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and meta-analysis

Mohan Pammi

Joshua Kailin," Caraciolo J Fernandes @ '

ABSTRACT

Background Prognostication of mortality and decision
to offer extracorporeal membrane oxygenation (ECMO)
treatment in infants with congenital diaphragmatic
hernia (CDH) can inform clinical management.
Objective To summarise the prognostic value of
echocardiography in infants with CDH.

Methods Electronic databases Ovid MEDLINE,
Embase, Scopus, CINAHL, the Cochrane Library and
conference proceedings up to July 2022 were searched.
Studies evaluating the prognostic performance of
echocardiographic parameters in newborn infants were
included. Risk of bias and applicability were assessed
using the Quality Assessment of Prognostic Studies

tool. We used a random-effect model for meta-analysis
to compute mean differences (MDs) for continuous
outcomes and relative risk (RR) for binary outcomes with
95% Cls. Our primary outcome was mortality; secondary
outcomes were need for ECMO, duration of ventilation,
length of stay, and need for oxygen and/or inhaled nitric
oxide.

Results Twenty-six studies were included that were of
acceptable methodological quality. Increased diameters
of the right and left pulmonary arteries at birth (mm),
MD 0.95 (95% CI 0.45 and 1.46) and MD 0.79 (95%
C10.58 t0 0.99), respectively) were associated with
survival. Left ventricular (LV) dysfunction, RR 2.40, (95%
Cl 1.98 to 2.91), right ventricular (RV) dysfunction,

RR 1.83 (95% Cl 1.29 to 2.60) and severe pulmonary
hypertension (PH), RR 1.69, (95% Cl 1.53 to 1.86) were
associated with mortality. Left and RV dysfunctions, RR
3.30(95% C1 2.19t0 4.98) and RR 2.16 (95% CI 1.85
to 2.52), respectively, significantly predicted decision to
offer ECMO treatment. Limitations are lack of consensus
on what parameter is optimal and standardisation of
echo assessments.

Conclusions LV and RV dysfunctions, PH and
pulmonary artery diameter are useful prognostic factors
among patients with CDH.

INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a
developmental defect of the diaphragm character-
ised by protrusion of abdominal contents into the
thoracic cavity. The incidence of CDH is estimated
to be between 1.7 and 5.7 per 10 000 live births.!
An international, multicentre study estimated the
mortality of CDH to be 37.7%, of which hospital-
based registries reported more deaths among live
births than population-based registries (45.1% vs

! Yashaswini Kelagere,® Sara Koh,? Amy Sisson,* Joseph Hagan,’

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Many antenatal and postnatal prognostic
factors in congenital diaphragmatic hernia have
been reported, but there is a lack of consensus
on optimal echocardiographic parameter(s) and
measure(s) and the timing at which they should
be evaluated.

WHAT THIS STUDY ADDS

= In this systematic review and meta-analysis,
we found that dimensions of right and
left pulmonary arteries at birth positively
correlate with survival, and right ventricular
dysfunction, left ventricular dysfunction and
severe pulmonary hypertension negatively
correlate with survival and the decision to offer
extracorporeal membrane oxygenation (ECMO)
treatment.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We identified echocardiographic parameters
useful in prognosticating survival and the
decision to offer ECMO treatment in patients
with congenital diaphragmatic hernia
(CDH), which might direct consensus for

prognostication in CDH.

33.8%) despite the advancements of medical and
surgical management of CDH. Clinical features and
outcomes of patients with CDH depend primarily
on the severity of lung hypoplasia and associated
pulmonary vascular maldevelopment that leads
to pulmonary hypertension (PH).> Myocardial
dysfunction can occur in infants with CDH with or
without PH, sometimes necessitating support with
extracorporeal membrane oxygenation (ECMO).?
Predictors for significant clinical outcomes
range from prenatal imaging estimates of lung size
and liver position on ultrasonography and MRI
(absolute and observed to expected lung-to-head
ratios, total fetal lung volume and per cent liver
herniation)*° to postnatal estimates of lung func-
tion (pCO,, oxygenation index) to severity scores
like the Score for Neonatal Acute Physiology-II
(SNAP-IT) and Score for Neonatal Acute Physi-
ology with perinaatl extension-11 (SNAPPE-II).®
PH and cardiac dysfunction related to PH or other
pathology have implications for management and
prognosis.” Current guidelines recommend detailed
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echocardiographic evaluations in newborns with CDH as early
as 24 hours post birth.” The evidence for echocardiographic
markers in prognostication has not been summarised to inform
clinical practice. In this systematic review, we sought to deter-
mine the prognostic value of various echocardiographic markers
for mortality and the decision to offer ECMO treatment in
infants with CDH without other major congenital anomalies.

METHODS

We hypothesise that echocardiographic measures before or after
birth will predict mortality and the decision to offer ECMO
treatment in infants with CDH.

Objective
This study aims to determine the prognostic value of echocar-
diographic markers for mortality and decision to offer ECMO
treatment in infants with CDH without other major congenital
anomalies.

We conducted this systematic review and meta-analysis in
accordance with the Preferred Reporting for Systematic Reviews
and Meta-Analysis statement and guidelines for prognostic
reviews."’

Literature search

We systematically searched in Ovid MEDLINE, Embase, Scopus,
CINAHL and Cochrane Library up to July 2022, with the assis-
tance of a librarian (AS) without language restrictions in the
online supplemental efile 1.

Inclusion criteria

Types of studies

We included retrospective and prospective observational studies
that assessed any prognostic indicators related to prenatal or
postnatal echocardiogram.

Condition to be studied
This work studied CDH without any other major anomalies.

Participants

Participants in this study included neonates with CDH diag-
nosed either prenatally or postnatally. Cases with other associ-
ated major malformations and/or chromosomal abnormalities
were excluded.

Outcomes

The primary outcome was mortality before discharge.
Secondary outcomes included mortality at 7 days, decision to

offer ECMO treatment, duration of ventilation, length of stay,

and need for oxygen and/or inhaled nitric oxide (iNO).

Study selection and data abstraction

Three authors (YK, SK and MP) independently reviewed the
titles and abstracts of all original citations and determined
the need for a full paper review based on eligibility criteria.
A consensus meeting was held to discuss any citations where
there are differences in determination among reviewers. A full
paper review was then independently conducted by the same
reviewers, and another consensus meeting was held to deter-
mine final inclusion. Study characteristics and outcome data
were extracted independently by two authors (YK and JH) on
predesigned spreadsheets and were compared for consistency
after completion.

Risk of bias in individual studies

Risk of bias for all included studies was assessed independently
by two reviewers (YK and CJF) using the Quality Assessment of
Prognostic Studies (QUIPS) tool.'” Elements in the tool can be
classified as low, unclear or high risk of bias. If all elements are
considered low risk of bias, the study overall will be at low risk
of bias. If any single element was at high risk of bias, the study
was at high risk of bias. Any elements rated unclear risk will put
the study overall at unclear risk of bias.

Synthesis of results and statistical analysis

Each prenatal and postnatal echocardiographic prognostic indi-
cator was assessed individually and reported descriptively. A
meta-analysis of either our primary or any secondary outcomes
was performed for indicators where two or more studies
reported the same prognosticator. We report risk ratios (RRs)
with 95% ClIs for dichotomous variables, and mean differences
(MDs) with 95% ClIs for continuous variables from random-
effect models for survivors versus non-survivors for echocardio-
graphic parameters, with similar analyses performed for patients
who did versus did not need ECMO. Heterogeneity was esti-
mated using the I? statistic. If heterogeneity was high (=75%),
we had planned to explore possible causes by performing post
hoc subgroup analyses when applicable and if data were avail-
able. We used the ‘metaphor’ package in R V.4.1.2 (The R Foun-
dation for Statistical Computing, Vienna, Austria) and RevMan
V.5.4 for meta-analysis (Review Manager V.5.4.1, The Cochrane
Collaboration, 2020).

RESULTS

Our systematic literature search identified 4989 publications,
and our selection process is detailed in online supplemental
eFigure 1. A total of 28 publications met the eligibility criteria

and were included in our final analysis (online supplemental
eTable 1).1138

Assessment of quality of included studies
The methodological assessment of the included studies using
QUIPS™ is summarised in online supplemental eTable 2. All but
two studies reported in the abstract form only were assessed to be
of low risk of bias for the elements of the QUIPS assessment.*® 8
Meta-analyses of echocardiographic prognostic factors were
possible for survival and decision to offer ECMO treatment in
infants with CDH (figures 1 and 2). In prognosticating survival,
summary estimates of continuous outcomes were right pulmo-
nary artery (RPA) diameter at birth (mm) (MD 0.95 (95% CI
0.45 to 1.46), three studies, 86 participants); left pulmonary
artery (LPA) diameter at birth (mm) (MD 0.79 (95% CI 0.58 to
0.99), three studies, 86 participants); left:right pulmonary artery
ratio (L:R) (MD —0.03 (95% CI —0.19 to 0.12), two studies, 47
participants); heart rate (beats/min) (MD 0.44 (95% CI —13.21
to 14.10), two studies, 63 participants); systolic duration (ms)
(MD —-0.01 (95% CI —0.03 to 0.01), two studies, 49 partici-
pants); and diastolic duration (ms) (MD —0.00 (95% CI —0.07
to 0.07), two studies, 49 participants) (figure 1). Left ventric-
ular (LV) and right ventricular (RV) dysfunctions were based on
interpretation of combined qualitative and quantitative echo-
cardiographic parameters by experienced operators.'’ Summary
estimates for dichotomous outcomes are as follows: LV dysfunc-
tion (RR 2.37 (95% CI 1.98 to 2.85), three studies, 1870 partic-
ipants); RV dysfunction (RR 1.70 (95% CI 1.25 to 2.32), three
studies, 1863 participants); and severe PH defined as peak
pulmonary artery pressure of >2nd/3rd systemic pressure® **
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A. Right pulmonary artery diameter at birth (mm) B. Left pulmonary artery diameter at birth (mm)
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1. Severe pulmonary hypertension

Non-survivors _ Survivors Risk Ratio Risk Ratio

Study or Subgroup _Events _ Total Events Total Weight M.H,Random,95% CI M.H, Random, 95% CI
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Figure 1 Comparison of prognostic factors in survivors versus non-survivors in prognosticating survival, summary estimates of continuous
outcomes reported as MD with 95% Cl were RPA at birth (mm) (A), LPA at birth (mm) (B), L:R (C), heart rate (beats/min) (D), systolic duration (s) (E)
and diastolic duration (s) (F) for prognostic factors with dichotomous outcomes, expressed as RR with 95% Cl, left ventricular dysfunction (G), right
ventricular dysfunction (H) and severe pulmonary hypertension (1) showed significant differences in survival. The I’ statistic for heterogeneity ranged
from 0% to 84%. LPA, left pulmonary artery; L:R, left:right pulmonary artery ratio; MD, mean difference; RPA, right pulmonary artery; RR, relative risk,
M-H - Mantel -Haenszel.

(RR 1.69 (95% CI 1.53 to 1.86), two studies, 2182 participants) Some echocardiographic parameters were reported by only

showed significant differences in survival. In prognosticating one study or data were insufficient to perform a meta-analysis
the need for ECMO, LV dysfunction (RR 2.68 (95% CI 1.63 (table 1). Findings from single studies comparing echocar-
to 4.39), three studies, 1871 participants) and RV dysfunction diographic parameters between survivors and non-survivors
(RR 2.00 (1.44 to 2.77), three studies, 1864 participants) were of infants with CDH are summarised in table 2. Data from
significant (figure 2). single studies showed that the RV systolic duration to diastolic

A. Left ventricular dysfunction
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B. Right ventricular dysfunction
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Figure 2 Comparison of prognostic factors for the decision to offer ECMO treatment In prognosticating the need for ECMO, expressed as RR with
95% Cl. Left ventricular dysfunction (A) and right ventricular dysfunction (B) were significant. The I* statistic for heterogeneity ranged from 10% to
68%. ECMO, extracorporeal membrane oxygenation, M-H - Mantel -Haenszel.
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Table 2  Echocardiographic prognostic factors comparing survivors versus non-survivors in CDH

Summary estimates, mean (SD), P value

Echo parameter Studies (n) Participants (n)

SD:DD (RV systolic to diastolic duration) 1" 56 1.23(0.28) vs 1.55 (0.17), p=0.002

LV cardiac index e 34 4.4 (1.5) vs 2.9 (1.4), p=0.01

Eccentricity index (systole) 18 34 0.71 (0.15) vs 0.58 (0.13), p=0.05

LV MPI 118 34 0.47 (0.14) vs 0.62 (0.16), p=0.005

RV MPI 18 34 0.43 (0.17) vs 0.66 (0.25), p=0.005

RVE'* 120 16 4.4 (1.8) vs 5.8 (1.0) vs 3.0 (1.4), p=0.001
PSR (pulmonary:systemic peak pressure ratio)— (I 16 0.69 (0.24) vs 0.5 (0.2) vs 0.9 (0.1), p=0.03
preoperative®

Mean RVE', week 1* 120 16 5.2 (2.5) vs 6.6 (2.1) vs 4.1 (2.2), p<0.0001
Mean RVE', week 2* 120 16 4.0 (3.0) vs 7.0 (2.6) vs 3.6 (2.8), p=0.013
Severity of pulmonary hypertensiont 22 140 0.87 (0.81 to 0.94) vs 0.83 (0.75 t0 0.91) vs 0.8 (0.72 to 0.88), (p<0.001)
Aortic valve z-score 12 52 —0.44 (1.04), p<0.01

Mitral valve z-score 124 52 0.10 (1.43), p=0.66

LV short-axis dimension z-score 124 52 —0.89 (1.59), p<0.01

Mean LV end-diastolic diameter (mm) 1% 62 15.00 (1.19) vs 10.75 (0.42), p<0.001
sPAPecho (mm Hg) 1% 62 41.8 (15.0) vs 70.50 (7.20), p<0.001
dPAPecho (mm Hg) 1% 62 12.94 (2.48) vs 19.07 (1.52), p<0.001
Tricuspid regurgitation (m/s) 1% 62 2.91 (0.52) vs 4.00 (0.22), p<0.001
Pulmonary regurgitation (m/s) 12 62 1.25(0.22) vs 1.75 (1.17), p<0.001

RV velocity time integral (mL) & 20 12.3(3.2) vs 9 (3.1), p=0.02

Pulmonary artery capacitance in (mL>xmm Hg™') 1%/ 20 0.3 (0.2) vs 0.18 (0.07), p=0.002

*All survivors vs Duration of respiratory support (DRS) <21 days vs DRS =21 days.

tValues reported are Area under receiver operating characteristic curve (AUROC) (SD) and compared between three groups (death vs death or prolonged intubation (>28 days)

vs death or prolonged respiratory support >56 days).

dPAPecho, diastolic pulmonary artery pressure on conventional echocardiography; LV, left ventricular; MPI, Myocardial Perfusion Index; RV, right ventricular; RVE', right ventricular
early-diastolic myocardial velocity; SD:DD, systolic duration to diastolic duration ratio; sPAPecho, Systolic pulmonary artery pressure on conventional echocardiography.

duration ratio (SD:DD),"” LV cardiac output index, diastolic and
systolic eccentricity index, and LV and RV myocardial perfor-
mance index'® predict the decision to offer ECMO treatment
and mortality. In other studies, severity of PH at 2 weeks of life
correlated with mortality”*; mean left ventricular end-diastolic
diameter (LVEDD) and left ventricular end-systolic diameter
(LVESD) were significantly higher in survivors>; and RV outflow
tract velocity time integral velocity time integral (RVOT-VTI) of
>10.5 mL and pulmonary artery capacitance (PAC) of >0.24
mL*xmm Hg predicted survival.”” The timing of assessment
may be of importance in prognostication; in 18 of the included
studies, echo was performed in the first 7 days of age, of which
most (17 studies) were in the first 48 hours of age. Four studies
reported fetal echocardiographic parameters with or without
postnatal echocardiograms, and in six studies, the timing of echo
was unclear. Structural dimensions, such as LPA and RPA diame-
ters, are more predictive at birth," ' ' while functional param-
eters like assessment of PH?* and ventricular function may vary,
depending on many factors, such as gestational age, severity
of CDH and anatomical and physiological changes pre-repair
and post repair of the CDH. Lusk et al evaluated a retrospec-
tive cohort of 140 infants with CDH (84% left-sided) and >1
echo and found that severity of PH at 2 weeks of life correlated
with mortality (area under the curve (AUC)=0.87, 95% CI 0.81
to 0.94, p<0.001) and adverse respiratory outcome, including
prolonged intubation/home oxygen (AUC=0.80-0.83, 95% CI
0.72 to 0.91, p<0.001).* In their evaluating left-sided heart
structures in 52 patients with CDH, Kailin e al found associa-
tion with increased mortality and iNO use.”* Of the early (<24
hours of life) comparison of echocardiographic measurements in
35 patients with CDH and 27 healthy newborns, mean LVEDD

and LVESD were found to be significantly lower and tricuspid
regurgitation (TR) was significantly higher in the CDH group
than in controls and between survivors and non-survivors
(p<0.001 for both, respectively).” An LVEDD of <11 mm
(95% CI 88 to 100) and TR of >3.5 m/s (95% CI 73 to 98)
were associated with poor prognosis. In their study of 20 infants
with CDH, Nagiub et al found an RVOT VTI of >10.5 mL
and PAC of >0.24 mL*xmm Hg were useful in differentiating
survivors from non-survivors.”” Of these, in a study of 29 infants
with CDH with 27 controls, the RV SD:DD was evaluated and
proposed as a simple prognostic marker of survival and/or deci-
sion to offer ECMO treatment; at a cut-off of 1.3, SD:DD had a
sensitivity of 92.8% (95% CI 64% to 99%) and a specificity of
61.5% (95% CI 32% to 85%)."” In another study of a total of 34
consecutive infants with CDH (70% left-sided) with 35 controls,
the same investigators evaluated and found LV cardiac output
index, diastolic and systolic eccentricity index and LV and RV
myocardial performance index were all significantly associated
with decision to offer ECMO treatment and death.'® Altit et al
compared patients with CDH who needed ECMO (n=15) with
those who did not (n=29) and reported decreased LV and RV
functions and output and higher RV eccentricity index in those
who required ECMO.*®

DISCUSSION

To our knowledge, this is the first systematic review of echo-
cardiographic prognostic factors predicting survival and decision
to offer ECMO treatment in infants with CDH as per recom-
mended guidelines.® Of the 28 included studies, all but two
studies had a low risk of bias.'” Two studies were assessed to
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have moderate to high risk of bias as they were only reported in
abstract format, and we were unable to ascertain the details of
the reports. Overall, we detected low risk of bias of the included
studies using the QUIPS tool. Left-sided CDH is often associated
with LV hypoplasia and a combination of RV dysfunction, and
LV hypoplasia with pulmonary venous hypertension result in
severe PH.*” LV hypoplasia, severe PH and myocardial dysfunc-
tion lead to severe hypoxia, decision to offer ECMO treatment
and death.*

Meta-analysis was feasible for only five echocardiographic
parameters, namely, RPA at birth (mm), LPA at birth (mm), L:R,
heart rate (beats/min), systolic duration (seconds) and diastolic
duration (seconds). Of these parameters, only the size of the LPA
and RPA at birth predicted survival in infants with CDH. We
postulate that the size of the pulmonary arteries may correlate
with the size of the lung (inversely to pulmonary hypoplasia)
and may have implications for prognostication as well as support
for fetal intervention, which may ultimately improve fetal lung
and pulmonary artery growth.” Heart rate and systolic and
diastolic durations, which likely represent physiological changes
following adaptation to extrauterine life, may rapidly change
secondary by postnatal environmental factors. Heart rate and
systolic and diastolic durations may not correlate with the size
of the lung or the degree of pulmonary hypoplasia and, hence,
were not significant in our meta-analysis. Systolic:diastolic ratio
may be a better predictor of survival or decision to offer ECMO
treatment, but there were insufficient data for meta-analysis.

We included small single-centre cohort studies (n=25, mean
sample size 48) and large registry analyses (three studies, sample
size mean of 1134). Registry-based studies may answer research
questions with more precision than single studies. Registry
studies reported broad functional classification (ventricular
dysfunction and PH) that are relevant clinically for monitoring
and appropriate interventions.'' **** Single studies that could
not be included in the meta-analysis report association of RV
and LV ventricular dimensions, ventricular output, ventricular
dysfunction, myocardial performance, or strain and PH asso-
ciated with mortality and decision to offer ECMO treatment.
Structural dimensions, such as LPA and RPA diameters, are more
predictive at birth and may not change with the timing of the
echocardiogram, but functional parameters, for example, PH or
ventricular dysfunction, may be timing-dependent, which may
affect our comparisons between studies. Few studies reported
on the correlation between postnatal or fetal echo parameters
and conventional markers for CDH severity, for example, size
of the defect, degree of liver herniation or expected lung volume
measurements (online supplemental eTable 1).

Clinical applicability of our results

We found that the size of the pulmonary arteries, presence of
ventricular dysfunction and severe PH were important in prog-
nosticating survival and the decision to offer ECMO treatment.
However, many echocardiographic parameters were evaluated at
various time points (fetal to evaluation in the first few days of life)
by different studies, which point to the knowledge or consensus
gap in regarding echo prognostication. Timely and early echo-
cardiograms for parameters including ventricular dysfunction or
PH may inform use of medications such as inotropes or iNO
or other pulmonary vasodilators.'' %° Performing an echocardio-
gram in critically ill newborn infants is not without challenges,
as performing the echo may cause and/or increase their haemo-
dynamic instability, and this review outlines the importance of
some echo parameters form priorities for future research.

Strengths and limitations of the review

The strengths of the review include following recommended
guidelines for performing and reporting prognostic studies
(according to standard guidelines).® We comprehensively
searched for eligible articles with the help of a librarian and
derived the most efficient search strategy after many iterations.
Two authors selected studies for inclusion, extracted data inde-
pendently and agreed on conflicts. The methodological quality
of the prognostic studies was assessed by the recommended
QUIPS tool.'® Limitations include limited data for meta-analysis
and exclusion of some studies because of incomplete reporting.
We planned to but could not explore heterogeneity by subgroup
or sensitivity analyses due to insufficient data.

CONCLUSIONS

Implications for practice

Our review highlights the prognostic value of structural (RPA
and LPA diameter at birth) and functional echocardiographic
markers (severity of PH, RV and LV dysfunction). Our review
highlights the lack of consensus on which echocardiographic
parameters to evaluate and when to evaluate for reliable
prognostication.

Implications for research

Well-designed prospective studies are needed that may use
the existing registries and study groups of infants with CDH.
Research and consensus should focus on the optimal echocar-
diographic parameters and timing of evaluation for accurate
prognostication.
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