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Abstract: Background: Assessment of pulmonary hypertension (PH) is essential in neonates with
congenital diaphragmatic hernia (CDH). Echocardiography is widely established to quantify PH
severity, but currently used parameters have inherent limitations. The aim of our study was to
investigate the prognostic utility of the index of the pulmonary artery acceleration time to the right
ventricular ejection time (PAAT:ET) in CDH neonates assessed using echocardiography. Methods:
PAAT:ET values were prospectively measured in CDH neonates on admission, on day of life (DOL)
2 and DOL 5–7. Optimal cut-off values to predict mortality and need for ECMO were calculated
and PAAT:ET values were compared between non-ECMO survivors, ECMO-survivors, and ECMO-
non-survivors. Results: 87 CDH neonates were enrolled and 39 patients required ECMO therapy.
At baseline, PAAT:ET values were significantly lower in ECMO patients compared to non-ECMO
patients (p < 0.001). ECMO survivors and ECMO non-survivors had similar values at baseline
(p = 0.967) and DOL 2 (p = 0.124) but significantly higher values at DOL 5–7 (p = 0.003). Optimal
PAAT:ET cut-off for predicting ECMO was 0.290 at baseline and 0.310 for predicting non-survival in
patients on ECMO at DOL 5–7. Conclusion: PAAT:ET is a feasible parameter for early risk assessment
in CDH neonates.

Keywords: congenital diaphragmatic hernia; echocardiography; extracorporeal membrane oxygena-
tion; pulmonary artery acceleration time; pulmonary hypertension

1. Introduction

Congenital diaphragmatic hernia (CDH) occurs in approximately 1 in 2500 pregnan-
cies and continues to be associated with high mortality [1]. Pulmonary hypertension (PH),
lung hypoplasia and cardiac dysfunction are major contributors to morbidity and mortal-
ity among affected infants [2–5]. According to recent registry-based data, approximately
85% CDH newborns present with PH within the first 48 h of life with limited treatment
options [6,7]. Echocardiography is the most practical bedside technique to assess PH sever-
ity [4,8]. The classification of PH severity includes qualitative and quantitative measures,
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such as the flow direction in the patent ductus arteriosus (PDA), the tricuspid regurgitation
(TR) velocity, and the position of the intraventricular septum (IVS). However, each of these
echocardiographically determined parameters have limitations, relating to their prognostic
value or interobserver variability. CDH newborns receiving extracorporeal membrane
oxygenation (ECMO) support represent the subgroup with the highest mortality (40–50%),
compared to survival approaching 100% in cases who do not fulfil ECMO criteria [9]. This
underlines the importance of early and repeated risk stratification of CDH neonates during
ECMO support.

Echocardiographic measurements of the pulmonary artery acceleration time (PAAT;
also known as “time to peak velocity”), and the relation of the PAAT to the right ventricular
ejection time (ET) are increasingly used to assess the pulmonary artery pressure (PAP) in
infants, children and adults with PH [10–13]. In this context, a shorter PAAT and a lower
PAAT:ET ratio are indicative of increased pulmonary artery pressure (PAP) [12,14]. The
prognostic role of PAAT:ET values in CDH neonates is not well investigated [15–17]. In a
retrospective study, a lower PAAT:ET (≤0.290) measured within the first hours of life was
associated with an increased need for ECMO support [15]. The aim of this prospective,
observational study was to investigate the association of repeated PAAT:ET measurements
with outcome parameters in CDH neonates.

2. Methods
2.1. Study Design

CDH newborns treated in our institution between April 2015 and April 2019 were
eligible for study enrollment. Inclusion criteria were diagnosis of CDH and an echocardio-
graphy study performed within 12 h of admission. Exclusion criteria were non-isolated
CDH, palliative care, contraindication to ECMO therapy, and late-presenting CDH. The
Institutional Review Board approved the study. Informed consent was obtained from
parents or legal representatives prior to enrollment in the study.

2.2. Treatment Protocol

Infants were intubated after delivery and mechanical ventilation was started using a
maximum peak inspiratory pressure of 20–26 cmH2O, a positive end-expiratory pressure
of 3–5 cmH2O and a respiratory rate of 60 to 80/min. Initial inspired oxygen fraction
(FiO2) was 1.0 and infants received iNO therapy during initial period of stabilization.
FiO2 was titrated to achieve a postductal partial oxygen pressure (PaO2) of 80–150 mmHg
and ventilator settings were adjusted to reach a pCO2 of 45–60 mmHg. Dobutamine
or milrinone was administered to treat cardiac dysfunction, and norepinephrine and
vasopressin were added to achieve a mean arterial blood pressure of ≥40 mmHg. Infants
were sedated with fentanyl and midazolam during the first days of life. Criteria for ECMO
were according to published guidelines of the CDH-Euro Consortium [18]: preductal
oxygen saturation < 85% or postductal saturation < 70%, OI ≥ 40 consistently present,
increased PaCO2 > 70 mmHg with a pH < 7.15, a peak inspiratory pressure ≥ 28 cmH2O
or mean airway pressure ≥ 17 cm H2O, or persistent systemic hypotension (mean arterial
pressure < 40 mmHg). ECMO support was performed with the Deltastream DP3 system
(Xenios, Aachen, Germany), a rotational pump with a diagonally streamed impeller [19].
The preferred mode was veno-venous (v-v) ECMO, although veno-arterial (v-a) ECMO
was applied in infants with vessels being too small for a 13-French cannula. Surgical repair
was performed after an initial period of stabilization and in ECMO patients after weaning
from ECMO (delayed repair).

2.3. Echocardiography Data

Echocardiography was obtained using a Philips CX50 Compact Extreme Ultrasound
System with an S12-4 sector array transducer (Philips Healthcare, Best, The Netherlands).
The routine use of echocardiography for clinical decision making was permitted at the
discretion of the attending neonatologist. For study purposes echocardiography was
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performed after admission (baseline), at the second day of life (DOL 2) in ECMO patients
approximately 24 h after starting ECMO, and at 5–7 days of life (DOL 5–7).

The pulmonary arterial pressure (PAP) was graded as <2/3 systemic pressure (mild PH),
2/3 to systemic pressure (moderate PH), or suprasystemic pressure (severe PH) as described
by Keller et al. [3]. Assessment of PH included: (1) DA flow pattern; (2) intraventricular
septum position; and (3) calculation of right ventricular systolic pressure from the TR
jet with an estimation of 5mmHg for right atrial pressure. The angle of insonation was
kept below 20◦. To obtain PAAT:ET measurements, the main pulmonary artery (PA) was
identified in the parasternal short axis view or from the subcostal window and the echo
transducer was placed directly distal to the pulmonary valve. PAAT was measured by
PW Doppler from the beginning of systolic flow in the main PA to the point of the highest
velocity during systole, while the ET was measured as the duration of the systolic blood
flow (Figure 1). Using the incorporated measurement calipers, both values were expressed
in milliseconds (ms).

Figure 1. Pulmonary artery flow pattern on the first day of life: (a) normal pulmonary artery flow in
a healthy neonate showing a PAAT:ET of 0.335; (b) pulmonary artery flow in a CDH neonate with
severe pulmonary hypertension and a PAAT:ET of 0.146.

2.4. Physiologic, Treatment and Outcome Data

Information on treatment and outcome data were prospectively documented at the
time of the echocardiography study. The primary clinical endpoint was defined as mortality.
The secondary clinical endpoint was need for ECMO, or early mortality in cases with
contraindications to ECMO despite fulfilling ECMO criteria.

2.5. Statistical Analysis

SPSS Version 26 (IBM Corp. Armonk, NY, USA) was used for statistical analysis. Data
were described as median (interquartile range) or absolute number (percentage). For the
statistical analysis patients were allocated according to their outcome to one of three groups:
non-ECMO survivors, ECMO survivors, and ECMO non-survivors. The distribution of
baseline characteristics and PAAT:ET values between groups were compared using the
Mann–Whitney-U-test or the Kruskal–Wallis test as appropriate. Using receiver operating
characteristic (ROC) analyses, the optimal PAAT:ET cutoff values for predicting the primary
and secondary clinical endpoints at baseline, DOL 2 and DOL 5–7 were calculated. Addi-
tionally, PAAT:ET values were compared in ECMO survivors and ECMO non-survivors.
Sensitivity, specificity, negative and positive predictive values for the respective cutoff
values were determined. Spearman’s rank or Pearson’s coefficient were used to deter-
mine correlations between PAAT:ET and PH severity, gestational age, and defect size. The
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Kaplan–Meier estimator and log-rank test were used to estimate the cumulative probability
of the clinical endpoint in neonates with a PAAT:ET above and below the respective cutoff
values. A p-value of <0.05 was considered to indicate statistical significance.

3. Results

During the study period, 109 CDH newborns were treated at our institution. However,
22 patients were not included in the study for the following reasons: palliative care (n = 2);
major congenital heart defect (n = 5); late presenting CDH (n = 6); families not approached
by study personnel (n = 7); or start of ECMO support post-surgical repair at DOL 6 and
DOL 7, respectively. Therefore, the final cohort consisted of 87 prospectively enrolled
CDH neonates. The baseline characteristics are presented in Table 1. Overall, survival to
discharge was 80.5% and the ECMO rate was 44.8% (n = 39). Three patients received ECMO
for <5 days and the PAAT:ET values of these patients were not included in the analysis for
DOL 5–7.

Table 1. Baseline characteristics according to group allocation. p-values below 0.05 are highlighted in
bold. CDH, congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation; o/e
LHR, observed-to-expected lung-to-head-ratio.

Entire Cohort ECMO Patients

Variables Non-ECMO Group ECMO Group p-Value ECMO Survivor ECMO Non-Survivor p-Value
n = 48 n = 39 n = 22 n = 17

Gestational age (days) 38.1 (37.0–39.0) 37.9 (36.0–38.4) 0.138 38.0 (36.6–38.4) 37.6 (35.7–38.3) 0.107

Left-sided CDH, n 44 (91.7%) 29 (74.4%) 0.030 81.8%) 64.7% 0.377

O/e LHR, % 44.5 (37.3–53.8) 32.0 (29.0–42.0) <0.001 36.5 (29.5–43) 31 (29–37) 0.179

Liver-up, n 15 (31.3%) 30 (76.9%) <0.001 13 (59.1%) 17 (100%) 0.029

Prenatal diagnosis 45 (93.8%) 37 (94.9%) 0.824 20 (90.9%) 17 (100%) 0.644

FETO 4 (8.3%) 9 (23.1%) 0.056 5 (22.7%) 4 (23.5%) 0.967

ECMO

Survival 48 (100%) 22 (56.4%) <0.001

Defect Size <0.001 0.063

A 7 (14.6%) 1 (2.6%) 1 (4.5%) 0

B 24 (50.0%) 3 (7.7%) 2 (9.1%) 1 (5.9%)

C 15 (31.3%) 15 (38.5%) 10 (45.5%) 5 (29.4%)

D 2 (4.2%) 16 (41.0%) 9 (40.9%) 7 (41.2%)

N/R 0 4 (10.3%) 0 4 (23.5%)

Death on device 5 (12.8%) 0 5 (29.4%) 0.113

Age at ECMO inititiation, hours 9.0 (5.8–21.8) 14 (7.7–23.8) 7.2 (5.0–10.4) 0.045

Duration of ECMO, days 8.1 (5.6–16.0) 6.7 (5.8–8.1) 11.8 (9.4–24.8) 0.001

PH severity on echocardiography during the first week of life in ECMO and non-
ECMO patients is demonstrated in Figure 2.

At baseline, 37.9% and 40.2% presented with moderate and severe PH, respectively.
During echo assessment at baseline, DOL2 and DOL 5–7, a PDA was visible in 97%, 72%,
and 32% of patients and a TI in 62%, 61%, and 30%. The IVS and the pulmonary artery
were appropriately visible for assessment at all timepoints. PAAT:ET values according to
group allocation to non-ECMO survivors, ECMO survivors, and ECMO non-survivors are
shown in Figure 3.
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Figure 2. PH severity in the first week of life in ECMO and non-ECMO patients. 
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Figure 2. PH severity in the first week of life in ECMO and non-ECMO patients.
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Figure 3. PAAT:ET values at baseline, DOL 2, and DOL 5–7 according to group allocation.

Non-survivors had a significantly lower median PAAT:ET compared to survivors
at baseline, DOL 2 and DOL 5–7. Additionally, the median PAAT:ET at baseline was
significantly lower in patients subsequently receiving ECMO support compared to non-
ECMO-patients (p < 0.001). Comparing survivors and non-survivors among the 39 ECMO
patients, the median PAAT:ET values were similar at baseline and DOL 2, but significantly
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lower in non-survivors at DOL 5–7 (Figure 3). The median PAAT:ET value at DOL 2 and
DOL 5–7 was 101% and 103% of the baseline value in ECMO non-survivors and 128% and
139% in ECMO survivors, respectively. Further, 35.3% and 31.3% of ECMO non-survivors
and 54.5% and 72.2% of ECMO survivors presented an increase of more than 10% from
baseline to DOL 2 and DOL 5–7, respectively. The ECMO rate was 79.5% in patients with
a PAAT:ET ≤0.290 at baseline and 17.4% with a PAAT:ET above 0.290 (p < 0.001). Using
a cutoff of 0.256 at baseline, the mortality rate was 48.0% and 8.1% in patients with a
PAAT:ET below and above the cutoff, respectively. For each timepoint of echo assessment,
the area under the curve (AUCs), optimal cutoff values, number of patients ≤ cutoff point,
sensitivity, specificity, positive predictive value, negative predictive value, and the relative
risk at the optimal cutoff point for predicting both mortality and ECMO are presented in
Table 2.

Table 2. Area under the curve (AUC), sensitivity, specificity, positive predictive value (PPV), neg-
ative predictive value (NPV) for pulmonary artery acceleration time to right ventricular ejection
time (PAAT:ET) measurements obtained at baseline, DOL 2, and DOL 5–7. ECMO, extracorporeal
membrane oxygenation.

Cohort n Time of
Echo Outcome AUC (95% CI) p-Value PAAT:ET

Cut-Off
Patients below
Cutoff (n, %) Sensitivity Specificity PPV NPV Relative

Risk

Entire
cohort 87 Baseline ECMO 0.815 (95% CI

0.717–0.913) <0.001 ≤0.290 41 (47.1%) 79.5% 79.2% 75.6% 82.6% 4.3

Entire
cohort 87 Baseline Mortality 0.715 (95% CI

0.569–0.860) 0.006 ≤0.256 25 (28.7%) 70.6% 81.4% 48.0% 91.9% 6.0

87 DOL 2 Mortality 0.745 (95% CI
0.603–0.886) 0.002 ≤0.290 32 (36.8%) 82.4% 70.0% 40.0% 94.2% 6.9

82 DOL 5–7 Mortality 0.866 (95% CI
0.749–0.984) <0.001 ≤0.303 22 (26.8%) 81.3% 86.4% 59.1% 95.0% 11.8

Only
ECMO-
patients

39 Baseline Mortality 0.496 (95% CI
0.309–0.683) 0.966

39 DOL 2 Mortality 0.646 (95% CI
0.465–0.827) 0.123

34 DOL 5–7 Mortality 0.788 (95% CI
0.632–0.944) 0.004 ≤0.310 19 (55.9%) 81.3% 66.7% 68.4% 80.0% 3.4

Kaplan–Meier survival curves for the respective PAAT:ET cutoff values are provided
in Figure 4. The cumulative mortality rate through DOL 150 was significantly higher
in patients with a PAAT:ET ≤0.256 at baseline (Figure 4a, log rank, p < 0.001). On DOL
5–7, neonates on ECMO with a PAAT:ET ≤0.310 had a significantly higher cumulative
probability for survival (Figure 4b, log rank, p = 0.012).

PAAT:ET values at baseline, DOL 2, and DOL 5–7 demonstrated a significant negative
correlation with PH severity at baseline (r = −0.492; p < 0.001), DOL 2 (r = −0.730; p < 0.001),
and DOL 5–7 (r = −0.511; p < 0.001), respectively. There was a significant correlation of
defect size with PAAT:ET at baseline (r = −0.308; p = 0.004), DOL 2 (r = −0.335; p = 0.001),
and DOL 5–7 (r = −0.504; p < 0.001). PAAT:ET values did not correlate with gestational
age. The mortality rate in association with PH severity at baseline was 0% for mild/no PH
(n = 19), 9.1% for moderate PH (n = 33), and 40% for severe PH (n = 35).
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Figure 4. Cumulative survival for patients with a PAAT:ET cutoff of 0.256 at baseline (a) and 0.310 on
day 5–7 in ECMO patients (b).
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4. Discussion

PH, lung hypoplasia, and cardiac dysfunction can be considered as the cornerstones
of morbidity and mortality in CDH neonates [7,20]. Several studies have demonstrated
the association between PH severity, especially suprasystemic PH, and poor outcome [7].
However, there is no unified definition for PH in the early neonatal period and each method
of assessment has specific limitations [21]. In the current study, we evaluated the prognostic
information derived from PAAT:ET measurements as a marker of PVR and PH in CDH
neonates. We observed significantly lower PAAT:ET values in the first week of life (i.e.,
after admission, on DOL 2, and DOL 5–7) in non-survivors compared to survivors. In our
cohort, almost one in three patients had a PAAT:ET ≤ 0.256 at admission, and in those, the
risk of death increased approximately 6-fold. Conversely, patients with a PAAT:ET >0.256
had a survival rate of 91.9%. Additionally, neonates with need for early ECMO support
(i.e., before surgical repair) had significantly worse PAAT:ET values and patients with a
PAAT:ET ≤0.290 at admission demonstrated a four-times higher early ECMO rate. In the
subgroup of patients receiving ECMO support, PAAT:ET values were significantly worse
in non-survivors compared to survivors during ECMO on DOL 5–7, but not within the first
24 h after ECMO cannulation (DOL 2). Therefore, using the PAAT:ET seems reasonable for
predicting both the requirement of ECMO and the response to ECMO treatment.

Based on earlier findings, this study was designed to prospectively investigate the
feasibility of PAAT:ET measurements for the prediction of outcome in CDH neonates. Our
primary aim was to assess the risk of mortality and the need for ECMO in this population.
The three timepoints for echocardiographic assessment within the first week of life were
chosen based on a presumed relevance for risk assessment in CDH neonates [22,23]. Echo
assessment should be performed early after birth and repetitively thereafter [22]. In our
NICU, echocardiography is frequently used in patients during ECMO support; however,
for study purposes, the timing of echo assessment was set at 24 h after ECMO initiation
and at 5 days on ECMO. In non-ECMO patients, these dates were adapted, given the fact
that ECMO initiation is usually performed within the first 24–48 h of life.

Echocardiography is a widely established bedside tool to assess PH in CDH neonates.
Several echo parameters exist to evaluate PH severity in these patients. In CDH neonates,
most commonly, a grading system of PH severity introduced by Keller and colleagues
based on the TR jet velocity, the PDA flow, and the IVS position is used [3,4]. Although
this is a straightforward approach, both the PDA and the TR may not be assessable in a
relevant proportion of neonates after birth or during the course of the disease [4]. Therefore,
there is a need for a thorough evaluation of additional parameters. This is supported by
previously published data by Lusk et al. and the findings from our study, showing that
the proportion of CDH newborns with either a PDA or a TR is decreasing from 98% at
baseline to 43% on DOL 5–7. Although CDH neonates on ECMO had a higher proportion,
this did not exceed 67% on DOL 5–7. Additional potential parameters include the foramen
ovale flow pattern, a pulmonary valve insufficiency jet, the tricuspid annular plane systolic
excursion (TAPSE), and the left ventricular eccentricity index [11,24,25]. The limitations
with these parameters are reduced interobserver reproducibility, inconsistent availability, or
an insufficient evaluation in CDH neonates. In our study, the main PA was visible to obtain
PAAT:ET measurements in all included patients and was, therefore, more consistently
available than a TR jet or a PDA flow pattern. This is in agreement with results from
previous studies reporting PAAT and PAAT:ET measurements being feasible in >95% of
patients, with high interobserver reliability [11,12]. PAAT:ET measurements are relatively
easy to obtain in most neonates with high reproducibility, although results might differ
slightly when measured proximally or distally to the pulmonary valve [26].

Levy and colleagues demonstrated a significant correlation of PAAT and PAAT:ET
measurements with the invasively determined mean PAP, PVR, and compliance using right
heart catheterization [27]. However, in their study, the median age at study participation
was 5.3 years and studies comparing invasive and non-invasive methods have not been
conducted in neonates [27]. A recent study in a cohort of infants (i.e., <1 year of age) referred
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for cardiac catheterization demonstrated only a weak correlation of invasively measured
PAP and PAAT values using echocardiography in patients with a PDA [28]. However, this
study is limited by a small sample size and differences in the sedation protocol during
echocardiography and heart catheterization [28]. Theoretically, PAAT:ET measurements
might have a lower predictive value in patients with a large right-to-left shunt via the PDA.
In this setting, the PDA might function as a blow-off, leading to a pressure drop in the main
PA [22]. Presumably, PAAT:ET values might not only be affected by the shunt direction but
also by the size of the PDA. Based on our findings this might play a minor role during the
first week of life, but we did not prospectively quantify PDA flow or PDA size. Notably,
prostaglandin E1 was not used in this study cohort to maintain ductal patency.

PAAT:ET measurements have been used for risk stratification in CDH neonates in
previous studies [15–17]. Baptista et al. reported significantly higher PAAT:ET values in
survivors compared to non-survivors at 24 h of age. In a retrospective study, including
40 CDH neonates, a PAAT:ET ≤ 0.290 was associated with a 5.9-fold risk of ECMO [15].
Recently, Aggarwal et al. demonstrated a similar pattern of significantly better PAAT
and PAAT:ET values in CDH survivors without ECMO compared to patients who died or
received ECMO [16]. Our study is the first prospective study measuring PAAT:ET values
in CDH neonates.

The use of pulmonary vasodilators did not differ between groups at the time of the first
echocardiography study and was also similar on DOL 2 and DOL 5–7 in ECMO patients,
regardless of survival or non-survival. Our treatment approach incorporates the early
initiation of pulmonary vasodilators, such as iNO, intravenous sildenafil, milrinone and
levosimendan [29,30]. However, this study was not designed to investigate a direct effect
of these agents on PAP and PH, and it remains uncertain whether improving PAAT:ET
values in surviving patients result from the use of this medication or reflect a physiological
decline in the PVR over time.

Other factors potentially affecting PAAT:ET measurements, such as body surface
area, age, and gender, do not play a major role in the first week of life and are, therefore,
negligible [12]. Future studies should investigate a combined approach of different echocar-
diographic parameters and commercially available biomarkers, such as proBNP. ProBNP
has been demonstrated to be useful for risk assessment in CDH neonates before, during
and after ECMO therapy, despite high intraindividual variation in the early postnatal
transitional period [31–33].

5. Conclusions

PAAT:ET measurements provide relevant prognostic information during the first week
of life in CDH neonates. Lower PAAT:ET values are associated with a higher need for
ECMO and increased mortality. Accordingly, the measurement of PA flow pattern should
be included in echocardiographic assessment algorithms for these patients. To account for
any effects of the study center treatment approach, these finding should be validated in a
multi-center study.

Author Contributions: Conceptualization, F.K., S.A. and A.M.; methodology, F.K.; S.A., L.S., U.G.
and A.M.; data collection, S.A., B.B., L.L., L.S., A.G., C.B. and A.H.; formal analysis, F.K., F.P., B.B.
and L.L.; writing—original draft preparation, F.K., S.A. and A.M.; writing—review and editing,
L.S., U.G., A.G., C.B., A.H. and A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of University Bonn Medical Center
(protocol code: 047/14, approved June 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



J. Clin. Med. 2022, 11, 3038 10 of 11

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available in accordance with the data protection law
of Germany.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McGivern, M.R.; Best, K.E.; Rankin, J.; Wellesley, D.; Greenlees, R.; Addor, M.C.; Arriola, L.; de Walle, H.; Barisic, I.; Beres, J.; et al.

Epidemiology of congenital diaphragmatic hernia in Europe: A register-based study. Arch. Dis. Child. Fetal Neonatal Ed. 2015, 100,
F137–F144. [CrossRef] [PubMed]

2. Dillon, P.W.; Cilley, R.E.; Mauger, D.; Zachary, C.; Meier, A. The relationship of pulmonary artery pressure and survival in
congenital diaphragmatic hernia. J. Pediatr. Surg. 2004, 39, 307–312; discussion 312. [CrossRef]

3. Keller, R.L.; Tacy, T.A.; Hendricks-Munoz, K.; Xu, J.; Moon-Grady, A.J.; Neuhaus, J.; Moore, P.; Nobuhara, K.K.; Hawgood, S.;
Fineman, J.R. Congenital diaphragmatic hernia: Endothelin-1, pulmonary hypertension, and disease severity. Am. J. Respir. Crit.
Care Med. 2010, 182, 555–561. [CrossRef] [PubMed]

4. Lusk, L.A.; Wai, K.C.; Moon-Grady, A.J.; Steurer, M.A.; Keller, R.L. Persistence of pulmonary hypertension by echocardiography
predicts short-term outcomes in congenital diaphragmatic hernia. J. Pediatr. 2015, 166, 251–256.e1. [CrossRef] [PubMed]

5. Patel, N.; Lally, P.A.; Kipfmueller, F.; Massolo, A.C.; Luco, M.; Van Meurs, K.P.; Lally, K.P.; Harting, M.T.; Congenital Diaphragmatic
Hernia Study Group. Ventricular Dysfunction is a Critical Determinant of Mortality in Congenital Diaphragmatic Hernia. Am. J.
Respir. Crit. Care Med. 2019, 200, 1522–1530. [CrossRef]

6. Vijfhuize, S.; Schaible, T.; Kraemer, U.; Cohen-Overbeek, T.E.; Tibboel, D.; Reiss, I. Management of pulmonary hypertension in
neonates with congenital diaphragmatic hernia. Eur. J. Pediatr. Surg. 2012, 22, 374–383. [CrossRef]

7. Ferguson, D.M.; Gupta, V.S.; Lally, P.A.; Luco, M.; Tsao, K.; Lally, K.P.; Patel, N.; Harting, M.T.; Congenital Diaphragmatic Hernia
Study Group. Early, Postnatal Pulmonary Hypertension Severity Predicts Inpatient Outcomes in Congenital Diaphragmatic
Hernia. Neonatology 2021, 118, 147–154. [CrossRef]

8. Moenkemeyer, F.; Patel, N. Right ventricular diastolic function measured by tissue Doppler imaging predicts early outcome in
congenital diaphragmatic hernia. Pediatr. Crit. Care Med. 2014, 15, 49–55. [CrossRef]

9. Guner, Y.; Jancelewicz, T.; Di Nardo, M.; Yu, P.; Brindle, M.; Vogel, A.M.; Gowda, S.H.; Grover, T.R.; Johnston, L.; Mahmood,
B.; et al. Management of Congenital Diaphragmatic Hernia Treated with Extracorporeal Life Support: Interim Guidelines
Consensus Statement From the Extracorporeal Life Support Organization. ASAIO J. 2021, 67, 113–120. [CrossRef]

10. Moreno-Alvarez, O.; Hernandez-Andrade, E.; Oros, D.; Jani, J.; Deprest, J.; Gratacos, E. Association between intrapulmonary arte-
rial Doppler parameters and degree of lung growth as measured by lung-to-head ratio in fetuses with congenital diaphragmatic
hernia. Ultrasound Obstet. Gynecol. 2008, 31, 164–170. [CrossRef]

11. Patel, M.D.; Breatnach, C.R.; James, A.T.; Choudhry, S.; McNamara, P.J.; Jain, A.; Franklin, O.; Hamvas, A.; Mertens, L.; Singh,
G.K.; et al. Echocardiographic Assessment of Right Ventricular Afterload in Preterm Infants: Maturational Patterns of Pulmonary
Artery Acceleration Time Over the First Year of Age and Implications for Pulmonary Hypertension. J. Am. Soc. Echocardiogr. 2019,
32, 884–894.e4. [CrossRef] [PubMed]

12. Koestenberger, M.; Grangl, G.; Avian, A.; Gamillscheg, A.; Grillitsch, M.; Cvirn, G.; Burmas, A.; Hansmann, G. Normal Reference
Values and z Scores of the Pulmonary Artery Acceleration Time in Children and Its Importance for the Assessment of Pulmonary
Hypertension. Circ. Cardiovasc. Imaging 2017, 10, e005336. [CrossRef] [PubMed]

13. El-Khuffash, A.; Lewandowski, A.J.; Jain, A.; Hamvas, A.; Singh, G.K.; Levy, P.T. Cardiac Performance in the First Year of Age
among Preterm Infants Fed Maternal Breast Milk. JAMA Netw. Open 2021, 4, e2121206. [CrossRef] [PubMed]

14. Koestenberger, M.; Avian, A.; Sallmon, H.; Gamillscheg, A.; Grangl, G.; Kurath-Koller, S.; Schweintzger, S.; Burmas, A.; Hansmann,
G. The right ventricular outflow tract in pediatric pulmonary hypertension-Data from the European Pediatric Pulmonary Vascular
Disease Network. Echocardiography 2018, 35, 841–848. [CrossRef] [PubMed]

15. Kipfmueller, F.; Heindel, K.; Schroeder, L.; Berg, C.; Dewald, O.; Reutter, H.; Bartmann, P.; Mueller, A. Early postnatal echocar-
diographic assessment of pulmonary blood flow in newborns with congenital diaphragmatic hernia. J. Perinat. Med. 2018, 46,
735–743. [CrossRef]

16. Aggarwal, S.; Shanti, C.; Agarwal, P.; Lelli, J.; Natarajan, G. Echocardiographic measures of ventricular-vascular interactions in
congenital diaphragmatic hernia. Early Hum. Dev. 2022, 165, 105534. [CrossRef]

17. Baptista, M.J.; Rocha, G.; Clemente, F.; Azevedo, L.F.; Tibboel, D.; Leite-Moreira, A.F.; Guimaraes, H.; Areias, J.C.; Correia-Pinto, J.
N-terminal-pro-B type natriuretic peptide as a useful tool to evaluate pulmonary hypertension and cardiac function in CDH
infants. Neonatology 2008, 94, 22–30. [CrossRef]

18. Snoek, K.G.; Reiss, I.K.; Greenough, A.; Capolupo, I.; Urlesberger, B.; Wessel, L.; Storme, L.; Deprest, J.; Schaible, T.; van Heijst,
A.; et al. Standardized Postnatal Management of Infants with Congenital Diaphragmatic Hernia in Europe: The CDH EURO
Consortium Consensus—2015 Update. Neonatology 2016, 110, 66–74. [CrossRef]

19. Stiller, B.; Houmes, R.J.; Ruffer, A.; Kumpf, M.; Muller, A.; Kipfmuller, F.; Koditz, H.; Herber Jonat, S.; Schmoor, C.; Benk, C.; et al.
Multicenter Experience with Mechanical Circulatory Support Using a New Diagonal Pump in 233 Children. Artif. Organs 2018,
42, 377–385. [CrossRef]

http://doi.org/10.1136/archdischild-2014-306174
http://www.ncbi.nlm.nih.gov/pubmed/25411443
http://doi.org/10.1016/j.jpedsurg.2003.11.010
http://doi.org/10.1164/rccm.200907-1126OC
http://www.ncbi.nlm.nih.gov/pubmed/20413632
http://doi.org/10.1016/j.jpeds.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25453248
http://doi.org/10.1164/rccm.201904-0731OC
http://doi.org/10.1055/s-0032-1329531
http://doi.org/10.1159/000512966
http://doi.org/10.1097/PCC.0b013e31829b1e7a
http://doi.org/10.1097/MAT.0000000000001338
http://doi.org/10.1002/uog.5201
http://doi.org/10.1016/j.echo.2019.03.015
http://www.ncbi.nlm.nih.gov/pubmed/31272593
http://doi.org/10.1161/CIRCIMAGING.116.005336
http://www.ncbi.nlm.nih.gov/pubmed/28003222
http://doi.org/10.1001/jamanetworkopen.2021.21206
http://www.ncbi.nlm.nih.gov/pubmed/34448867
http://doi.org/10.1111/echo.13852
http://www.ncbi.nlm.nih.gov/pubmed/29505663
http://doi.org/10.1515/jpm-2017-0031
http://doi.org/10.1016/j.earlhumdev.2021.105534
http://doi.org/10.1159/000112641
http://doi.org/10.1159/000444210
http://doi.org/10.1111/aor.13016


J. Clin. Med. 2022, 11, 3038 11 of 11

20. Gupta, V.S.; Harting, M.T. Congenital diaphragmatic hernia-associated pulmonary hypertension. Semin. Perinatol. 2019, 44, 151167.
[CrossRef]

21. Hansmann, G.; Koestenberger, M.; Alastalo, T.P.; Apitz, C.; Austin, E.D.; Bonnet, D.; Budts, W.; D’Alto, M.; Gatzoulis, M.A.;
Hasan, B.S.; et al. 2019 updated consensus statement on the diagnosis and treatment of pediatric pulmonary hypertension:
The European Pediatric Pulmonary Vascular Disease Network (EPPVDN), endorsed by AEPC, ESPR and ISHLT. J. Heart Lung
Transplant. 2019, 38, 879–901. [CrossRef] [PubMed]

22. Patel, N.; Kipfmueller, F. Cardiac dysfunction in congenital diaphragmatic hernia: Pathophysiology, clinical assessment, and
management. Semin. Pediatr. Surg. 2017, 26, 154–158. [CrossRef] [PubMed]

23. Patel, N.; Massolo, A.C.; Kipfmueller, F. Congenital diaphragmatic hernia-associated cardiac dysfunction. Semin. Perinatol. 2019,
44, 151168. [CrossRef] [PubMed]

24. Tissot, C.; Singh, Y.; Sekarski, N. Echocardiographic Evaluation of Ventricular Function-For the Neonatologist and Pediatric
Intensivist. Front. Pediatr. 2018, 6, 79. [CrossRef]

25. Singh, Y.; Tissot, C. Echocardiographic Evaluation of Transitional Circulation for the Neonatologists. Front. Pediatr. 2018, 6, 140.
[CrossRef]

26. Nakahata, Y.; Hiraishi, S.; Oowada, N.; Ando, H.; Kimura, S.; Furukawa, S.; Ogata, S.; Ishii, M. Quantitative assessment of
pulmonary vascular resistance and reactivity in children with pulmonary hypertension due to congenital heart disease using a
noninvasive method: New Doppler-derived indexes. Pediatr. Cardiol. 2009, 30, 232–239. [CrossRef]

27. Levy, P.T.; Patel, M.D.; Groh, G.; Choudhry, S.; Murphy, J.; Holland, M.R.; Hamvas, A.; Grady, M.R.; Singh, G.K. Pulmonary Artery
Acceleration Time Provides a Reliable Estimate of Invasive Pulmonary Hemodynamics in Children. J. Am. Soc. Echocardiogr. 2016,
29, 1056–1065. [CrossRef]

28. Gaulton, J.S.; Mercer-Rosa, L.M.; Glatz, A.C.; Jensen, E.A.; Capone, V.; Scott, C.; Appel, S.M.; Stoller, J.Z.; Fraga, M.V. Relationship
between pulmonary artery acceleration time and pulmonary artery pressures in infants. Echocardiography 2019, 36, 1524–1531.
[CrossRef]

29. Kipfmueller, F.; Schroeder, L.; Berg, C.; Heindel, K.; Bartmann, P.; Mueller, A. Continuous intravenous sildenafil as an early
treatment in neonates with congenital diaphragmatic hernia. Pediatr. Pulmonol. 2018, 53, 452–460. [CrossRef]

30. Schroeder, L.; Gries, K.; Ebach, F.; Mueller, A.; Kipfmueller, F. Exploratory Assessment of Levosimendan in Infants With
Congenital Diaphragmatic Hernia. Pediatr. Crit. Care Med. 2021, 22, e382–e390. [CrossRef]

31. Bo, B.; Balks, J.; Gries, K.; Holdenrieder, S.; Mueller, A.; Kipfmueller, F. Increased N-terminal Pro-B-Type Natriuretic Peptide
during Extracorporeal Life Support Is Associated with Poor Outcome in Neonates with Congenital Diaphragmatic Hernia. J.
Pediatr. 2022, 241, 83–89.e2. [CrossRef] [PubMed]

32. Heindel, K.; Holdenrieder, S.; Patel, N.; Bartmann, P.; Schroeder, L.; Berg, C.; Merz, W.M.; Mueller, A.; Kipfmueller, F. Early
postnatal changes of circulating N-terminal-pro-B-type natriuretic peptide in neonates with congenital diaphragmatic hernia.
Early Hum. Dev. 2020, 146, 105049. [CrossRef] [PubMed]

33. Gupta, V.S.; Patel, N.; Kipfmueller, F.; Lally, P.A.; Lally, K.P.; Harting, M.T. Elevated proBNP levels are associated with disease
severity, cardiac dysfunction, and mortality in congenital diaphragmatic hernia. J. Pediatr. Surg. 2021, 56, 1214–1219. [CrossRef]
[PubMed]

http://doi.org/10.1053/j.semperi.2019.07.006
http://doi.org/10.1016/j.healun.2019.06.022
http://www.ncbi.nlm.nih.gov/pubmed/31495407
http://doi.org/10.1053/j.sempedsurg.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28641753
http://doi.org/10.1053/j.semperi.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31420110
http://doi.org/10.3389/fped.2018.00079
http://doi.org/10.3389/fped.2018.00140
http://doi.org/10.1007/s00246-008-9316-y
http://doi.org/10.1016/j.echo.2016.08.013
http://doi.org/10.1111/echo.14430
http://doi.org/10.1002/ppul.23935
http://doi.org/10.1097/PCC.0000000000002665
http://doi.org/10.1016/j.jpeds.2021.09.034
http://www.ncbi.nlm.nih.gov/pubmed/34592260
http://doi.org/10.1016/j.earlhumdev.2020.105049
http://www.ncbi.nlm.nih.gov/pubmed/32402829
http://doi.org/10.1016/j.jpedsurg.2021.02.042
http://www.ncbi.nlm.nih.gov/pubmed/33745747

	Introduction 
	Methods 
	Study Design 
	Treatment Protocol 
	Echocardiography Data 
	Physiologic, Treatment and Outcome Data 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

