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OBJECTIVE: To evaluate the short-term outcomes of implementing a care bundle emphasizing frequent hemodynamic
assessments by echocardiography in neonates with congenital diaphragmatic hernia (CDH).
STUDY DESIGN: This was a retrospective cohort study of infants with CDH admitted to a quaternary perinatal unit from January
2013 to March 2021. The primary composite outcome was defined as mortality or use of extracorporeal membrane oxygenation or
need for respiratory support at discharge.
RESULTS: We identified 37 and 20 CDH infants in Epoch I and II, respectively. More patch repairs (50% vs. 21.9%, p= 0.035) and
echocardiograms (6[4–8] vs. 1[0–5], p= 0.003) were performed in Epoch II. While there were no differences in the primary outcome,
there was a reduction in mortality in Epoch II (0% vs. 27%, p= 0.01).
CONCLUSION:With the implementation of a CDH care bundle with an emphasis on hemodynamic assessment, we demonstrated a
significant reduction in mortality.
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INTRODUCTION
Congenital diaphragmatic hernia (CDH) is one of the most
common major congenital anomalies, occurring in 1 in
4000–5000 live births [1]. It is associated with significant morbidity
and mortality, primarily due to physiological derangement caused
by pulmonary hypoplasia and pulmonary hypertension [2, 3].
Furthermore, the severity of pulmonary hypertension and cardiac
dysfunction in infants with CDH are major determinants of patient
survival and outcomes [4, 5]. In Canada, the mortality rate for
infants with CDH is around 21% and the survivors can have
significant long-term health concerns [6, 7].
Targeted neonatal echocardiography (TnEcho) is a non-invasive

imaging technique used to assess the cardiac structure and
function of the newborn infants in the neonatal intensive care unit
(NICU) and is performed primarily by specially trained neonatol-
ogists [8, 9]. The hemodynamic information derived can be used
to estimate pulmonary pressures and predict pulmonary hyper-
tension severity with reasonable accuracy to guide clinical
decision making [10]. Patel et al. demonstrated that 58% of
infants with CDH had impaired right ventricular function within
the first 48 h of life [4]. It has been demonstrated that right
ventricular diastolic dysfunction is associated with CDH severity
and predicts early outcomes in CDH [11]. Lusk et al. reported that
weekly echocardiographic assessments of pulmonary

hypertension for up to 6 weeks in infants with CDH were helpful
in predicting short-term outcomes [12].
Substantial variations in practice have been reported and

multicenter standardization of CDH management in Europe has
led to improvement in outcomes [13]. In 2018, a new protocol on
CDH management was jointly developed by Canadian centers
[14]. Though TnEcho has been shown to improve neonatal
outcomes by guiding cardiovascular care such as management of
patent ductus arteriosus [15–18], it is unclear if including regular
and frequent bedside hemodynamic assessments with TnEcho
peri- and post-operatively can improve the outcomes of infants
with CDH, who are at high risk of pulmonary hypertension and
ventricular dysfunction.
In this study, we aimed to evaluate the impact of a CDH care

bundle with emphasis on dedicated hemodynamic assessments
by TnEcho on the short-term outcomes of neonates with CDH. We
hypothesized that bundle implementation would improve short
term patient outcomes.

METHODS
Study design and patients
This was a retrospective cohort study of infants born at gestational age
(GA) ≥ 34 weeks with diagnosis of CDH based on postnatal radiographic
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evidence and/or antenatal scans and admitted to the British Columbia
Women’s Hospital NICU (Vancouver BC, Canada) from January 2013 to
March 2021. Infants were excluded if they had a major congenital heart
defect (except for a patent ductus arteriosus, patent foramen ovale, atrial
septal defect, and small ventricular septal defect) or hypoxic ischemic
encephalopathy. We obtained patient demographics and cardiorespiratory
data from a local neonatal database that derived information from clinical
charts. The cohort was divided into two epochs (epoch I= January
2013–December 2017; epoch II= January 2018–March 2021). During
epoch II, we introduced a quality improvement bundle consisting of four
modifications in clinical care:

1.) A dedicated hemodynamic assessment program with TnEcho after
structural heart disease had been ruled out by our pediatric
cardiology team – a team of two TnEcho-trained neonatologists
provided frequent TnEcho assessment of pulmonary hypertension,
cardiac output, and ventricular dysfunction every 24–48 h on
average, before and after CDH repair, till the resolution of systemic
pulmonary hypertension. TnEcho studies were performed using the
Vivid E9 cardiovascular ultrasound system (GE Medical Systems,
Milwaukee Wisconsin, USA) with a 6- or 12-MHz high-frequency
phased-array transducer probe. For detailed TnEcho protocol, please
refer to the supplementary file.

2.) Daily bedside multidisciplinary care rounds during the acute phase
of illness – consisting of a team of neonatologists, cardiologists,
anesthetists, surgeons and/or extracorporeal membrane oxygena-
tion (ECMO) specialists to review the clinical care of patient at the
bedside daily (morning and evening rounds) to develop a manage-
ment plan per consensus of expertize to enhance timely commu-
nication amongst stakeholders.

3.) Implementation of the Canadian CDH Collaborative clinical practice
guideline into bedside care [14] – including use of a guidelines “app”
on communication devices at the bedside with systematic
documentation of compliance or variance with individual recom-
mendations.

4.) Shift to use of high frequency jet ventilation for stabilization and
repair of high risk CDH – previously we used high frequency
ventilation (oscillator or jet) as a “rescue” mode for infants whose
ventilatory or oxygenation targets could not be met with conven-
tional mechanical ventilation and were either at risk of significant
barotrauma or as an attempt to avoid ECMO.

Demographics and clinical parameters
Demographic and clinical data were collected during the infant’s NICU
stay. Data on neonatal demographics (GA at birth, birth weight, small for
GA, sex, inborn vs. outborn, mode of delivery, Apgar score at 5 min <7,
score for neonatal acute physiology II (SNAP II) ≥ 28 [19, 20], and age of
surgery) were collected from medical charts, as per the Canadian Neonatal
Network Abstractors’ manual [21]. Prenatal diagnosis, use of fetal MRI,
presence of associated malformations, and operative data (age at surgery,
CDH Study Group (CDHSG) defect size [22], surgical approach and closure
type) were collected from the Canadian Pediatric Surgery Network data
registry [23] and hospital electronic database. Details of medical treatment
including ventilation and use/duration of medications and echocardio-
gram findings were collected from medical charts, echocardiography
database and the pharmacy department database. Short-term neonatal
outcomes (mortality, length of invasive and non-invasive respiratory
support, type of invasive ventilation, ECMO requirement, and length of
hospitalization), and discharge parameters (survival to discharge, respira-
tory support and feeding support on discharge) were collected from
medical charts.

Outcomes measurements
The primary composite outcome of any one of mortality during the
birth hospitalization, use of ECMO, and need for respiratory support
(including continuous positive airway pressure/non-invasive ventila-
tion/tracheostomy) at discharge was compared between epoch I and
epoch II. Secondary outcomes include individual short-term outcomes
and morbidities, duration of all cardiotherapeutic agents, and use of
inhaled nitric oxide, benzodiazepines, opioids, and neuromuscular
blockers.

Statistical analyses
Descriptive statistics (frequencies [%] or median [interquartile range, [IQR]])
were used to characterize the demographics and clinical parameters.
Between-epoch differences were assessed using Mann–Whitney U test for
continuous variables and Chi-square or Fisher’s exact tests for categorical
variables. Significance was set at p < 0.05. All analyses were performed in R
(version 4.2.1) using R-studio (version 1.4.1717).

RESULTS
A total of 57 infants with CDH met the inclusion criteria, of which
37 were in epoch I and 20 in epoch II. Baseline characteristics, in
terms of GA, birth weight, and delivery mode, were similar among
the infants during both epochs (Table 1). There was increasing use
of fetal MRI during epoch II (epoch I= 24.3% vs epoch II= 55%;
p= 0.042). There were no differences between side of defect, liver
herniation, CDHSG staging, presence of significant pre-operative
pulmonary hypertension, or methods of surgery (Table 1). There
was a significant increase in patch closure rate among the infants
with CDH during epoch II (epoch I= 21.9% vs epoch II= 50%;
p= 0.035) (Table 1).
The median number of total echocardiograms performed pre-

operatively was the same in the two epochs, however, there was
an increase in the number of post-operative echocardiogram
assessments during epoch II (epoch I= 1 [0–5] vs epoch II= 6
[4–8]; p= 0.003) (Table 1).
There was no significant difference in the primary outcome (any

one of mortality, use of ECMO, and discharge on respiratory
support) between epoch I (35%) and II (25%) (Table 1). There was a
significant decline in overall mortality among the infants with CDH
during epoch II (epoch I= 27% [n= 10] vs epoch II= 0% [n= 0];
p= 0.010) (Table 2). During epoch II, use of dobutamine (epoch
I= 3.7% vs epoch II= 80%; p < 0.01), milrinone (epoch I= 18.5%
vs epoch II= 50%; p= 0.049), hydrocortisone (epoch I= 22.2% vs
epoch II= 55%; p= 0.045), and vasopressin (epoch I= 7.4% vs
epoch II= 35%; p= 0.045) was higher (Table 2). The duration of
epinephrine use was shorter (epoch I= 3 [3–4] days vs epoch
II= 1 [1–1.3] days; p= 0.008) (Table 2). No differences were seen
in the duration of use for other cardiotherapeutic medications. No
differences were observed in the use of benzodiazepines, opioids,
and neuromuscular blockers, or short-term neonatal outcomes
such as duration of ventilation and length of hospital stay
(Table 2).

DISCUSSION
There is little question that pulmonary hypertension and cardiac
dysfunction are the primary drivers of morbidity and mortality in
infants with CDH [24, 25]. While there was no difference in the
composite primary outcome (any one of mortality, use of ECMO,
and respiratory on discharge), we demonstrated a significant
reduction in overall mortality from 27.0% in epoch I to 0% in
epoch II without any increase in short-term neonatal morbidity.
Although the two groups seemed generally comparable, Epoch II
had a higher rate of patch repair, a known predictor of adverse
outcome [26], which makes the finding of a lower mortality rate in
Epoch II notable.
CDH affects a plethora of organ systems, thus an expert

multidisciplinary approach is necessary to optimize patient
outcomes [27]. Standardization offered by evidence-based clinical
practice guidelines reduces unnecessary practice variation and has
been recognized as a contributor to improved outcomes. Most
Canadian centers have implemented the CDH app into bedside
care to support clinical decision-making in real time [28]. The
other relevant practice change have been our group’s preferential
use of high frequency jet ventilation as a primary strategy in high
risk CDH [29].
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Incorporating TnEcho into a standardized hemodynamic
assessment program has had a significant impact on the clinical
management of infants in the NICU [17, 30]. In the CDH
population, objective measure of echocardiogram-estimated
pulmonary pressure has been used to guide the timing of CDH
repair, with fewer acute decompensations compared to patients
whose treatment decisions were made without strict echocardio-
graphic criteria [31].
The implementation of a TnEcho program in the NICU requires

collaboration with pediatric cardiologists for initial training and
maintenance of competence. Neonatologist-performed TnEcho
assessment is quick and can provide real-time hemodynamic
information to guide diagnosis and therapeutic intervention [9].
Complete echocardiogram (i.e., structural and functional) are
usually performed by cardiologists and are strongly recom-
mended as the initial assessment tool in CDH care [25, 32]. A
recent study demonstrated that echocardiography findings at
3 standardized times points (within 72 h of birth, 24–48 h pre-
operative, and 24–48 h post-operative) were useful in guiding the
initiation and choice of cardiotherapeutic agents as well as
readiness for surgery [33]. Rather than performing TnEcho
assessment at prescribed times, we used causal uncertainty of a
hemodynamic state as the trigger for frequent echocardiographic

assessment, particularly in the most vulnerable postoperative
period where we observed a 6-fold increase in utilization in Epoch
II compared to Epoch I.
Clinical management of neonates with CDH should prioritize

pharmacologic stabilization of hemodynamics status [34, 35].
Rather than simply focusing on blood pressure numbers, the use
of real-time TnEcho to provide information on cardiac output and
ventricular function led to change in management in 40% of
infants, particularly the choice of most appropriate inotropic
support agents in rapidly changing hemodynamic situations [9].
We speculate that the increased use of TnEcho was responsible for
the increased use of dobutamine (80% vs. 3.7%), milrinone (50%
vs. 18.5%), hydrocortisone (55% vs. 22.2%), and vasopressin (35%
vs. 7.4%) in epoch II patients, because of the recognition and
targeted therapy on pulmonary hypertension. While dopamine is
one of the most widely used cardiotherapeutic agents in the NICU,
experts recommend shifting away from the use of dopamine due
to concerns of exacerbating pulmonary pressures [36]. Dobuta-
mine and/or milrinone can be used as an adjunct to iNO to
augment pulmonary vasodilation [37, 38]. They have been used
for the treatment and management of refractory pulmonary
hypertension in infants with hypoxic respiratory failure due to
other causes [37, 39, 40]. Adrenal insufficiency has been reported

Table 1. Baseline clinical and demographic characteristics of infants with congenital diaphragmatic hernia.

Epoch I (n= 37) Epoch II (n= 20) p-value

Gestational age at birth (weeks), median [IQR] 39 [38,39] 38 [38–40] 0.721

Birth weight (g), median [IQR] 3384 [2960–3670] 2972 [2685–3737] 0.450

SGA, n (%) 6 (16.2) 3 (15.0) 1.000

Male, n (%) 16 (43.2) 11 (55.0) 0.568

Outborn, n (%) 28 (75.7) 15 (75.0) 1.000

C-section, n (%) 22 (59.5) 9 (45.0) 0.443

APGAR 5min < 7, n/N (%) 14/34 (37.8) 5/20 (25.0) 0.364

SNAP II score ≥28, n/N (%) 17/35 (48.6) 7/20 (35.0) 0.329

Prenatal diagnosis, n (%) 28 (75.7) 13 (65.0) 0.584

Fetal MRI, n (%) 9 (24.3) 11 (55.0) 0.042

Associated malformation, n (%) 6 (16.2) 5 (25.0) 0.653

Left side CDH, n (%) 34 (91.9) 18 (90.0) 1.000

Liver herniation into chest, n (%) 11 (29.7) 9 (45.0) 0.249

CDHSG Staging, n (%) A+ B 23 (71.9) 10 (50.0) 0.111

C+D 9 (28.1) 10 (50.0)

Pre-op ventilator mode, n (%) CMV 10 (50.0) 16 (50.0) 0.573

HFJV 9 (45.0) 12 (37.5)

HFOV 0 (0) 3 (9.4)

Room air 1 (5.0) 1 (3.1)

Age at surgery (days)a, median [IQR] 4 [2.8–5] 3.5 [2–4.3] 0.450

Methods of surgerya, n (%) Planned Open 23 (62.2) 18 (90.0) 0.244

MIS 7 (18.9) 1 (5.0)

MIS converted to open 2 (5.4) 1 (5.0)

Closure Typea, n (%) Primary 25 (78.1) 10 (50.0) 0.035

Patch 7 (21.9) 10 (50.0)

Number of pre-op echocardiograms, median [IQR] 2 [1–3] 2 [1–3] 0.461

Number of post-op echocardiograms, median [IQR] 1 [0–5] 6 [4–8] 0.003

Pre-op PDA bidirectional or right-to-left shunt, n/N (%) 24/35 (68.6) 17/20 (85.0) 0.178

Numeric comparison: Mann–Whitney U test (non-parametric); Categorical comparison: Chi-square (parametric) or Fisher’s (non-parametric).
CDH congenital diaphragmatic hernia, CDHSG congenital diaphragmatic hernia study group, CMV conventional mechanical ventilation, HFJV high frequency jet
ventilation, HFOV high-frequency oscillatory ventilation, IQR interquartile range, MIS minimally invasive surgery, MRI magnetic resonance imaging, PDA patent
ductus arteriosus, SGA small for gestational age, SNAP the score for neonatal acute physiology.
aDoes not include those who passed away before surgery.

M.T.Y. Kuan et al.

350

Journal of Perinatology (2024) 44:348 – 353



to be prevalent among infants with CDH and infants with low
cortisol levels were associated with increased severity of illness
[41]. While there have been no evidence-based guidelines for
cardiotherapeutic therapy for infants with CDH [42], experts
recommend that the treatment of infants with CDH should focus

on the stabilization of cardiopulmonary status over surgical repair,
leading to the increased use of echocardiography to manage
hemodynamic function and guide clinical decisions [43]. Recog-
nizing the underlying pathophysiology of each patient at specific
time points by dedicated TnEcho assessment to provide tailor-

Table 2. Comparison of short-term neonatal outcomes of infants with congenital diaphragmatic hernia.

Epoch I (n= 27) Epoch II
(n= 20)

p-value

Composite outcomesa, n/N (%) 13/37 (35.0) 5/20 (25.0) 0.626

Mortality, n/N (%) 10/37 (27.0) 0/20 (0.0) 0.010

Mortality before surgery, n/N (%) 5/37 (13.5) 0/20 (0.0) 0.151

Days to death after surgery, median [IQR] 14 [10–17] 0 N/A

Mortality or ECMO, n/N (%) 11/37 (29.7) 2/20 (10) 0.090

ECMO requirement, n (%) 1 (3.7) 2 (10.0) 0.567

Respiratory supportb on discharge, n (%) 2 (7.4) 5 (25.0) 0.094

Use of iNO, n (%) 11 (40.7) 12 (60.0) 0.312

Duration of iNO among the users (days), median [IQR] 6 [3–12] 12 [6–14] 0.294

Use of any cardiotherapeutic agents, n (%) 18 (66.7) 16 (80.0) 0.496

Use of individual cardiotherapeutic agents, n (%) Dopamine 8 (29.6) 4 (20.0) 0.682

Dobutamine 1 (3.7) 16 (80.0) 0.000

Milrinone 5 (18.5) 10 (50.0) 0.049

Epinephrine 13 (48.1) 9 (45.0) 1.000

Norepinephrine 2 (7.4) 0 (0) 0.608

Hydrocortisone 6 (22.2) 11 (55.0) 0.045

Vasopressin 2 (7.4) 7 (35.0) 0.045

Duration of individual cardiotherapeutic agents among users (days),
median [IQR]

Dopamine 4 [2–7] 1.5 [1,2] 0.089

Dobutamine 4 [4] 7 [5–11] 0.305

Milrinone 11 [5–12] 6 [4–12] 0.495

Epinephrine 3 [3,4] 1 [1] 0.008

Norepinephrine 1.5 [1,2] 0 N/A

Hydrocortisone 5 [2–13] 14 [8–20] 0.107

Vasopressin 5 [3–6] 5 [2–8] 1.000

Use of prostaglandin E1, n (%) 12 (44.4) 15 (75.0) 0.072

Duration of prostaglandin E1 among users (days), median [IQR] 10 [4–13] 10 [7–14] 0.508

Use of benzodiazepines, n (%) 13 (48.1) 14 (70.0) 0.230

Duration of benzodiazepines among users (days), median [IQR] 12 [6–19] 18 [14–34] 0.167

Use of opioid, n (%) 27 (100) 20 (100) 1.000

Duration of opioid among users (days), median [IQR] 14 [9–25] 19 [7–36] 0.529

Use of muscle relaxants, n (%) 20 (74.1) 12 (60.0) 0.480

Duration of muscle relaxants among users (days), median [IQR] 5 [2–11] 9 [5–11] 0.557

Total duration of invasive and non-invasive ventilation (days), median [IQR] 20 [7–35] 25 [14–35] 0.354

Duration of invasive ventilation (days), median [IQR] 8 [6–19] 12 [6–19] 0.880

Duration of non-invasive ventilation (days), median [IQR] 5 [0–14] 12 [5–17] 0.098

Type of ventilation post-operation, n (%) CMV 14 (51.9) 11 (55.0) 0.223

HFOV 4 (14.8) 0 (0)

HFJV 9 (33.3) 9 (45.0)

Enteral sildenafil, n (%) 14 (51.9) 14 (70.0) 0.341

Length of hospital stay (days), median [IQR] 40 [19–49] 37 [27–118] 0.413

G-tube/NG feeding on discharge, n (%) 9 (33.3) 10 (50.0) 0.250

Numeric comparison: Mann–Whitney U test (non-parametric); Categorical comparison: Chi-square (parametric) or Fisher’s (non-parametric).
CMV conventional mechanical ventilation, ECMO extracorporeal membrane oxygenation, HFJV high frequency jet ventilation, HFOV high-frequency oscillatory
ventilation, iNO inhaled nitric oxide, IQR interquartile range.
aComposite outcome=mortality, use of ECMO, and/or respiratory support on discharge.
bRespiratory support= Continuous positive airway pressure, Non-invasive ventilation, or tracheostomy.
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made hemodynamic support is of utmost importance and was a
driving factor in the overall increased use of pharmacologic
hemodynamic support in Epoch II. Although it is impossible to
attribute the improvement in outcome to an individual aspect of
this integrated approach, we feel that targeted cardiotherapeutics
based on hemodynamic assessment with TnEcho likely played a
substantial role in the reduction of mortality observed in the post-
implementation cohort.
This study has limitations inherent in retrospective review. Due

to the relatively small number of patients in each cohort, the
study is likely underpowered to address all the short-term
outcomes and control for confounding variables. TnEcho assess-
ment was one of the components of a care bundle. Ascertaining
the precise contribution of each component to the observed
improvement in patient outcomes presents a complex challenge.
In our previous study, we showed that HFJV was found to be safe
in this group of patients, though it did not showed a statistically
significant improvement in terms of mortality/ECMO use/need for
respiratory support at discharge [29]. Future research with
longitudinal follow-up data from multiple centers could provide
valuable information on the impact of management and
treatment strategies over time as well as to develop a
standardized follow-up protocol in this population [44].
In conclusion, with the introduction of a CDH care bundle with

emphasis on frequent and standardized hemodynamic assess-
ment by TnEcho, we demonstrated a significant reduction in
overall mortality without an increase in short-term neonatal
morbidity in this cohort of infants with CDH.
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