a more linear measure of the accumulation
of metabolic acids. Cord blood metabolic acidosis differs from cord
blood respiratory acidosis, which results in only minimal reduction
in pH with no base deficit.3" Isolated respiratory acidosis at birth
suggests an impaired gas exchange of short duration, resulting
in minimal hypoxia and moderate hypercapnia. It is a relatively
transient state of little significance that resolves soon after the
newborn starts to breathe. If hypoxia is prolonged, the ensuing
anaerobic metabolism produces lactic acidosis, which neutralizes
the buffer bases, ultimately resulting in metabolic acidosis and
base deficit. 32734

Hypoxic-lscHEMIC ENCEPHALOPATHY
AS A CAuse oF NEONATAL ENCEPHALOPATHY

Cord arterial pH <7.0 and base deficit >12 mM/L is considered as
reflecting significant neonatal metabolic acidemia and is seen
in around 1% of all childbirths. This degree of fetal acid-base
imbalance is associated with risk of hypoxic brain cell injury and
consequent hypoxic-ischemic encephalopathy (HIE) and its long-
term complications, such as cerebral palsy and neurodevelopmental
abnormalities.>

Newborn infants who present with poor feeding,
respiratory difficulties, seizures, tone abnormalities, and altered
levels of consciousness are described as having neonatal
encephalopathy (NE).3® Neonatal encephalopathy is just a

clinical condition that can result from several antenatal and/or
perinatal factors. The most common causes of NE are HIE, peri-
natal infections, placental abnormalities, metabolic disorders,
coagulopathies, and neonatal vascular stroke. However, in more
than 50% of cases of NE, the cause remains unidentified.?” The
interchangeable use of the terms, HIE and NE, is controversial, as
we often do not know when hypoxia—ischemia is indeed the
cause of NE. It is proposed that in symptomatic newborns with no
identifiable sentinel event, the term NE may be used, as we do not
need etiologic labels for disease entities. All current parameters like
pH, base deficit, and seizures are non-specific. The pattern of brain
injuries produced by hypoxia—ischemia also does not prove that
all NE is caused by HIE. Hence, for medico-legal clarity, attributing
a cause (hypoxia-ischemia) to the disorder (encephalopathy)
without documenting reduced cerebral blood flow should be
avoided.®®* The incidence of NE is 1/10th (1.5/1,000 live birth) of
significant cord blood acidosis (1/100 live births). Also, NE is not
an inevitable consequence of significant fetal acidosis; nearly 75%
of these acidotic babies do not show any neurological signs of NE.
However, a diagnosis of HIE as the cause of NE in part depends
upon demonstrating significant cord blood acidosis. A normal
cord arterial pH and base deficit usually eliminate asphyxia as a
cause of neurological manifestations in a newborn. In fact, the
incidence of asphyxia contributing to cerebral palsy is relatively
small at 10% of all causes.*

In 1990, a multidisciplinary International Cerebral Palsy Task
Force set out criteria for retrospective labeling of an intrapartum
hypoxic event as sufficient to cause cerebral palsy. These criteria
were then updated in 2003 by the Task Force on Neonatal
Encephalopathy and Cerebral Palsy, a joint effort of the American
College of Obstetricians and Gynecologists and the American
Academy of Pediatrics, and were further modified in the year 2014
(Table 4).4'4? Based on these criteria, the Joint Task Force Committee
suggested that the pathway from intrapartum hypoxic-ischemic
injury to subsequent cerebral palsy must progress through NE.
Any neurological damage, including cerebral palsy, cannot be
attributed to birth asphyxia in the absence of NE. Past assumption
of HIE causing all NE was misplaced and was the reason behind
this changed approach to search for other genetic, metabolic, and
developmental causes contributing to neurological damage. This
also has medico-legal significance in the court of law in resolving
disputes related to brain damage sustained during childbirth.*?
This approach was released as a safety document meant to identify
some of the above factors operating even before the onset of labor,
where NE can be anticipated and minimized by offering therapeutic
hypothermia.*?

Therapeutic hypothermia (controlled cooling of infants >36
weeks to a rectal temperature of 34°C for 48-72 hours) is the only
effective neuroprotective intervention in asphyxiated babies, and
its efficacy in a baby with HIE depends upon initiating it within
6 hours of birth. A cord blood pH <7 and a base deficit >16 mM/L
is one of the inclusion criteria for the application of this therapy.**

Pathological Acidosis and Neurological Outcome

Acidosis is generally well-tolerated by the fetus without adverse
neurological sequelae until it reaches a pathological threshold.
A practical pH threshold for significant neonatal academia is
an umbilical artery pH <7, a value below which adverse clinical
events begin to be seen frequently.** Evidence in support of this
threshold value was derived from a 2010 meta-analysis of 51 cohort
and case-controlled studies of over 480,000 infants, indicating a
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Table 4: International consensus criteria to determine a severe acute hypoxic event as a potential cause of cerebral palsy

(A) Essential criteria (all mandatory)
Metabolic acidosis CBGUA (pH<7 and BD 12 mmol/L or more).

Onset of moderate-to-severe neonatal encephalopathy within 72 hours of birth in a baby 34 weeks gestation or more.

Cerebral palsy of spastic quadriplegic or dyskinetic type.

«  Exclusion of other known causes of cerebral palsy, e.g., genetic disorders, infections, intrapartum fever, antepartum hemorrhage,
prematurity, growth-restricted babies, tight cord around the neck and as a result of complication of multiple pregnancy.

(B) Nonspecific criteria that collectively suggest a significant intrapartum acute or chronic insult
A sentinel event severe enough to cause sudden hypoxia in a healthy fetus occurring immediately before or during labor, e.g., cord

prolapse, antepartum hemorrhage, and ruptured uterus.

A sudden and sustained fetal bradycardia from that sentinel event.
Apgar scores of less than 4 beyond 5 minutes.

Onset of multisystem organ involvement within 72 hours of birth.

- Early imaging study (within 5 days) showing evidence of edema and intracranial hemorrhage.

strong association with neonatal mortality at pH <7 and neonatal
morbidity at pH <7.1.%4¢%7 In a cohort study of 8,700 term infants,
pHya <7 was a strong predictor of all adverse outcomes, including
NE or death. These outcomes were seen in 2.3% of all acidemic
babies and 8.5% of infants with severe acidemia.*®

Most infants with a cord pH <7 who appear well at birth and are
free of any cardiovascular compromise do not require admission
in the neonatal unit or extensive investigation simply based on
low-cord pH. These babies did not develop neurological problems
after birth, even when followed for 6.5 years.** Universally, a cord
pHya <7 is considered significant neonatal metabolic academia
and if associated with other short-term markers, is a reliable
indicator of acute peripartum events and a good predictor of
adverse neurocognitive outcomes.*®>9->2 Cord pH is widely used
as an outcome measure in obstetric clinical trials and is a measure
of the quality of obstetric care.>> However, based on the cord pH
value without clinical signs and symptoms of NE, there is substantial
uncertainty in the management and neurocognitive prognosis of
neonates.>®

Neonates with pH, <7 have shown 10-fold higher risk of 1-min
Apgar score of <4, 5-min Apgar score of <7, and 7.6-times higher
risk of acute NE. Also, multiparous women had higher risks of
low Apgar score and NE as compared with nulliparas.>* Shoulder
dystocia and women with urological problems had a statistically
higher risk of delivering a baby with a low 5-min Apgar score.>* In
their series of 3506 infants, Goldaber et al.>> observed neonatal
death to be more likely at pH <7, and seizures as more likely at pH
<7.05.Worsening acidosis predisposed to increased morbidity due
to HIE with 12% of infant being symptomatic at cord pH <7 to 80%
at cord pH <6.8%. No infants were born alive at pH <6.6.3*°¢ Using
a scoring system for renal, central nervous system, and respiratory
and cardiovascular morbidity, Low et al.>” showed that significant
acidosis (base deficit >12 mM/L) was a good predictor of multi-
organ involvement.

As an isolated finding, neonatal metabolic acidemia is a poor
predictor of the risk of HIE. However, when combined with other
clinical parameters such as non-reassuring fetal heart tracings,
need for continued resuscitation/intubation beyond 5 minutes, low
5-min Apgar score, early occurrence of seizures, and development of
moderate HIE, the risk of neuro-cognitive impairment is strong.>>°
Cord blood lactate levels are an additional parameter included in
numerous new-generation blood gas analyzers. Lactate, a product
of anaerobic metabolism, barely diffuses across the placenta and
is the main metabolite responsible for fall in cord pH, and base
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buffers.5° Considering its fetal origin, lactate should be a much
more reliable predictor of poor neonatal outcomes than other tests
such as the cord arterial pH and base deficit."%% The presence of
high lactate levels >4.1 mM/L and lactate/pyruvate ratios <22 is
predictive of neonatal encephalopathy with a 100% sensitivity
and 95% specificity.5

In a study of 4910 term infants, high mean lactate levels
(6.49 mmol/L compared with 3.26 mM/L, p < 0.001) correlated
well with composite neonatal morbidity (1.1%) as compared
with pH (7.19 compared with 7.29, p < 0.001).* High umbilical
cord lactate is thus a reliable method to quantify acidosis and is
more prognostic of neonatal morbidity than pH.5>%° In 2014, the
American College of Obstetricians and Gynecologists’ Task Force
on Neonatal Encephalopathy*? stated: “To elucidate the different
causal pathways leading to HIE and CP, it is important that a reliable
and readily available assessment of fetal status is possible and that
more specific markers of an intrapartum insult be developed.” The
existing association between cord arterial pH and/or BD and short-/
long-term neurocognitive outcomes reveals that traditionally
accepted cutoff values to define significant neonatal acidemia still
need more investigations.®”68

Sailing and Schmidt ® and Sigaard-Andersen’ noted very high
pCO, levels, much higher than those seen in adults, in neonatal
acidemia. These respiratory abnormalities usually corrected with
appropriate ventilation. Hence, it is crucial to identify respiratory
acidosis in the neonatal period from NMA to select newborns
with mixed or predominantly metabolic acidosis to be admitted
in the NICU for close monitoring and treatment. Scientists have
now proposed calculated neonatal eucapnic pH (pH euc-n), which
includes nonrespiratory pH, reduced pH, standard pH, or pH qu 40
(base required to bring the pH to 7.40 and pCO, at 40 mm Hg), as
reflecting the metabolic component of pH due to nonrespiratory
acid-base balance as a specific marker for neonatal metabolic
acidosis (NMA) rather than currently used biomarkers (pH or base
deficit).”! A pH euc-n > 7.11 derived after appropriate correction
of hypercapnia reconciled to the fetal milieu interior predicts that
the infant will likely remain asymptomatic and have an uneventful
course. p-euc-n values < 7.11 are more often associated with NE.
pH euc-n is easy to calculate at the bedside (Blickstein method) by
adding 0.08 to ua pH value for every 10 mm Hg rise of pCO, above
the threshold of 50 mm Hg from the routine blood gas reports and
provides valuable objective defense for obstetricians in allegations
of professional liability.”? It also informs neonatologists about the
need for therapeutic hypothermia.®’
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Cord Blood Gas Analysis: Selective or Universal

Universal cord blood gas analysis (UCBGA) was first advocated
60 years back to assess the metabolic condition of a newborn
infant at birth. The costs of UCBGA are justified as these can
reduce the need for neonatal ICU admissions. Considering the
temporal relationship between cord blood acidemia and adverse
neurocognitive outcomes, many international associations have
recommended UCBGA. This transition from selective to UCBGA
has reduced the frequency of cord arterial acidemia and improved
perinatal outcomes. These changes in obstetric practice have
improved fetal/neonatal outcomes.The financial costs and emotional
burden arising from perinatal hypoxic-ischemic injuries (cerebral
palsy) provide a much more compelling societal perspective than
the added cost of UCBGA.”> Thorp and Rushing.”* have summarized
their views on the pros and cons of selective vs UCBGA.

Advantages of UCBGA

A cord blood value will be available for all babies who become
symptomatic sometime after birth (crucial for management of a
baby and future medico-legal disputes).

«  The team becomes adept at sampling and processing the CBG
sample.

« Omission to perform a CBG in an emergency is avoided.

+ Provides insight into the interpretation of electronic fetal heart
monitoring for safe and effective intervention strategies.

Disadvantages of UCBGA

+ Added costs to obstetric care;

« Need for additional staff that might not be available at all units;

+ A low-cord pH in a vigorous newborn baby might pose a
potential medicolegal concern because it falsely suggests birth
asphyxia.

Universal cord blood gas analysis can be used to audit the quality of
fetal monitoring and intervention strategies used by the obstetric
team to prevent significant fetal acidemia and its associated
neonatal morbidity and mortality.>

CoNcCLUSION

Cord blood gas analysis is frequently used at birth to assess the
effects of peripartum events in a newborn. Neonatal and childhood
neuro-cognitive morbidities, including cerebral palsy, are often
attributed to fetal acidemia. Existing associations between cord
pH and adverse outcomes are conflicting. Low-cord pH along with
some adverse clinical markers reliably predicts neonatal mortality
and morbidity. Hence, it is justified to enhance surveillance of
infants born with a low-cord pH or, more specifically, neonatal
eucapnic pH so that those who fulfill the required criteria be offered
various neuroprotective therapies. The obstetric and neonatal
teams should be well-versed with the CBG sampling procedure
and its evaluation. Future studies should assess the use of CBG
across neonatal populations and explore the cost-effectiveness of
universal screening. Meanwhile, the search for an absolute reliable
marker of NMA should be the focus for future research.
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ABSTRACT

Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract infections in young infants. It is an enveloped, single-
stranded, nonsegmented, negative-strand RNA virus, a member of the family Pneumoviridae. Globally, RSV is responsible for 2.3% of deaths
among neonates 0-27 days of age. Respiratory syncytial virus infection is most common in children aged below 24 months. Neonates present
with cough and fever. Respiratory syncytial virus-associated wheezing is seen in 20% infants during the first year of life of which 2-3% require
hospitalization. Reverse transcriptase polymerase chain reaction (RT-PCR) gives fast results and has higher sensitivity compared with culture and
rapid antigen tests and are not affected by passively administered antibody to RSV. Therapy for RSV infection of the LRT is mainly supportive, and
preventive measures like good hygiene and isolation are the mainstay of management. Standard precautions, hand hygiene, breastfeeding and
contactisolation should be followed for RSV-infected newborns. Recent AAP guidelines do not recommend pavilizumab prophylaxis for preterm
infants born at 29-35 weeks without chronic lung disease, hemodynamically significant congenital heart disease and coexisting conditions.
RSV can lead to long-term sequelae such as wheezing and asthma, associated with increased healthcare costs and reduced quality of life.

Keywords: Arexvy, Bronchiolitis, Lower respiratory tract infection, Neonate, Nerve growth factor/TrkA receptor axis, Newborn, Nirsevimab,
Palivizumab, Perinatal RSV infection, Pneumoviridae.

Newborn (2023): 10.5005/jp-journals-11002-0073

KEYPOINTS

« Respiratory syncytial virus (RSV) is transmitted by nasal and oral
secretions; the incubation period is 4-6-days.

- Seasonal outbreaks of RSV in the Northern Hemisphere occur
from October to April, with a peak in January or February. In
the Southern Hemisphere, epidemics occur during the May-
September wintertime, peaking in May or June.

+ ARisk Scoring Tool (RST) has been developed. It includes three
risk factors: (a) birth between 3 months before and 2 months after
the aforementioned season start dates; (b) presence of smokers
in the household and/or maternal smoking whil pregnant; and
(c) having young siblings in the family and/or daycare attendance
to accurately and reliably predict RSV hospitalization.

« Vertical RSV infection is associated with dysregulation of critical
neurotrophic pathways, including the nerve growth factor (NGF)/
TrkA receptor axis during fetal development, which promotes
aberrant cholinergic innervation of the respiratory tract and
increases airway reactivity after postnatal reinfection with RSV.

« Rapid antigen diagnostic tests (RADT) provide results in less
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than 30 minutes, but these are less sensitive than PCR.

+ The American Academy of Pediatrics does not recommend
routine use of ribavirin because of the possibility of (a) long-
term need for aerosols and hospitalization; (b) potential for
intoxication (bone marrow suppression); and of (c) high costs.

+ Anew RSV vaccine was recently approved for use in adults, which
has brought new excitement about the possibilities for testing
in infants.

INTRODUCTION

Respiratory syncytial virus was isolated from primate carriers in
1956." Despite major advances in our ability to prevent, diagnose,
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and treat RSV infections, this virus continues to be the most
common cause of lower respiratory tract (LRT) infections in infants
less than 1 year of age.? In this article, we present a review of the
virus structure, epidemiology, clinical features, and management
of infants infected with these viruses.
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Figs 1A and B: Schematic diagrams showing (A) Surface and side dissection; and (B) Cross-section of the respiratory syncytial virus

Pathogenesis
Viral Structure

Respiratory syncytial virus is an enveloped, single-stranded,
nonsegmented, negative-strand RNA virus (Fig. 1), a member
of the family Pneumoviridae and order Mononegalevirales.? It is
a pleiomorphic virus with an average diameter of 50-250 nm.
The viral genome is 15.2 kb in size, has 10 genes and encodes 11
proteins: F and G envelope surface glycoproteins, M1, M2-1, and
M2-2 matrix proteins, NS1 and NS2 virion proteins, SH protein and
N, D, L nucleotide capsule proteins. The F protein promotes fusion
of infected cell membranes with adjacent cells, leading to the
formation of the eponymous syncytia.* The anti-RSV monoclonal
antibody response mainly targets Fusion and G proteins. Two
antigenic subgroups exist differing in the surface glycoproteins:
A and B. Subgroup A infections are more common, severe, and
contagious.’ ' Table 1 outlines the major viral components.

Epidemiology
In a systematic review, the global annual rate of RSV hospitalization
among children <5 years was 4.4 per 1000 with highest rates
among children aged less than 6 months and preterm neonates.
Globally, RSV is responsible for 2.3% of deaths among neonates
0-27 days of age, 6.7% among infants 28-364 days, and 1.6% among
children 1-4 years of age.'? The mode of transmission is nasal and
oral secretions.® The incubation period is 4-6 days (range 2-8
days)." Viremia typically lasts around 3-8 days, although it might
be longer in the immunocompromised. The average duration of
viral shedding is 11 days."” Viral shedding may last up to 4 weeks in
young infants and several months in children with HIV infection.'®
Recurrent infections are seen frequently.

Respiratory syncytial virus infection is seen most frequently
in children aged less than 24 months; the prevalence is 5.2/1000
(26/1000 in neonates during the first month after birth).
Hospitalization rates are highest during the first 6 months."” Nearly,
80% of RSV infections are seen in infants because they have lower
IgG levels approaching nadir at 3-6 months. Prematurity is a risk
factorin view of lower IgG antibody titers and an immature neonatal
immune system.

In the Northern Hemisphere, seasonal outbreaks of RSV occur
from October to April, with a peak in January or February.>'81
In contrast, wintertime epidemics are seen in the Southern

Hemisphere from May to September, peaking in May or June. In
tropical and semitropical climates, the seasonal outbreaks usually
are seen during the rainy season, whereas the epidemic peaks
are not as sharp in temperate climates. The COVID-19 pandemic
was associated with marked reduction in RSV infections in
children and were attributed to mitigation measures, such as
the use of masks, social distancing, and temporary closure of
schools.?0%
Patients at the highest risk for severe LRT disease include:

« Infants under 6 months of age,?® attending daycare,?>° and

those with older siblings who may harbour asymptomatic
RSV 3132
« Infantsand childrenwith chroniclungdisease (bronchopulmonary
dysplasia, cystic fibrosis)*>-3°
« Preterm infants less than 35 weeks gestational age.
« Infants with congenital heart disease.>
« Infants exposed to second-hand smoke.
« Human immunodeficiency virus (HIV)-exposed, uninfected
infants.*%
« Infants with Down syndrome.

28,32,36-38

40-42

34,46

In a meta-analysis, 8 risk factors were identified to be associated
with RSV-associated acute lower respiratory infection: prematurity,
low birth weight, male gender, siblings, maternal smoking, history
of atopy, and no breastfeeding and crowding.”’ A Risk Scoring
Tool (RST) has been developed using three risk factor variables:
(@) birth between 3 months before and 2 months after season
start date; (b) smokers in the household and/or maternal smoking
while pregnant; and (c) siblings and/or daycare attendance to
accurately and reliably predict RSV hospitalization. It is a useful
tool when opting for RSV prophylaxis; it helps determine the likely
risk severity of infection and guide therapy in a cost-effective
manner. Smoking in the household and daycare are modifiable risk
factors. The chronological age at the beginning of RSV season, low
birth weight, and birth order are neonatal risk factors for RSV LRT
requiring hospitalization.*®

Polymorphisms in cytokine and chemokine-related genes,
namely, the interleukin (IL)-4, IL-8, IL-10, IL-13, and the chemokine
receptor (CCR)5 predispose to severe RSV disease.**>* Severe
disease is also predisposed by cell surface interactions or cell
signaling genes, such as toll-like receptor (TL)-4, chemokine
receptor 1 (CX3CR1), surfactant protein (SP)-A, and SP-D.>>~%°
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Table 1: Major structural components of RSV

Structure

Available information

Lipid envelope

Glycoproteins

Receptor-binding motifs

Envelope protein

Membrane protein

MHC or HLA proteins

Spike protein

Surface tubules

Palisade layer
Viral tegument
Lateral bodies
Capsid

Capsomeres

Core membrane

Protein core

Core fibrils
Matrix

The nucleocapsid is surrounded by a lipoprotein envelope derived from the nuclear membrane of the
infected host cell.®’ The RSV virions are pleomorphic consisting of both irregular spherical shape with sizes
of 150-300 nm and also filamentous forms of the virions that are 60-100 nm in diameter and up to 10 um
in length.®?

Viral glycoprotein spikes are attached to the lipid envelope and bind specific host receptors to facilitate
attachment and entry of the virus. There are three transmembrane surface glycoproteins. The attachment
glycoprotein (G) and the fusion (F) glycoprotein control the initial phases of infection. G glycoprotein
targets the ciliated cells of the airways, and F-glycoprotein facilitates fusion of the virion membrane and
target cell membrane. The F protein is pertinent to antiviral drug development, and G and F-glycoproteins
are targeted by neutralizing antibodies induced by infection.®> G (binding) protein is important for
binding to the host cell and F (fusion) protein is responsible for fusion of the viral envelope with the
cellular plasma membrane.

Receptor-binding motifs are involved in virion attachment to cell surface receptors. RSV attachment (G)
glycoprotein targets CX3CR1 receptor on primary human airway epithelial (HAE) cultures. The G protein
contains a CX3C motif which is critical for its role in infection of HAE cultures.5*

RSV has three envelope proteins, namely, the small hydrophobic protein (SH), G protein, and F protein. The
G protein facilitates binding of RSV to target cells while the function of SH is not known. F protein
mediates virus-to-cell and cell-to-cell fusion, resulting in syncytia formation, after which the virus

is named.%

The F gene encodes a type | integral membrane protein, which is synthesized as a 574 amino acid inactive
precursor, F,. Three F, monomers assemble into a trimer and, while passing through the Golgi apparatus,
these monomers get activated by a host protease.®®

RSV infection of lung epithelium induces RIG-I expression, leading to induction of a class | MHC
transactivator, NLRC5, and subsequent upregulation of MHC-I. Suppression of RIG-l induction leads to
blockage of RSV-induced NLRC5 expression and MHC-| upregulation. Increased MHC-I expression may
exacerbate RSV infection by immunopathologic damage.®®

Specific receptor binding is achieved by the RSV F protein, a spike protein required for attachment to
specific receptors and membrane fusion.®”

RSV exploits cytoskeletal components to complete its life cycle, such as actin, affecting its entry into the
host cell, formation of cell-associated virus, virus escape, and exacerbation of the infection and syncytium
formation. The cell membranes of the RSV-infected cells lost their characteristic shape and the
cytoskeleton was reduced and elongated.®®

Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.

RSV has a capsid which forms viral particles and packages the viral genomic RNA, leading to the rapid
assembly of nucleocapsid cores in the cytoplasm. The RNA nucleocapsid of RSV is enclosed in a bilayer
lipid sphere and the genome is a single strand of RNA encoding for 10 viral proteins.®® The RSV genome
encodes 11 proteins and is tightly encapsidated with the nucleocapsid, consisting of the nucleocapsid
(N) protein, RNA polymerase (L) and its cofactor phosphoprotein (P) and M2-1 protein. The genome also
encodes the envelope glycoproteins fusion protein (F), glycoprotein (G) and small hydrophobic protein
(SH), two non-structural proteins (NS1 and NS2), the M2-2 protein, and the matrix protein (M).

The proteins that compose the structural unit of the capsid may form three-dimensional structures known
as capsomeres that are visible in an electron micrograph.

Either not expressed or relevance unclear fetal/infantile disease.

The non-structural proteins help with viral replication within the infected host cell. The structural proteins
have three functional groups. The HRSV protein core forms a trimer-of-hairpins structure. The complex

is a six-helix bundle in which the HR-N peptides form a three-stranded, central coiled coil, and the HR-C
peptides pack in an antiparallel manner into hydrophobic grooves on the coiled-coil surface.”

Either not expressed or relevance unclear fetal/infantile disease.

The matrix consists of two membrane-associated proteins. The matrix (M) protein, a non-glycosylated
phosphorylated protein located external to the nucleocapsid layer, acts as a bridge between the lipid
bilayer envelope and the nucleocapsid. It drives the viral structural components to facilitate viral
assembly. The RSV M also facilitates the transportation of newly synthesized ribonucleoprotein complexes
(RNPs) to assembly sites, thereby leading to assembly at the cell surface. M protein associates with the
RNPs to inhibit viral transcription and, thereby facilitating viral assembly.”’ The matrix protein (M) lays
between the RNP and the envelope, acting as the cushion.”?
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Enzymes

RNA elements

Nucleus
Nucleosome
DNA

RNA

Genome-associated polyprotein

DNA polymerase
RNA polymerase

The L protein contains a polymerase domain associated with a polyribonucleotidyl transferase
domain in its N-terminus, and a methyltransferase (MTase) domain followed by the C-terminal domain
(CTD) enriched in basic amino acids at its C-terminus. These enzymatic activities are essential for
efficient viral mRNA translation into proteins, and to prevent the recognition of viral RNA by innate
immunity.”®

Transcription and replication of RSV genome generate RNA intermediates that constitute pathogen-
associated molecular patterns (PAMPs), which are sensed by pattern recognition receptors (PRRs) to
trigger the interferon (IFN)-mediated antiviral response and the expression of proinflammatory
cytokines.”* RSV participates in viral RNA synthesis by RNA synthesis RNP complex, comprising four
proteins, the nucleoprotein (N), the large protein (L), the phosphoprotein (P), and the M2-1 protein.”

Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
No DNA genome exists.

Respiratory syncytial virus (RSV) is a negative-sense (—) nonsegmented RNA virus and its RNA
synthesis occurs by viral gene transcription and genome replication. Gene transcription includes the
positive-sense (+) viral mRNA synthesis, 5'-RNA capping and methylation, and 3’ end polyadenylation.
Genome replication includes positive-sense RNA antigenome and negative-sense RNA genome
synthesis.”?

Each RSV gene encodes an mRNA with the 5" methylated cap and 3’ polyA tail to be translated into a
single corresponding protein, except the M2 gene, which has two slightly overlapped open reading
frames (ORFs) encoding two proteins: M2-1 and M2-2. RSV initiates viral infection by a virus-specific
RNA synthesis RNP required for replication of the full-length genome along with transcription of
individual genes.”

Either not expressed or relevance unclear fetal/infantile disease.

Transcription by the RNA-dependent-RNA-polymerase composed of L and P proceeds directly from the
negative-sense (3'-5’) genome through the production of capped/polyA monocistronic mRNAs.”* RNA
synthesis is carried out by the RNA-dependent RNA polymerase (RdRp) complex, which consists of the

catalytic core L and the cofactor P. L is a 250 kDa polypeptide facilitating synthesis of viral genomic or
antigenomic RNAs and mRNA. It also catalyzes ribonucleotide polymerization, mRNA 5’ cap addition

and cap methylation.”
Reverse transcriptase
Head
Base plate
Integrase
Tail
Tail fiber
Neck

Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.
Either not expressed or relevance unclear fetal/infantile disease.

Either not expressed or relevance unclear fetal/infantile disease.

The Canadian RST and the International RST are both validated,
reliable, and show a similar level of good predictive accuracy
(both show Area Under Curve—Receiver Operator Characteristic,
AUC-ROC >0.75; as significant (p < 0.001) correlations apparent
for risk scores and risk categories.”® The RST used data from six
prospective, observational studies — the: “Risk Factors Linked to
Respiratory Syncytial Virus Infection Requiring Hospitalization in
Premature Infants Study” (FLIP-2, Spain);”” “RISK” (the Netherlands);’®
“Pediatric Investigators Collaborative Network on Infections in
Canada” (PICNIC, Canada);”® “Italian National Birth Cohort” (IBC,
Italy);®° “Respiratory Syncytial Virus (RSV) Respiratory Events Among
Preterm Infants Outcomes and Risk Tracking Study” (REPORT,
USA);*? and “Predictors Associated with RSV Hospitalization in
Nonprophylaxed, Premature Infants” (PONI, multinational).®'

The RST predicts the risk of RSV hospitalization in 32-35%°
weeks' gestational age preterm infants. The RST can facilitate
decision-making for clinicians, parents, and policy-makers
regarding RSV prophylaxis. Two out of the five identified risk factors,
including smoking in the household and daycare, are modifiable

and can be used to educate parents.®? The scoring is performed on a
scale between 0 and 56; <19is considered low, 20-45 is perceived as
moderate and >50 as high-risk. The cumulative RSV hospitalization
risk was 3.6% (484/13,475) in the pooled dataset. The combined
moderate- and high-risk groups showed a score of 6.3%. The high-
risk group had a score of 9.5%, and the very high-risk group showed
a score of 11.9%.8% The IMpact randomized controlled trial showed
that prophylaxis with palivizumab reduced RSV hospitalization
in 32-35-week gestational age infants by 80-85%. The number
needed to treat was 12.8384

The RST is an efficient way for deciding for selective prophylaxis,
targeting only 18% of any birth cohort. The financial constraints
make it difficult to provide prophylaxis to all infants. Notably, 41% of
all LRT infection hospitalizations are in infants who did not receive
RSV prophylaxis. RSV-infected children account for 40-60% of the
total number of children hospitalized for LRT infections. Only 16%
of the total number of hospitalizations due to LRT infections occur
in those who have received RSV prophylaxis.?”’
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Flowchart 1: Pathogenesis of perinatal RSV infection
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Maternal-fetal Transmission

Respiratory syncytial virus spreads from the respiratory tract of the
mother first to the placenta, and then to the developing fetal lungs
during transient RSV viremia (Flowchart 1). Itis detected postnatally
in the lungs.®® Vertical RSV infection is associated with dysregulation
of critical neurotrophic pathways - the nerve growth factor (NGF)/
TrkA receptor axis during fetal development, leading to aberrant
cholinergicinnervation of the respiratory tract and increased airway
reactivity after postnatal reinfection with RSV.8

Respiratory syncytial virus does not induce persistent
immunity in humans, reinfection of adult healthy humans causes
community-acquired respiratory infections and seasonal epidemics;
hence, post-infection of pregnant mothers, immune response is
inadequate to prevent viremia and transplacental transmission.
Prenatal RSV infection interferes with the NGF promoter via
suppression of specific miRNAs (especially miR-221) and selective
demethylation, which also manifests postnatally.

Intrauterine fetal RSV infections, before the establishment of
immunological self-tolerance, induce selective tolerance toward
viral antigens. Therefore, exposed newborns do not regard RSV as
pathogenic and non-self during an early-life reinfection, in view
of weak anti-RSV Th1 immunity and persistent post-RSV airway
dysfunction in childhood.8¢

Respiratory syncytial virus-exposed fetal lungs display
changes in critical molecular alterations with persistent functional
consequences. Viral transmission and replication in the growing
fetal lung tissues modulate expression of ion channels and
receptors, predisposing to airway hyperreactivity in later life,
supporting Barker’s Fetal Programming hypothesis of the
Developmental Origins of Health and Disease (DOHaD).

Perinatal RSV persists as an immunologically privileged
sanctuary by causing latent infection in cells.®’ It is associated
with dysregulation of neurotrophins, involved in neuronal survival
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Interleukin-8 (IL-8)-mediated
neutrophil response,
activation of ER stress

—»‘ Lower respiratory tract infection ‘

—b‘ Airway hyperreactivity ‘

—»‘ Pulmonary sequelae ‘

and function.®® The NGF controls the release and expression
of major neurotransmitters from the peripheral neurons.® It is
also associated with innate and adaptive immunity, and allergic
inflammation.’®®" NGF also increases the expression of the anti-
apoptotic Bcl-2 family and promotes the longevity of infected
bronchial epithelium to support viral replication.®? Prenatal RSV
infection interferes with the NGF promoter via suppression of
specific miRNAs (such as miR-221) and selective demethylation.

Pathophysiology

Respiratory syncytial virus infects ciliated cells, epithelium of
the small bronchioles and type 1 pneumocytes with infection
being confined to the respiratory mucosa. Bronchial narrowing
and interference in gas exchange occurs as a result of infiltration
of the airway by inflammatory cells, necrosis of the respiratory
tract epithelium, shedding of necrotic cells and impaired ciliary
function.®® Infection clearance is dependent on both humoral and
cellular immunity. IL.-8-mediated neutrophil response is the first
response against RSV infection in the body, and correlates with
disease severity. Viral clearance occurs by pulmonary CD8" T-cell
response following systemic T-cell ymphopenia. B-cell-activating
factors in the airway epithelium and interferon-gamma (IFN-y)
have a protective role.®* Previous RSV infections do not appear to
protect against reinfection.”

Humoralimmunity reduces the severity of RSV infection, thereby
making recurrent infections milder.”® Higher transplacentally
acquired RSV antibody titers are associated with milder symptoms
restricted to the upper respiratory tract.”” Lower antibody titers in
cord blood are associated with increased risk of RSV hospitalization
before 6 months of age.’® RSV reaches the small bronchiolar
epithelium from the nasopharynx, progressing to type 1 and 2
alveolar pneumocytes.®*1%

Histopathologic findings of RSV are epithelial cell necrosis,
bronchiolar epithelium proliferation, infiltration of monocytes,
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T-cells and neutrophils.'°*1°! This leads to airway obstruction, air
trapping and neutrophilia in bronchoalveolar lavage.'®? RSV is
generally restricted to the respiratory epithelium, although it may
be occasionally recovered from extrapulmonary tissues, such as the
liver,'%® cerebrospinal fluid,'®* or pericardial fluid.'®® IL-8, IL-6, tumor
necrosis factor (TNF)-«, and IL-1p can be detected in RSV-infected
airways.'61%8 |L-6 levels correlate with severity of the disease.
Chemokines in respiratory tract secretions include chemokine
ligand (CCL) 3 (macrophage inflammatory protein-1 alpha [MIP-
1a]), CCL2 (monocyte chemoattractant protein-1 [MCP-1]), CCL11
(eotaxin), and CCL5 (RANTES [regulated on activation, normal T
cell expressed and secreted]),'°*'"® but only the p-chemokines,
especially MIP-1q, are associated with severe disease.!'"
Respiratory syncytial virus infections can lead to endoplasmic
reticulum (ER) dysfunction or ER stress in airway cells resulting
in the UPR response to restore homeostasis by activating three
transmembrane ER stress sensors: activated transcription factor 6
(ATF6), PKR-like ER kinase (PERK) and inositol-requiring enzyme 1
(IRE1). UPR response switches from being pro-survival to being pro-
apoptotic if homeostasis is not achieved. Manipulation of the UPR
response is used by many viruses to promote their translation. ER
stress activation by RSV has been demonstrated in primary human
tracheobronchial epithelial (HTBE) cells and in the A549 cell line.”*

Clinical Presentations

Neonates present with cough and fever. On examination, rhinitis
and pharyngitis, congestion of conjunctivae and tympanic
membranes, tachypnea, wheezing, nasal flaring, and retractions
are seen. On auscultation of the lungs, prolonged expiration,
rales, inspiratory rhonchi, decreased lung sounds, and excessive
aeration in the lung periphery may be found."? Apnea may be the
presenting symptom in one-fifth of the cases hospitalized with
RSV.3118 One cause of reflex apnea may be altered sensitivity of
laryngeal chemoreceptors." In a systematic review, the incidence
of apnea in hospitalized infants with RSV was found to be between
1.2 and 23.8%. Therisk of apnea was <5%in children without serious
underlying disease. Overall, the incidence was higher in preterm
than in term neonates.'

Infants are most susceptible between the ages of 6 weeks and
6 months. Genetic predisposition of the host, co-infection with
other pathogens, viral phenotype, and viral load affect disease
severity,'2012!

Respiratory syncytial virus causes severe LRT disease, including
bronchiolitis, bronchospasm, and pneumonia.'??> Primary
infection usually causes LRT disease, while it is seen in around
50% of secondary infections.’®'?* Disease severity reduces with
subsequent infections.'”* RSV-associated wheezing is seen in
20% infants during the first year of life of which 2-3% require
hospitalization.?®'?3 Some infants who require assisted ventilation
may develop inappropriate secretion of antidiuretic hormone,
which results in hyponatremia.'*>~'? However, in most cases, RSV
infection is a self-limited process without any long-term pulmonary
sequelae. A few cases may show decreased pulmonary function and
chronic obstructive pulmonary disease persisting into adulthood.'?®

Laboratory Diagnosis

Laboratory diagnosis is required in severe or atypical bronchiolitis
or to decide for palivizumab prophylaxis, infection control, and
additional clinical/laboratory evaluation.'* Complete blood count
is not specific, with a mild increase in C-reactive protein (CRP).
Chest X-ray shows hyperinflation with flattening of the diaphragm,

infiltrations, atelectasis, and increased peribronchial shadows; helps
to rule out other differentials.

Nasal lavage, nasopharyngeal swab, throat swab can be
used. Nasal lavage and nasopharyngeal aspirate samples are
more sensitive in detecting viruses. Bronchoalveolar lavage
and tracheal aspirate sampling is required in intubated patients
because of severe LRT infections. Samples are obtained 3-4 days
after symptom onset, carried on wet ice, and kept at 2-8°C in a
refrigerator. Processing should be done within 48 hours; in case
of delay, samples should be kept at —80°C."** Nasal lavage and
nasopharyngeal aspirate samples are more sensitive in detecting
viruses compared with the other methods. Bronchoalveolar lavage
and tracheal aspirate sampling may be needed in intubated patients
because of severe LRT infections. For the best results, samples
should be obtained 3-4 days after symptom onset, carried with
weticeinthelaboratory setting, and kept at 2-8°Cin a refrigerator,
if they are to be studies within 48 hours. If the test will be delayed,
they should be kept at —80°C."*°

Reverse Transcriptase Polymerase Chain Reaction

Reverse transcriptase polymerase chain reaction (RT-PCR) gives
rapid, reliable results with higher sensitivity compared with
culture and rapid antigen tests and are not affected by passively
administered antibody to RSV."*"'32 Drawbacks are high cost and the
needs for maintenance of equipment and training of personnel.’

PCR-based assays typically are included as part of a multiplex
PCR assay that can detect multiple respiratory pathogens.'**
Multiplex PCR-based assays are more expensive than rapid antigen
diagnostic tests (RADT). They also usually have alonger turnaround
time than RADT, but some commercially available PCR-based assays
provide results in <3 hours.'® In a prospective study, RSV was
noted to be more prevalent in children with community-acquired
pneumonia (CAP) than in asymptomatic controls (26.6 vs. 1.9%).
Similarly, in a multicenter case-control study, RSV was isolated from
36% of 1-11-month-old infants and 17% of 1-4 year-old children
who were hospitalized with severe pneumonia compared with 3%
of asymptomatic controls.'?2

Serology

The cord RSV IgG antibody levels correlate with disease severity in
the first 6 months. IgG antibodies transferred to the fetus during
pregnancy decrease as time progresses reaching a nadir at the age
of 2-3 months.

Serology has limitations as a diagnostic tool because sero-
conversion occurs in 2 weeks, and virus-specific antibodies
cannot be detected in infants with RSV infections, and antibodies
transmitted from the mother are also present. The direct
fluorescence antibody test provides results in 2-3 hours with a
sensitivity and specificity of about 95%, but it warrants expertise.
Diagnostic serology is also not helpful in the evaluation and
management of RSV infection because of maternal antibody in
infants and a stable and sustained level of RSV-specific antibody
in older children.!3

Antigen Testing

Rapid antigen diagnostic tests provide results in the shortest time
of less than 30 minutes. Sensitivity is 80% in children and specificity
is 97%. Retesting may be required in patients with false-negative
results.’®? The RADT can be used to screen and negative results
can be confirmed with PCR.'* It is less sensitive than PCR-based
assays."*’” Palivizumab prophylaxis may interfere with RADT, leading
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Flowchart 2: Management of perinatal RSV infections
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to false-negative results.” In a meta-analysis of 71 studies, the
sensitivity of RADT was 80% and the specificity was 97%.'>?

Viral Culture

Viral cell culture is gold-standard in the diagnosis of RSV but results
take around 3-7 days. Rapid cell culture (shell-vial) yields resultin 48
hours compared with classic cell culture. Definitive diagnosis can be
made by viral isolation from human epithelial type 2 (HEp-2) cells
demonstrating characteristic plaque morphology with syncytium
formation.

Treatment

Therapy for RSV infection of the LRT is mainly supportive, and
preventive measures like good hygiene and isolation are the
mainstay of management (Flowchart 2)."*8'3% Supportive care
includes monitoring of clinical status; fluids, paracetamol,
and respiratory support as required. Inhaled bronchodilators,
hypertonic saline, inhaled and systemic steroids are not proven to
be effective. Mechanical ventilation may be required in patients
with severe respiratory symptoms or apnea due to RSV.
Ribavirin
Ribavirin is a synthetic nucleoside analog with good in vitro
activity against RSV and is approved by the US Food and Drug
Administration (FDA) for the treatment of RSV infection. But it is
not routinely recommended for infants and children with RSV
LRT infection because its efficacy has not been proven %1 |t is
expensive and must be given early in the course to be effective
with concerns about occupational exposure.'* It is contraindicated
in pregnant females because of teratogenic risk. Adverse effects
include hemolytic anemia, leukopenia, cough, bronchospasm, rash,
and conjunctival irritation.'*?4> Studies in rodents have shown
teratogenicity although the risk in human pregnancy is uncertain.'*®
Itis also associated with bronchoconstriction and warrants caution
in asthma or chronic obstructive pulmonary disease.'*? National
Institute of Occupational Safety and Health has recommended
to reduce the ambient air concentrations of ribavirin and limit
occupational exposure to hospital personnel.'*’

Randomized controlled trials comparing ribavirin with placebo
in children with RSV LRTI are inconclusive with some reporting
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decreased severity of illness; decreased duration of mechanical
ventilation, oxygen therapy, and hospital stay; and decreased viral
shedding,*®">" whereas others have reported no benefit.>?>* A
2004 systematic review comparing ribavirin with placebo in infants
and children with RSV LRTI found that trials of ribavirin lack sufficient
power to provide reliable estimates of the effects.'*

The American Academy of Pediatrics recommends against the
routine use of ribavirin because of long-term aerosol application
and hospitalization, intoxication potential (bone marrow inhibition,
carcinogenicity), teratogenicity and high cost.””*'>* Ribavirin should
be reserved for immunosuppressed patients with severe RSV
infection, with opinion of an infectious disease’s specialist being
required before its use.

Palivizumab

Palivizumab is an RSV-specific humanized IgG1 monoclonal
antibody against an epitope in the A antigenic part of the RSV
F-glycoprotein, which is highly conserved among various isolates.
It prevents viral replication by inhibiting its adherence to the
respiratory epithelium.”8 It is produced by recombinant DNA
technology and was licensed in 1998 for the prevention of serious
RSV LRT disease in high-risk children."®? It is given intramuscularly
at a dose of 15 mg/kg monthly for a total of five doses to maintain
a serum concentration above 40 pg/mL in preterms with
bronchopulmonary dysplasia (BPD)."”’

Palivizumab is administered intramuscularly and does not
interfere with response to live virus vaccines.®® Existing literature
does not show any benefit of palivizumab in RSV bronchiolitis.!*® 1>°
Adverse reactions are manifested by fever, rash, and formation of
antibodies. In a meta-analysis comparing palivizumab prophylaxis
with placebo in BPD, preterm infants <35 weeks’ gestation and
congenital heart disease; palivizumab reduced RSV hospitalizations
without increase in adverse events.””* Palivizumab prophylaxis
can be used for infants with BPD who are younger than 1 year of
age at the start of RSV season,'**'%° or between the ages of 12-23
months in infants requiring medical management for BPD.83'6!
Recent AAP guidelines do not recommend pavlizumab prophylaxis
for preterm infants born at 29-35 weeks without chronic lung
disease, hemodynamically significant congenital heart disease
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and coexisting conditions. But healthy preterms born at more
than 32 gestational weeks may also have increased RSV-associated
hospitalization.

RSV-IVIG

Intravenous immune globulin with a high neutralizing activity
againstRSV (RSV-IVIG) is a hyperimmune polyclonalimmunoglobulin
obtained from donors with high RSV neutralizing antibodies and
prevents integration of F and G RSV surface glycoproteins with
host."® It has five-fold greater efficiency in neutralizing RSV as
compared with IVIG. It was approved by the FDA in 1996 for
reduced hospitalizations in high-risk infants.'®? It is no longer
available because RCTs showed no benefit.'®* Other disadvantages
are necessity for hospitalization, long-term infusion, fluid loading
because of high-volume doses, sudden cyanotic episodes and
necessity to avoid live-attenuated vaccines for at least nine months
after treatment with RSV-IVIG.'®* Other monoclonal antibodies
against RSV are still under research.'s®

Nirsevimab

Nirsevimab is a monoclonal antibody with a long half-life, high
neutralizing activity. It targets the prefusion-conformation of
the RSV F-glycoprotein. In a multi-center, placebo-controlled
RCTs in healthy infants born at >29 weeks’ gestation, a single
injection of nirsevimab effectively prevented RSV LRT infections
and hospitalization for 150 days.'5>'%¢ It was recently approved for
clinical use.'”’

Breastfeeding

Exclusive breastfeeding reduces hospitalizations, risk of respiratory
failure, and the need for oxygen treatment in neonatal RSV infection,
attributed to high levels of interferon (IFN)-gamma, cytokines,
lactoferrin, and T-cells in human milk and its microbiota.'®®

Outcomes

RSV can lead to long-term sequelae such as wheezing and
asthma, associated with increased healthcare costs and reduced
quality of life. Transplacental transmission of RSV leads to
persistence of vertically transmitted virus in lungs postnatally,
culminating in dysregulation of neurotrophic pathways and airway
hyperreactivity.®

Prevention

Standard precautions, hand hygiene, breastfeeding, and contact
isolation should be followed for RSV-infected newborns. The
Centers for Disease Control and Prevention (CDC) recommends
standard and contact precautions for the prevention of RSV.'6%170
Measures for healthcare providers include hand washing,
appropriate use of gloves, surgical mask, eye protection, and
disposable gowns.

In inpatient settings, infected patients should be isolated with
standard and contact precautions in private rooms or cohorted in
rooms with other RSV-infected patients.'®®'”'"'73 During outbreaks,
cohorting of healthcare personnels caring for RSV patients is also
recommended. Healthcare personnel should have continued
education about the symptoms, epidemiology, diagnosis, and
transmission of RSV.

VacciINE DEVELOPMENT

A new RSV vaccine, Arexvy, was recently approved in the US to
prevent LRT disease caused by RSV in individuals 60 years of age

and older.”*17> Tests are needed in infants. Several other candidate
vaccines are also being evaluated in clinical trials.””® Live-attenuated
vaccines, including molecular clones,"””"7? gene-based vector
vaccines,'® subunit vaccines,'®' or prefusion-conformations of RSV
F-glycoproteins'®? are under evaluation. A variety of gene-based
vector vaccines, nucleic acid vaccines, particle-based approaches,
and novel adjuvants for candidate RSV vaccines are also in
preclinical and early phase clinical development.'”® Challenges to
development of an RSV vaccine for infants are immature immunity,
suppression of immune response by maternal antibodies and
antigenically divergent strains.!”6183184

FuturRe DIRECTIONS

We still need major, consolidated efforts to develop effective
vaccines and monoclonal antibodies.
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ABSTRACT

Aim:To assess the evidence for the use of digital stethoscopes in neonates and evaluate whether they are effective, appropriate, and advantageous
for neonatal auscultation.

Methods: A systematic review and narrative synthesis of studies published between January 1, 1990 and May 29, 2023 was conducted following
searches of MEDLINE, Embase, PubMed, Scopus, and Google Scholar databases, as well as trial registries.

Results: Of 3,852 records identified, a total of 41 papers were eligible and included in the narrative synthesis. Thirteen records were non-full-text
articles, either in the form of journal letters or conference abstracts, and these were included separately for completion purposes but may be
unreliable. Twenty eight papers were full-text articles and were included in a full qualitative analysis. Digital stethoscopes have been studied
in neonatology across various clinical areas, including artificial intelligence for sound quality assessment and chest sound separation (n = 5),
cardiovascular sounds (n = 11), respiratory sounds (n = 4), bowel sounds (n = 4), swallowing sounds (n = 2), and telemedicine (n = 2). This
paper discusses the potential utility of digital stethoscope technology for the interpretation of neonatal sounds for both humans and artificial
intelligence. The limitations of current devices are also assessed.

Conclusions: The utilization of digital stethoscopes in neonatology is an emerging field with a wide range of potential applications, which
has the capacity to advance neonatal auscultation. Artificial intelligence and digital stethoscope technology offer novel objective avenues for
automatic pathological sound detection. Further, digital stethoscopes may improve our scientific understanding of normal neonatal physiology
and can be employed in telemedicine to facilitate remote medical access. Digital stethoscopes can also provide phonocardiograms, enabling
enhanced interpretation of neonatal cardiac sounds. However, current digital stethoscopes necessitate refinement as they consistently produce
low-quality sounds when used on neonates.

Keywords: Artificial Intelligence, Auscultation, Computer-assisted auscultation, Infant, Machine learning, Murmur detection, Newborn,

Phonocardiography, Respiratory distress, Telemedicine.
Newborn (2023): 10.5005/jp-journals-11002-0068

INTRODUCTION

The stethoscope has been a crucial component of patient
examination since its invention in 1816 by French physician,
Laennec.! Over the past 200 years, it has undergone significant
transformations and upgrades, with the standard device used
by clinicians today being the dual-sided acoustic stethoscope.'
However, there are several drawbacks of the acoustic stethoscope:
interpretation is subjective and dependent on clinician expertise
and hearing ability.*"® Furthermore, in neonates, even infant-sized
acoustic stethoscopes can be unreliable and produce poor-quality
sounds due to neonatal factors such as their small size, fast heart
and respiratory rates, irregular breathing patterns, and noise
interference (e.g., crying and respiratory support noise).>~'> This can
hinder accurate clinician analysis and may lead to delayed diagnosis
and management of neonatal conditions (Fig. 1).

Technological advancements have led to the development of
a digital (or electronic) stethoscope (DS), which offers solutions to
the limitations seen in acoustic stethoscopes. Digital stethoscopes
can amplify sounds, filter out unnecessary noises, and separate
desired sounds. This improves sound focus and reduces reliance on
hearing ability."*'> They also allow for the recording, playback, and
sharing of sounds with other doctors for secondary opinions."'1>
Furthermore, the integration of artificial intelligence (Al) into DS
technology enables a more objective interpretation of auscultatory
sounds.'® For example, Eko Health’s Al mobile application connects
to DSs via Bluetooth, providing Al features such as heart rate
estimation and murmur analysis (88% sensitivity and specificity
for murmur detection).”®
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Commercially available DSs designed for children and adults
exist, but thereis currently no specific DS designed for neonates.'*~2*
A systematic review by Ramanathan et al. in 2018 concluded that
further research was required to determine the advantages and
disadvantages of current DSs for use in pediatrics.?> Since then,
several studies have assessed DSs exclusively in neonates, yet the
suitability of DSs for use in this population remains uncertain. This
systematic review aimed to evaluate the current evidence on DS
use in neonates. Specifically, we assessed their utility, suitability, and
limitations in neonatal areas such as the cardiovascular, respiratory,
and gastrointestinal systems. Additionally, this review investigated
the integration of DSs with Al for neonatal care.
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METHODS

A systematic review was performed to assess the utility of DSs in
neonates. Digital stethoscopes were defined as any device that can
record internal sounds via skin contact.

Inclusion criteria consisted of (1) involved neonates, (2) DS
involvement, and (3) human studies. Exclusion criteria included
(1) no subgroup analysis of neonatal population in studies with
broader age range, (2) no DS involvement, (3) animal studies, (4)
review articles or systematic reviews, and (5) non-English-accessible
papers.

The databases searched included MEDLINE, Embase, PubMed,
Scopus, and Google Scholar. Gray literature was searched for on
clinical trial registries (WHO ICTRP, Clinicaltrials.gov, ANZCTR) and
conference papers on Google Scholar. Relevant articles underwent
backward and forward citation searching. The latest search was
conducted on 29/05/2023.

The search strategy is provided in Table 1 of Supplementary File.
MeSH, keywords, Boolean operators, synonyms, and truncations
were used. The search was limited to English language articles
published from January 1st, 1990 to present (DSs first discussed
in 1990s).

Papersidentified were uploaded onto the Covidence Systematic
Review Software, which was used for screening and reviewing full-
text papers for inclusion by two independent reviewers (MR and
05).2% Duplicates were automatically removed, and conflicts were
resolved by a third reviewer (AM).

Papers meeting inclusion criteria were included in a narrative
synthesis. A narrative synthesis was deemed to be the most
suitable approach to comprehensively synthesize findings due to
the absence of randomized controlled trials and heterogeneity of
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studies, making a meta-analysis inappropriate. One author (MR)
collected and synthesized the data, and two authors (AM and FM)
reviewed it. Information sought from papers included: author, year,
aim, number of participants, participant characteristics, DS device
used, and main findings. Studies were categorized into six groups
based on their study focus: Al for sound quality assessment and
chest sound separation, cardiac sounds, respiratory sounds, bowel
sounds, swallowing sounds, and telemedicine.

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 checklist for this systematic review
is provided in Table 2 of Supplementary File.””

REesuLTs

Atotal of 3,852 records were identified through the search strategy,
41 records fulfilled the inclusion criteria. Figure 2 illustrates the
PRISMA flow diagram for the systematic review.?’

Twenty-eight full-text papers on DSs in neonates were
identified, focusing on six clinical domains: Al for sound quality
assessment and chest sound separation (n = 5), cardiac sounds
(n=11), respiratory sounds (n = 4), bowel sounds (n =4), swallowing
sounds (n=2),and DS use in telemedicine (n = 2). Studies utilized DS
devices originally designed for different age groups: adults (n = 11),
children (n = 8), neonatal bowel sounds (n = 1), and unspecified
(n = 8). Table 1 presents the full-text papers, and the evidence
regarding DS use in the neonatal domains is discussed below.

Thirteen non-full-text papers, including journal letters (n = 3)
and conference abstracts (n = 10), were identified. However, these
papers may be unreliable due to incomplete reporting, publication
bias, and some results may be preliminary findings. See Table 3 in
Supplementary File for the non-full-text records.
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Table 1: Full-text published studies on digital stethoscope use in neonates

Author (year) Principal aim Participant characteristics Device used Main findings
Al for sound quality assessment and chest sound separation
Grooby et al. (2021)° Heart and lung sound Preterm/term neonates CliniCloud DS The algorithm
quality assessment (2-48 hours old) differentiated between
n=76 high- and low-quality heart
and lung sounds. Improved
signal quality correlated
with improved vital sign
estimation.
Grooby et al. (2021)% NMCF chest sound Preterm/term neonates CliniCloud DS NMCF algorithm
separation (2-48 hours old) outperformed existing
n=60 methods in separating
chest sounds.
Grooby et al. (2022)'° Real-time, multilevel heart  Preterm/term neonates CliniCloud DS The method achieved
and lung sound quality (2-48 hours old) real-time quality
assessment n=119 assessment of heart and
lung sounds on a scale
of 1-5.
Fattahi et al. (2022)" SCBSS chest sound Preterm/term neonates CliniCloud DS SCBSS produced
separation (24-48 hours old) better-quality recordings
n=91 and more accurate vital
sign estimation compared
with seven existing chest
sound separation methods.
Grooby et al. (2023)? NMCF and NMF chest Extremely CliniCloud DS NMCF and NMF systems
sound separation preterm-to-term neonates outperformed the best
(2 hours-60 days old) existing methods in
n=213 separating chest sounds.
Cardiac sounds
Yang and Zeng (2010)*  PCG to evaluate Preterm/term neonates PCG sensor PCG cardiac indicators were
cardiac reserve (unspecified age) higher in term neonates
n =385 than preterm neonates,

correlating with increased
cardiac reserve.
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Table 1: (Contd....)

Author (year)

Principal aim

Participant characteristics

Device used

Main findings

Balogh and Kovécs
(2011)%°

Sung et al. (2013)*'

Amiri et al. (2017)3?

Shelevytska and
Mavropulo (2018)%

Grgic-Mustafic et al.
(2019)**

Bobillo-Perez et al.
(2021)*

Gbémez-Quintana et al.
(2021)%

Gbémez-Quintana et al.
(2021)*”

Takahashi et al. (2021)%®

Amiri et al. (2022)%°

Respiratory sounds
Blowes et al. (1995)*°

238

Al neonatal PCG PDA
closure classification

Temporal correlogram
method to analyze PDA
murmur before and after
transcatheter closure

Al neonatal PCG murmur
classification

PCG analysis of
hemodynamic disorders
in preterm neonates

Al neonatal PCG murmur
classification

Comparison of devices for
HR estimation at birth

Al neonatal PCG
segmentation

Al neonatal PCG PDA
detection

Piezoelectric sensor vs.
electronic stethoscope in
neonatal heart murmur
detection

Al neonatal PCG heart
disease classification

Neonatal lung sound
interpretation with and
without added dead space

Newborn, Volume 2 Issue 3 (July—September 2023)

Preterm neonates (average
age of 6 days)
n=25

PDA neonates
(unspecified age)
n=2

Neonates with/without
heart murmurs

(1-20 days old)
n=116

Preterm NICU neonates
with/without PDA (median
day 5 of life)

n=45

NICU neonates, both
preterm and term, with or
without heart murmurs
(1-5 days old)

n=36

Healthy-term
newborns (at birth)
n=>50

Healthy, PDA, and CHD

neonates (0-6 days old)
n =265

Healthy, PDA and CHD
neonates (0-6 days old)
n =265

Neonates with/without sys-
tolic heart murmurs caused
by CHD (1-26 days old)
n=18

Neonates with/without
heart murmurs

(1-20 days old)

n=120

Term neonates
(12 hours-6 days old)
n=16

Self-made DS (electret
microphone capsule)

3M Littmann 3200 DS

DS (unspecified)

ThinkLabs ds32a

3M Littmann 3200 DS

3M Littmann 3200 DS

ThinkLabs ds32a and
ThinkLabs One DS

ThinkLabs ds32a and
ThinkLabs One DS

3M Littmann 3200 DS
and self-made piezoe-
lectric sensor

DS (unspecified)

Small piezoelectric
accelerometer

Characteristic heart sound
calculation method showed
favorable results for the
identification of PDAs.

Cochlear spectrogram
and temporal correlogram
show distinct differences
in neonatal heart sounds
following PDA
transcatheter closure.

Classified PCG heart
recordings as normal or
pathological with an AUC
of 0.98.

Differences observed in
computer analyzed PCG
recordings between
hemodynamically stable
and unstable preterm
neonates.

Developed PCG
classification
demonstrated higher
sensitivity and comparable
specificity to pediatrician
auscultation in
distinguishing between
normal and pathological
heart sounds.

Ultrasound detected HR
fastest, followed by DS,
ECG, and pulse oximetry.

Developed PCG
segmentation method
outperformed previously
designed adult-based
version.

Developed method
reached an AUC of 77% and
78% for the detection of
PDA and CHD, respectively,
outperforming human
listeners.

Piezoelectric sensor
performed marginally
lower than the DS in
detecting systolic murmurs.

Detected heart disease
with 96.15% sensitivity and
91.67% specificity.

Added dead space
increased lung sound
intensity but had no
uniform influence on
lung sound frequency.
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Ramanathan et al.
(2020)"

Zhou et al. (2020)*?

Grooby et al. (2022)*

Bowel sounds
Song et al. (2021)*

Sitaula et al. (2022)*

Burne et al. (2022)%¢

Zhou et al. (2022)*

Swallowing sounds

Da Nobrega et al.
(2004)*

Ince et al. (2014)*

Telemedicine
Garingo et al. (2012)*°

Umoren et al. (2020)"

Lung sound changes in
transitioning newborns

Lung sound
characteristics in preterm
and term neonates

Al to predict the
development of RD at birth
before symptom onset

Al bowel sound detection
and classification

Al bowel sound detection

Al bowel sound detection

Feasibility of long
continuous bowel sound
recordings and Al analysis

Assessing swallowing
pattern for feeding
maturation in newborns

Assessing feeding
maturation in newborns

NICU robotic telemedicine
compared with in-person
consults

Feasibility of in-hospital
telemedicine for infection
control

Term neonates (at 1 minute CliniCloud DS

and 2 hours of life)
n==61

Preterm/term neonates
without respiratory
support (24-48 hours old)
n=>52

Term neonates, 9 later
developed RD (at 1 minute
of life, clinical condition
tracked for the first few
hours)

n=>51

NICU neonates
(unspecified age)
n=113

NICU neonates
(unspecified age)
n=49

NICU neonates
(unspecified age)
n=49

Stable term neonates with/
without mild-moderate
hyperbilirubinemia

(4.51 + 5.34 days old)
n=282

Preterm neonates

(37.8 £ 1.5 weeks
postmenstrual age)
n=23

Preterm/term neonates
(regular follow-up until 40
weeks postmenstrual age)
n=94

Preterm/term NICU
neonates (3-112 days old)
n=46

NICU neonates in strict
isolation due to infection
(unspecified age)

n=3

CliniCloud DS

CliniCloud DS

BoSS (microelectronic

stethoscope)

3M Littmann 3200 DS

3M Littmann 3200 DS

MEMS sensor

Small microphone

ThinkLabs ds32a

DS (unspecified)

3M Littmann 3200 DS

Lung sound frequencies
decreased over the first 2
hours of life; neonates who
developed RD had higher
frequencies at birth.

Preterm and term
newborns had different
lung sound features.

Algorithm predicted
neonatal RD with a 66.7%
sensitivity and 85%
specificity in combined
chest recordings.

Classified bowel sounds
into short (91% sensitivity,
71% specificity) and long
bursts (97% sensitivity, 72%
specificity).

Identified bowel sounds
with an AUC 83.96%,
outperforming the next-
best method by 3%.

Identified bowel sounds
with an AUC 85.6%.

Recordings made for 20
hours. Al analysis measured
five bowel sound
characteristics that were
unaffected by
hyperbilirubinemia but
influenced by intake of
mother’s breast milk.

Swallowing time and bursts
increased during transition
from tube bottle feeding to
bottle feeding.

Volume of milk ingested
and number of rhymical
swallows increased with
gestational age.

NICU telemedicine is
feasible. Disagreements
between in-person acoustic
stethoscope and
telemedicine DS
interpretation.

Threefold reduction in
potential exposures
between neonates and
healthcare workers using
in-hospital telemedicine.

Al, artificial intelligence; AUC, area under curve; BoSS, bowel sounds sensor; CHD, congenital heart disease; DS, digital stethoscope; ECG, electrocardiogram;
HR, heart rate; MEMS sensor, microelectromechanical system sensor; NICU, neonatal intensive care unit; NMCF, non-negative matrix co-factorization;
NMF, non-negative matrix factorization; PDA, patent ductus arteriosus; PCG, phonocardiogram; RD, respiratory distress; RR, respiratory rate; SCBSS,
single-channel blind source separation
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Al for Sound Quality Assessment and Chest Sound
Separation

Robust Al sound analysis software requires reliable algorithms
trained on large datasets, with high-quality data that correspond
with future input requirements.’>> Five papers in this review
focused on developing Al methods to enhance overall sound quality
and improve the accuracy of future Al classification systems.”~1228

Two papers developed algorithms to distinguish between low-
and high-quality recordings.>'® High-quality recordings yielded
significantly more accurate estimations of heart and breathing
rates compared with low-quality recordings.’ In their 2021 software,
Grooby et al. achieved 82% accuracy (69% sensitivity and 86%
specificity) in differentiating low- and high-quality lung sounds and
93% accuracy (81% sensitivity and 86% specificity) for heart sounds.’
Furthermore, Grooby et al.'s 2022 paper introduced multilevel
and real-time quality features.'® Incorporating this software into
DS technology could provide real-time quality assessment during
auscultation, eliminating the need for retrospective analysis
of recordings. However, further refinement is necessary as the
algorithm’s accuracy was relatively low, possibly due to annotator
disagreement when scoring recordings on a scale of 1-5 rather than
categorizing them as low- or high-quality.'

Auscultation in newborns is challenging for both humans
and Al due to the presence of a mixture of different sounds (e.g.,
cardiac, respiratory, gastrointestinal, crying, and environment
noises). Three papers developed chest sound separation programs
toisolate cardiac, respiratory, and other sounds."'>? These papers
examined three sound separation methods: non-negative matrix
co-factorization, non-negative matrix factorization, and single-
channel blind source separation. Using the aforementioned sound
quality assessment tools, they evaluated the quality of cardiac
and respiratory sounds after separation and all three papers
demonstrated improved signal quality compared with previous
approaches."'228 However, complete separation of chest sounds
remained challenging, particularly in neonates on respiratory
support. This was due to overlapping frequencies between sounds
of interest and the impurity of training mixtures."'228 Using
higher-quality recordings for software training could potentially
address this issue.'1%28

These algorithms improve the overall quality, focus, and
clarity of DS-recorded neonatal sounds.’~'>28 This software can be
integrated into DS technology to enhance human interpretation
and the accuracy of future Al programs.

Cardiac Sounds

Eight cardiac studies utilized the phonocardiogram (PCG) component
of DS technology to analyze neonatal heart sounds, revealing
additional features beyond auscultation alone. Phonocardiograms
can enhance neonatal heart sound interpretation by detecting
decreased cardiac reserve, hemodynamic disorders, and with the
assistance of Al, heart sounds can be segmented, and murmurs
automatically detected.?%30:32-34:37,39

Artificial intelligence murmur detection programs can indicate
the presence of neonatal murmurs and classify them as either
innocent or pathological.3%3234373% Additionally, specific PCG
features have been identified for murmurs related to patent ductus
arteriosus, leading to the development of Al detection program
specifically for this common neonatal condition.>>3” Eventually,
this software could be widely used to screen newborns for the
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early detection of cardiac murmurs. However, software refinement
is needed due to limitations in accuracy arising from small datasets
and low-quality recordings.30:323436:37,39

Respiratory Sounds

Digital stethoscope recorded breath sound analysis reveals
differences in lung sound characteristics between preterm and
term newborns.*? Power spectra analysis demonstrates that term
newborns exhibit higher power in the middle-and high-frequency
range, while preterm newborns have higher power in the very-
high-frequency range.*? These differences may be attributed to
the smaller size and underdeveloped lungs of preterm newborns.
Further research is needed to explore the clinical implications of
these findings, including their potential impact on Al detection
methods.*

During the newborn transition period, DS technology observes
a decrease in lung sound frequency over the first 2 hours of life.*!
Newborns who develop respiratory distress (RD) show higher
frequencies from birth, suggesting a correlation with decreased
fluid clearance.*! Grooby et al. developed an Al program based on
these findings to predict RD at birth before symptom onset.** When
combining anterior and posterior recordings and utilizing both
heart and lung sounds, the program achieved an overall accuracy
of 81.8% (66.7% sensitivity and 85% specificity) for predicting RD,
thus demonstrating the potential of DS Al for early detection and
management of neonatal conditions.*

However, these studies are limited by low-quality recordings
and small datasets.

Bowel Sounds

Al models, including Hidden Semi-Markov and Convolutional
Neural Network models, have been used to detect and locate
neonatal bowel sounds (including peristalsis) in DS recordings
that contain mixtures of sounds.***% These studies detected
bowel sounds with an area under the curve of 83.96% and 85.6%,
respectively, outperforming previous Almethods. The detectionand
localization of bowel sounds may improve clinician interpretation
and the accuracy of Al-based bowel sound characterization and
classification methods.*#6

Artificial intelligence has enabled the successful extraction
of bowel sound characteristics, providing additional parameters
beyond what can be measured with an acoustic stethoscope.***
However, further research is necessary to determine the clinical
significance of these characteristics in normal and pathological
neonatal bowel activity before these programs can be utilized in
a clinical setting.***”

Overall, integrating bowel sound detection and characterization
methods into future classification models holds promise in
enhancing the timely diagnosis of neonatal bowel conditions.
Nonetheless, these studies are limited by low-quality recordings,
which may impact Al accuracy.**~%

Swallowing Sounds

Feeding difficulties in premature neonates pose challenges
in timing the advancement of feeding methods.*®*° Digital
stethoscope studies indicate that feeding maturation is associated
with increased swallowing features, which correlate with gestational
age.*®* Accordingly, DS technology can assess swallowing sounds
and guide feeding strategies for neonates experiencing swallowing
difficulties.
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Telemedicine

Digital stethoscopes in neonatal telemedicine have been studied
for infection control within neonatal intensive care units.>%>!
Garingo et al. observed the differences between telemedicine DS
and in-person acoustic stethoscope findings, as well as variations
in the results among multiple neonatologists using the acoustic
stethoscope on the same newborn.*® This suggests observer
interpretation variability rather than DS error, and raises the concern
of stethoscope interpretation subjectivity that can affect clinical
decision-making.**® Additionally, neonatal intensive care unit
telemedicine can reduce infection exposure by threefold, aiding
in infection control and minimizing the use of personal protective
equipment in resource-limited settings.”’

Neonatal telemedicine should be explored further and may also
facilitate remote access in areas with pediatric specialist shortages
and promote collaboration between specialists.”*!

Discussion

Digital stethoscopes show promise in enhancing the analysis
of neonatal cardiac, respiratory, and gastrointestinal sounds. A
key advantage lies in the integration of Al within DS technology,
enabling the improved acquisition of clear neonatal sounds and
the automatic detection, characterization, and classification
of neonatal sounds.”~1%2830:323436,37,39,43-47 Thjs syrpasses the
capabilities of traditional acoustic stethoscopes and eliminates
listener subjectivity. In the reviewed studies, DS Al was used
to improve sound quality, isolate sounds of interest, estimate
vital signs, segment PCG heart sounds, and detect indicators of
pathological conditions (e.g., murmurs, RD).>~1228:30,32,34,36,37.39,43-47
These findings lay the groundwork for a plethora of possible Al
tools and opportunities that could be developed to further advance
automatic neonatal sound analysis. Such advancements have the
potential to improve the timeliness of diagnosis and management
for various neonatal medical conditions. Digital stethoscopes offer
other benefits, including their application in neonatal telemedicine
for infection control, their potential to enhance our scientific
understanding of neonatal physiology, and the utilization of PCGs
to capture additional cardiac features.2%30:32-34:36,37,3941,42,48-51

Several limitations in the literature impacted the accuracy and
reliability of findings, thereby hindering the clinical application
of DSs in neonates. Major limitations included small sample
sizes, findings with an unclear clinical relevance, and low-quality
recordings. Small sample sizes have limited the reliability and
generalizability of results. Furthermore, the clinical utility of these
findings is hindered by a knowledge gap concerning the correlation
between sound characteristics and different neonatal conditions,
as well as factors such as gestational age, postnatal age, and size.
Bridging these gaps through novel studies is required to facilitate
the translation of these findings into clinical practice and to advance
Al classification programs. Additionally, a consistent issue identified
throughout the reviewed articles was the production of low-quality
DS sounds, which reduced human and Al sound interpretation
accuracy. This was a particular issue in Al-focused studies; low-
quality sounds were either used to train Al algorithms, reducing
overall data quality, or they were removed, reducing data quantity.
Both options decreased the accuracy of the developed Al methods,
thereby reducing program reliability.

Low-quality DS sounds raise concerns about the suitability of
current DSs for neonatal use, as they may not adequately account
for neonatal factors, and this can be detrimental to accurate clinician

and Al analysis. It is worth noting that many devices used in the
reviewed studies were devices originally designed for children
(n=8),adults (n = 11), or unspecified n = 8), rather than specifically
for neonates.”"1%28-4345-51 While sound quality assessment and
sound separation Al programs can help isolate high-quality sounds,
they have limitations and do not address the issue of having low-
quality sounds in the first place.”'>%8 Alternatively, a DS specifically
designed for neonates could be a viable solution to improve the
device’s capacity in producing high-quality neonatal sounds.
Ultimately, a device capable of capturing high-quality neonatal
sounds has the potential to enhance clinician interpretation
and Al accuracy and capability for the improved diagnosis and
management of neonatal medical conditions.

Regarding the limitations of this systematic review, although
efforts were made to ensure a comprehensive search strategy, it is
possible that not every relevant paper was identified, introducing
potential selection bias. Additionally, the included studies exhibited
heterogeneity, making it challenging to draw definitive conclusions
regarding the suitability of DSs in neonates. Finally, the non-full-text
articles in supplementary file may be lower quality and subject to
publication and reporting bias.

CONCLUSIONS

Digital stethoscopes show promise in improving neonatal
cardiovascular, respiratory, and gastrointestinal auscultation.
The integration of DS technology with Al may facilitate the early
diagnosis and management of neonatal conditions. However,
current DS devices do not appear to be appropriate for neonates
due to the production of low-quality sounds.

SUPPLEMENTARY MATERIALS

All the Supplementary Tables are available online on the website
of https://www.newbornjournal.org/.
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