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Editorial on the Research Topic
Unsolved problems in congenital diaphragmatic hernia




Introduction

Congenital diaphragmatic hernia (CDH) remains a major congenital anomaly with high mortality and long-term morbidity with many unsolved aspects ranging from the cause to the optimal way of follow-up. Major progress has been made over the last few decades to identify the underlying cause, prenatal therapeutic approaches, neonatal care with regard to optimal ventilatory strategies and treatment of pulmonary hypertension, and evaluation of both surgical and non-surgical morbidities.

Even in the most reputed centers that depend on case mix with only referrals, the availability of extracorporeal membrane oxygenation (ECMO), and a pathophysiological understanding of the role of heart dysfunction, the mortality rate continues to be approximately 20%–30%. Experienced medical teams will acknowledge that in CDH, there are “good and bad years” (like wine) in evaluating mortality in individual clinics.

International collaborations are very important as reflected by the CDH EURO Consortium (guidelines; clinical trials); the International CDH Study Group (epidemiology; risk assessment); DHREAMS (genetics). International therapy guidelines have been published both in Europe and in Canada and Japan. Unfortunately, these provide a low level of evidence even today (1–3).

This important series, Unsolved Problems in CDH, has brought together contributions from established and emerging leaders in the field, from basic science, through fetal therapies, and neonatal pathophysiology to optimized long-term management. Although much remains uncertain and challenges persist, this series provides a “state of the art” of current understanding and identifies key priorities for future research and advancing clinical care in CDH.



Genetics

Since CDH is a relatively rare disorder with only a few recurrent changes, large cohorts of patients are needed to identify genetic associations. Retrospective whole-genome sequencing of historical patient cohorts will yield valuable data from which the patients of today and tomorrow will profit. Trio whole-genome sequencing has an excellent potential for future re-analysis and data sharing, increasing the opportunity to provide a genetic diagnosis and predict clinical prognosis (Brosens et al.). The success of this effort stresses the importance of collaboration such as within the DHREAMS consortium (http://www.cdhgenetics.com).

Increased insights into the pathogenesis and combination of different congenital anomalies (Gaillard et al.) will be of value to identify specific pathways involved in lung and diaphragm development, together with a profound knowledge of the factors determining (ab)normal lung and diaphragm development (Edel et al.).

Instead of trying to identify “THE CDH gene”, nowadays, disturbances in specific pathways are investigated in more detail (4).



Prenatal therapy

Advances in prenatal genetic evaluation to guide optimal prenatal counseling have been accompanied by many years of hard work to investigate the impact of fetal intervention. On the other hand, factors associated with the decision for termination of pregnancy (TOP) are additional fetal genetic or anatomical abnormalities and expected severity of pulmonary hypoplasia in left-sided CDH (5).

An international group guided by the Leuven team recently published data on two sets of temporary prenatal occlusion of the human fetal trachea (TOTAL trial) (6, 7). They observed no significant differences in patients with moderate CDH but a significant survival advantage in a group of patients with severe CDH fetuses and who received prenatal tracheal occlusion. This finding will have important consequences for the implementation of prenatal tracheal plugging around the world with debates centered around centralization of this procedure. A high level of and standardization of prenatal diagnosis with either ultrasound or MRI is pivotal for future patient inclusion and for inclusion as a subject of international training courses (8).



The first breath

Based on animal experiments and evaluation, the first breath and changes in lung inflation and the circulation at transition have resulted in two large randomized trials—Congenital Hernia Intact Cord (CHIC, NCT04429750) (9) and Physiological-based cord clamping for infants with a Congenital Diaphragmatic Hernia (PinC, NCT04373902) (DeKoninck et al.) (10)—to evaluate the effect of delayed, physiology-based cord clamping. Short-term outcomes such as Apgar scores (CHIC) and pulmonary hypertension (PinC) have been selected as primary outcomes. The results are expected in 2–3 years’ time.

International guidelines such as those published over the last decade both by the CDH EURO Consortium and by the Canadian and Japanese study groups advise intubation for every newborn with prenatally diagnosed CDH. Taking into account the potential negative effects of this approach, people have now started questioning this approach, resulting in pilot data on spontaneous breathing in select CDH cases (11). An international collaboration will now evaluate this protocol in more patients on the basis of a proposed algorithm for spontaneous breathing. A value of the observed expected (OE)/lung to head ratio (LHR) of above 50, although arbitrary, is chosen as the cutoff to be included in this study.



Respiratory support

The optimal method of ventilatory support remains a subject of debate and the same holds true for the application of ECMO in select cases. Although the VICI trial (12) concluded that conventional ventilation (CV) was superior to high frequency oscillation (HFO), this only implies the initial ventilatory mode and also begs the question, “Which CV mode? It is vital that lung-protective ventilation strategies are employed during both initial stabilization and postsurgical repair to avoid ventilator-induced lung damage and oxygen toxicity to prevent further impairment to an already diminished gas-exchanging environment. In this context, clinicians continue to investigate predictive parameters as markers for mortality and morbidity, such as the NeoAPACHE II score and the chest radiographic thoracic area (Amodeo et al.; Weis et al.).

It would be important to evaluate closed-loop automated oxygen control, which is the reinvention of liquid ventilation and heliox therapy in properly designed clinical trials with international collaboration (Williams and Greenough).

Not only differences in mortality but increasingly the incidence and magnitude of chronic respiratory morbidity should be considered primary endpoints in these studies. Objective criteria for lung function both in the acute phase and during child and adulthood are fundamental to any decision to implement future treatment algorithms. In this way, we can establish a state-of-the-art evaluation of the lungs at different time points in life to understand the overall effects on the hypoplastic lungs and the secondary damage by ventilator-induced lung injury (VILI).



Extracorporeal membrane oxygenation

In select cases, many clinics start ECMO as a rescue therapy, although the overall effects on survival remain debatable. Despite its wide use and decades of experience, the survival rate of CDH patients treated with ECMO, as reported by the extracorporeal life support organization (ELSO), remains unchanged at 50% (13). This is probably due to negative case selection. Individual centers report higher survival rates of up to 70%, such as the Mannheim group (Germany), and can be classified as best practices for this specific treatment modality (14). ELSO data analysis also shows that ECMO improves survival rates in those CDH patients who are most severely affected, but the potential complications of ECMO delivery outweigh the benefits in less severely affected patients. The large variability in ECMO survival rate is determined by preferences such as the mode of ECMO (VV vs. VA), timing of ECMO (early vs. late), patient selection (inclusion criteria variability), surgery (on or after ECMO), supportive cardiac therapy (iNO vs. milrinone), and outcome parameters (alive at decannulation vs. alive at discharge). At present, there is no single test or prognostication that predicts the reversibility of primary pulmonary hypertension of the newborn (PPHN), and the criteria for referral for ECMO are under the process of continued refinement. Therefore, the real contribution of ECMO needs to be investigated in a properly designed RCT using Bayesian statistical approaches.



The role of the heart in CDH

Postnatal clinical care in CDH has traditionally viewed the lungs as the primary “defective” organs; however, there is growing recognition of the important pathophysiological role played by the heart in CDH.

The coexistence of major cardiac anomalies is an important factor determining survival in CDH and a key consideration in decision making with families of patients in the pre- and postnatal periods.

Pathology specimen and cardiac ultrasound–based studies have additionally identified fetal left ventricular hypoplasia in CDH fetuses. In combination with the established abnormalities of the pulmonary vasculature, this developmental abnormality of the circulation likely contributes to the failed transition at birth, of which variable right and left ventricular dysfunction are key components and determinants of disease severity and outcome (Patel et al.). Although clinical studies have identified the nature of ventricular dysfunction in CDH, the underlying cellular, metabolic, and genetic contributions remain unknown and an important area for investigation.

In the clinical setting, further studies are also required to understand the benefits of routine echocardiographic evaluation of cardiac function, utilizing predetermined and internationally accepted parameters, and the role of this approach in guiding evidence-based therapy of individual patient pathophysiology.

This targeted therapeutic approach, combined with a better understanding of the model-based pharmacokinetic dosing, may lead to a more effective use of well-known and frequently used hemodynamic agents such as iNO, IV sildenafil, milrinone, and PGE1 (Hari Gopal et al.). Unfortunately, the so-called CODINOS trial of iNO and IV sildenafil (15) (Cochius-den Otter et al.) was stopped recently because of a very low inclusion rate and the practical challenges of performing multicenter, investigator-initiated drug studies. The burden of regulatory rules and financial implications underlines the major challenges of performing any clinical trials in CDH.



Surgery

Closure of the diaphragmatic defect as a semielective surgical procedure is nowadays accepted worldwide. It is an important step in the treatment algorithm incorporating careful planning to prevent intraoperative complications related to hemodynamic instability and recurrent pulmonary hypertension in particular. The defects of most patients with defect sizes of A and B (Boston classification) can be closed primarily without a patch either by an open or a minimally invasive technique, resulting in a change from an abdominal to a thoracic approach. In the latter, CO2 inflation is warranted, which might alter the metabolic balance, resulting in pulmonary hypertensive crisis. Less than 10% of newborns will die unoperated almost exclusively of a type D defect (agenesis of the diaphragm) because of a bad prognosis making surgery futile. Importantly, some patients do not classify for surgery already during fetal evaluation. In this group, the main factors are additional fetal genetic or anatomical abnormalities and expected severity of pulmonary hypoplasia in left-sided CDH based on fetal O/E LHR obtained by ultrasound and/or lung volumes by MRI.

As part of a routine longitudinal follow-up, recurrence of the diaphragmatic defect is detected even if cone-shaped patches are used (Zahn et al.; Macchini et al.). The major and most frequently reported downside of minimally invasive surgery in CDH repair is the higher risk of recurrence, reported three- to four-fold higher following an minimal invasive surgery (MIS) approach.

Apart from the original diaphragmatic defect, a long-term follow-up shows the occurrence of hiatal hernia, resulting in gastro-intestinal (GI)- and pulmonary-related morbidity. A longitudinal follow-up with regular radiologic imaging until adolescence is essential to reliably detect recurrence to prevent acute incarceration and chronic gastrointestinal morbidity such as the occurrence of the small bowel obstruction, which may lead to clinical symptoms at any age with serious consequences (Zahn et al.) and impact prognosis.

Optimal timing for repair during ECMO (early vs. late; never on ECMO vs. always; etc.) is still a matter of debate, given the potential bleeding complications during the procedure. No properly designed RCTs are available yet. The same holds true for the choice of the biological or synthetic patch material.

Palliative care for patients, both fetuses and neonates (and their families), who are identified as untreatable because of CDH or associated severe anomalies, is also a future option to consider as part of quality of care.



Follow-up

The lower mortality rates of CDH patients go hand in hand with the need for paying more attention to the long-term morbidity of different organ systems. Apart from the “classical” organs such as the lungs and the GI tract, a structured long-term follow-up is being offered nowadays by an increasing number of centers. High-volume centers in Rotterdam, the Netherlands, Mannheim, Germany, Rome, and Italy, among others, have published their schedules and results over the years on a variety of aspects (3, 16–18). They use their prospective and highly standardized databases related to the evolution from newborns to adolescence (de Munck et al.; Valfré et al.).

Neurodevelopmental outcome is an important determinant for the future. This has resulted in the concept of “growing into deficit” (19), in which specific higher-executive functions (short-term memory, task performing) have been identified as abnormal and last into adulthood. Prospective longitudinal evaluation combining neuropsychological tests with neuro-imaging are needed for developing a full understanding of these abnormalities and implementation of targeted therapies.

It is very important for comparative analysis that reference values are used on the basis of the respective populations in different countries. Particularly relevant for follow-up are guidelines that are developed in close collaboration between the CDH EURO consortium and ERNICA (European Reference Network for rare Inherited and Congenital Anomalies). ERNICA is a network of expert multidisciplinary healthcare professionals from specialized healthcare providers across Europe. Their aim is to pull together disease-specific expertise, knowledge, and resources otherwise unachievable in a single country.

The involvement of parents in many aspects of care is fundamental to identifying the “real questions” that these families have to contend with on a daily basis. The recent CDH-UK patient journey published as part of this series is a good example of collaboration between healthcare providers and parents to enhance mutual understanding and is of great significance (Power).



Synthesis

Molecular genetic analysis, combined with an understanding of the developmental pathways of the lungs and diaphragm, will result in an enhanced knowledge of the causes of CDH in individual cases with potential important consequences for fetal interventions. International guidelines for the performance of fetal US/MRI in the context of international collaboration are also pivotal.

Further research is required to identify the optimum method of respiratory support for CDH patients, which is the least damaging to their vulnerable lungs as judged by a reduction in chronic respiratory morbidity. Essential to the success of such research is internationally collaborative randomized controlled trials.

There needs to be an improved understanding of the role of the heart in CDH, combining cellular and clinical studies, incorporating cardiac parameters into fetal predictive scores, and exploring the benefits of pathophysiology-based cardiorespiratory management strategies, from the transitional period onward.

A comparative analysis of internationally available (open access) follow-up databases opens the opportunity for intervention studies aiming to reduce long-term morbidity in different organ systems.

The ultimate aim is to increase survival rates at the lowest level of morbidity. This is a real challenge for all those who are confronted with this very special group of patients who are a significant burden for their parents upon a diagnosis of CDH either during the prenatal stage or as newborns. These patients deserve our lifelong attention and care both from a somatic and from a psychosocial point of view.
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Congenital diaphragmatic hernia is a rare disease with high mortality and morbidity due to pulmonary hypoplasia and pulmonary hypertension. The aim of the study is to investigate the relationship between radiographic lung area and systolic pulmonary artery pressure (sPAP) on the first day of life, mortality, and hernia recurrence during the first year of life in infants with a congenital diaphragmatic hernia (CDH). A retrospective data collection was performed on 77 CDH newborns. Echocardiographic sPAP value, deaths, and recurrence cases were recorded. Lung area was calculated by tracing the lung's perimeter, excluding mediastinal structures, and herniated organs, on the preoperative chest X-ray performed within 24 h after birth. Logistic and linear regression analyses were performed. Deceased infants showed lower areas and higher sPAP values. One square centimeter of rising in the total, ipsilateral, and contralateral area was associated with a 22, 43, and 24% reduction in mortality risk. sPAP values showed a decreasing trend after birth, with a maximum of 1.84 mmHg reduction per unitary increment in the ipsilateral area at birth. Recurrence patients showed lower areas, with recurrence risk decreasing by 14 and 29% per unit increment of the total and ipsilateral area. In CDH patients, low lung area at birth reflects impaired lung development and defect size, being associated with increased sPAP values, mortality, and recurrence risk.

Clinical Trial Registration: The manuscript is an exploratory secondary analysis of the trial registered at ClinicalTrials.gov with identifier NCT04396028.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a severe congenital malformation with a wide outcome variability (1). Pulmonary hypoplasia and persistent pulmonary hypertension (PH) represent the two main determinants of outcomes in patients, with still high mortality and morbidity (2–12). The radiographic assessment of the lung area has been proposed as an alternative method to evaluate pulmonary hypoplasia soon after birth (13–15). In newborns with CDH, lung area is correlated to the functional residual capacity measured through the diluted helium technique, and its increase is associated with tidal volume improvement in the first year of life (16, 17). The chest radiographic thoracic area (CRTA) was found to be lower in patients with poor prognosis and to predict survival to discharge from the Neonatal Intensive Care Unit (NICU) better than lung-to-head ratio at diagnosis (LHR) (18). However, a possible association between lung area and pulmonary hypertension has never been investigated.

Hernia recurrence represents one of the most common complications, and a large diaphragmatic defect is one of the main independent risk factors (19–25). The recurrence could occur weeks, months, or even years after the primary surgery, and patients often remain asymptomatic for a long time or until complications arise. Therefore, the overall risk of recurrence during the lifespan remains unknown (8). To our knowledge, an association between lung area and hernia recurrence has never been reported so far.

Since lung hypoplasia and vascular development are strictly related, our hypothesis was that lower lung areas at birth could determine higher mortality and higher pulmonary artery pressure (25–27). Moreover, we supposed that low lung area could indirectly reflect a large diaphragmatic defect size and be therefore associated with hernia recurrence (16, 18).



METHODS

The present study was carried out in accordance with the principles of good clinical practice and the Helsinki Declaration, as well as the national legislative and administrative provisions in force. This study was approved by the local Ethics Committee (Milan Area 2, Italy) with approval number OSMAMI-04/05/2020-0015998-U. Due to the retrospective nature of the study, the informed consent was waived by the Ethics Committee.

This study represents an exploratory secondary analysis of a previous retrospective cohort study called Assessment of the Pulmonary Area in Newborns with Congenital diaphragmatic HErnia (NeoAPACHE), performed at NICU of Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Milan, Italy, on CDH patients over a 6-year period (January 2012–December 2018). A comprehensive description of the main study design has been previously published (NeoAPACHE I) (17).

In NeoAPACHE II, we aimed to evaluate the relationship between radiographic pulmonary area assessed on the first day of life and:

1. Pulmonary hypertension at birth, indirectly estimated by measuring the sPAP through tricuspid valve regurgitation gradient with echocardiogram;

2. Death during the first year of life; and

3. Recurrence of CDH among survivors at 1 year of life.

Moreover, the radiological features and outcomes of neonates candidate to FETO procedure were described and compared with those of the expectantly managed patients. At our Center, FETO was offered to fetuses with severe lung hypoplasia, defined as an O/E LHR <25 and <45% in left and right CDH, respectively, in the absence of major associated malformations and/or genetic anomalies known to have a significant impact on postnatal survival (28, 29).


Subjects

All CDH patients admitted to our NICU are managed according to the CDH EURO Consortium Consensus guidelines (30). As previously described, we enrolled all newborns having a preoperative chest X-ray performed within 24 h after birth at our NICU. Death within 1 h, rotated, and air leak radiographs were excluded (17). Surgery was performed as soon as the patient achieved the hemodynamic and respiratory stability through median laparotomy with either primary repair or Gore-Tex® patch insertion. According to CDHSG defect size classification, patching was performed in case of large defects (type C or D) (30–34). After discharge, all patients were included in a multidisciplinary follow-up program. In our Unit, we prefer to perform a chest X-ray at all time points during the first 2 years of life, then annually, aiming to detect asymptomatic recurrences early (8, 30, 35).



Assessment of Radiographic Pulmonary Area

Each patient's pulmonary area was assessed by freehand tracing of the diaphragm and rib cage's perimeter, excluding the mediastinal structures and herniated organs (17). If the anatomy was particularly disrupted, only the aerated portion of the lung was considered. The corresponding area was automatically calculated by the software Synapse PACS (FUJIFILM Medical Systems USA, Inc.). On each radiogram, three measurements were performed:

1. Ipsilateral pulmonary area (cm2);

2. Contralateral pulmonary area (cm2); and

3. Total pulmonary area (cm2), obtained as the sum of the preceding two.



Data Collection

Data regarding prenatal history, clinical, and surgical course were collected from each patient's electronic medical records. Hernia severity was defined according to the combined evaluation of observed/expected lung-to-head ratio (O/E LHR%), liver herniation, and side of the diaphragmatic defect (left, right, bilateral) (2, 28, 29). Echocardiograms performed after birth (T0), pre-surgery (T1), post-surgery (T2), and 7 days after surgery (T3) were reviewed, and reported sPAP values were recorded. CDH recurrence after surgical repair and the number of deaths in the first year of life were considered. Data acquisition was anonymous.



Statistical Analysis

Continuous variables were reported as mean (standard deviation) or median (interquartile range); categorical variables were presented as number and percentage. For the comparison between groups, Student's t-test, Mann-Whitney U-test, or Fisher exact test were applied as appropriate.

The reproducibility of the method has already been assessed in the primary analysis, using the Bland Altman plot and calculating the Pearson correlation index (17).

Logistic regression models were used to evaluate the relationship between the lung area and death or hernia recurrence risk. Linear regression models were used to assess the effects of lung area on sPAP values. The models were corrected for gestational age at birth, as this variable could independently influence the lung development and survival of patients.

The ROC curve was also calculated to assess the discriminatory capacity of the radiographic measurement, thus analyzing the sensitivity and specificity of the test.

Statistical analysis was performed using IBM SPSS®Statistics V26.0. A p-value of 0.05 or lower was considered to be statistically significant.



Data Availability

The manuscript illustrates the results of an exploratory secondary analysis of the principal study NeoAPACHE I, registered at the ClinicalTrials.gov with identifier NCT04396028. Datasets generated during and/or analyzed during the current study are available from the corresponding author.




RESULTS

The radiographic pulmonary area was assessed on 77 patients, 49 of whom survived to discharge and were alive at the age of 1 year (36.4% mortality rate) (Figure 1). The majority of CDH were left-sided, with a high prevalence of severe forms and liver herniation. Fetal endoscopic tracheal occlusion (FETO) was performed in one-third of the cases, while extracorporeal membrane oxygenation (ECMO) was required in three patients. In more than half of cases, a diaphragmatic patch was needed for surgical repair, and in one patient, an abdominal patch was also used (Table 1).


[image: Figure 1]
FIGURE 1. Study flowchart.



Table 1. Characteristics of the study population.
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Radiographic Pulmonary Area, Pulmonary Hypertension, and Mortality

The study population was divided into two groups, deceased (n = 28) and survived (n = 49). Compared with survivors, deceased patients showed a lower mean observed/expected lung-to-head ratio (O/E-LHR%) both at diagnosis and before birth, and the liver was herniated more frequently. Moreover, both gestational age and weight were lower, and patch insertion was significantly higher (Table 2).


Table 2. Comparison between deceased and survived patients.

[image: Table 2]

At all times, deceased patients showed higher systolic pulmonary arterial pressure (sPAP) values compared with survivors (sPAP T0: 64.4 ± 17.2 vs. 54.4 ± 5.3 mmHg, p = 0.016; sPAP T1: 60.7 ± 10.9 vs. 50.6 ± 16.2 mmHg, p = 0.022; sPAP T2: 55.1 ± 17.9 vs. 46.4 ± 17.7 mmHg, p = 0.163; sPAP T3: 65.7 ± 16.5 vs. 38.8 ± 13.6 mmHg, p < 0.001; Figure 2A). They also showed lower mean total, ipsilateral, and contralateral pulmonary areas at birth (total pulmonary area: 8.1 ± 4.6 vs. 15.1 ± 6.9 cm2, p < 0.001; ipsilateral pulmonary area: 1.8 ± 2.6 vs. 5.1 ± 3.4 cm2, p < 0.001; contralateral pulmonary area, 6.2 ± 3.0 vs. 10.0 ± 4.3 cm2, p < 0.001; Figure 2B).


[image: Figure 2]
FIGURE 2. (A) Boxplots showing the comparison of sPAP values between survived and deceased patients. Student's t-test was performed to compare the two groups. (1) sPAP T0, p = 0.016; (2) sPAP T1, p = 0.022; (3) sPAP T2, p = 0.163; (4) sPAP T3, p < 0.001. (B) Boxplots showing the comparison of radiographic lung area on the first day of life between survived and deceased patients. Student's t-test was performed to compare the two groups. (1) Total pulmonary area, p < 0.001; (2) ipsilateral pulmonary area, p < 0.001; (3) contralateral pulmonary area, p < 0.001. (C) Boxplots showing the comparison of radiographic lung area on the first day of life between non-recurrence and recurrence patients. Student's t-test was performed to compare the two groups. (1) Total pulmonary area, p = 0.034; (2) ipsilateral pulmonary area, p = 0.011; (3) contralateral pulmonary area, p = 0.164.


At birth, pulmonary area and sPAP were significantly associated: as the three areas increased, sPAP at T0 significantly decreased, as shown by the linear regression model (Table 3A).


Table 3. Radiographic lung area and outcome.
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Following logistic regression analysis with death as the outcome variable, the increase in all radiographic parameters was also significantly related to improved survival in the first year of life (Table 3B).

Finally, with increasing sPAP at T0, the risk of death significantly increased as well (Table 3C).

The receiver operating characteristic (ROC) curve analysis showed that the total pulmonary area had an area under the curve (AUC) of 0.808, and a cut-off of 10.87 cm2 predicted survival with 77.6% sensitivity and 75% specificity (Figure 3A1). The ipsilateral pulmonary area had an AUC of 0.772, and a cut-off of 2.08 cm2 predicted survival with 81.6% sensitivity and 68% specificity (Figure 3A2). The contralateral pulmonary area had an AUC of 0.775, and a cut-off of 7.3 cm2 predicted survival with 75% sensitivity and 68% specificity (Figure 3A3).
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FIGURE 3. (A) ROC analysis and estimation of the corresponding area under the curve (AUC) for the radiographic pulmonary area's performance in predicting survival to 1 year of life. (1) Total pulmonary area; (2) ipsilateral pulmonary area; (3) contralateral pulmonary area. (B) ROC analysis and estimation of the corresponding area under the curve (AUC) for the O/E LHR% at diagnosis performance in predicting hernia recurrence in the first year of life. (C) ROC analysis and estimation of the corresponding area under the curve (AUC) for the radiographic performance of the pulmonary area in predicting hernia recurrence in the first year of life. (1) Total pulmonary area; (2) ipsilateral pulmonary area.


We finally performed aROC curve analysis using the O/E LHR at diagnosis. The total pulmonary area had an area AUC of 0.765, and a cut-off value of 31.7% showed 74% sensitivity and 74% specificity in predicting survival (Figure 3B).



Radiographic Pulmonary Area and Hernia Recurrence

Survivors at the end of the first year of life were divided into two groups based on hernia recurrence: recurrence (n = 10) and non-recurrence (n = 39; Table 4).


Table 4. Comparison between recurrence and non-recurrence hernia patients.
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The recurrence group mainly included severe-moderate forms (80 vs. 28.2%), while most non-recurrence patients were mild (20 vs. 71.8%). Although the mean initial O/E-LHR% was not significantly different, the mean final O/E-LHR% was lower in the recurrence group (44.4 vs. 56.9%, p = 0.029). Even though diaphragmatic patching was higher in the recurrence group, this difference was not significant. Recurrence patients required longer intensive care (Table 4).

The mean total and ipsilateral pulmonary area were significantly lower in the recurrence compared with non-recurrence group (total pulmonary area: 11.0 ± 3.2 vs. 16.2 ± 7.2 cm2, p = 0.034; ipsilateral pulmonary area: 2.7 ± 2 vs. 5.7 ± 3.4 cm2, p = 0.011), while the mean contralateral area was not significantly different (8.3 ± 3.3 vs. 10.5 ± 4.5 cm2, p = 0.164; Figure 2C).

The logistic regression model showed that as the total and ipsilateral areas increased, CDH recurrence significantly decreased (Table 3D).

The ROC curve analysis showed that the total pulmonary area had an AUC of 0.759, and a cut-off of 13.07 cm2 predicted a 1-year follow-up free of hernia recurrence with 71.8% sensitivity and 80% specificity (Figure 3C1). The ipsilateral pulmonary area had an AUC of 0.790, and a cut-off of 3.75 cm2 had 74.4% sensitivity and 60% specificity (Figure 3C2).



Comparison Between FETO and Non-FETO Patients

Mild cases have been excluded from the non-FETO population to achieve a more homogeneous CDH population of moderate-severe cases, either treated in utero or expectantly managed. The new population was constituted 45 patients, divided into 28 FETO (100% severe) and 17 non-FETO (76.5% moderate and 23.5% severe) (Table 5).


Table 5. Comparison between FETO and non-FETO patients.
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FETO group was more severely affected, as showed by lower mean O/E-LHR% at diagnosis and a higher liver herniation rate. However, the mean O/E-LHR% before birth was higher.

No differences were found in the mean total and contralateral pulmonary area, while the mean ipsilateral pulmonary area was significantly increased in the FETO group.

Mean sPAP values, length of pharmacological treatments, and mechanical ventilation were not significantly different. Despite lower gestational age at birth, no significant difference in mortality rate was observed (FETO 57.1% vs. non-FETO 58.8%, p > 0.999). The recurrence rate among survivors did not reach statistical significance (p = 0.074).




DISCUSSION

Our study showed an association between radiographic lung area, sPAP values, and death, confirming pulmonary hypoplasia and pulmonary hypertension as the two most important determinants of mortality (25, 26, 36). Among survivors, lung area was also associated with hernia recurrence. As previously reported, our findings suggest a possible role of the radiographic lung area assessment as an easy, non-invasive, and reproducible tool in the early prediction of mortality and morbidity among patients with CDH (17, 18).

In our cohort, lower O/E-LHR% in the deceased group indicated a more severe fetal lung impairment, which was then reflected in smaller pulmonary areas at birth. Consequently, lung area and death were inversely related: 1 cm2 of rising in the ipsilateral area was associated with a 43% reduction in mortality, while variations in the total and contralateral area determined a reduction of 22 and 24%, respectively.

Wide defects have been previously associated with worse survival and pulmonary hypertension, suggesting that small lung size depicts the link between these two elements (6). Similarly, in our cohort, deceased infants were characterized by persistently higher sPAP values than survivors. In particular, sPAP values at birth showed a decreasing trend by 1.84 mmHg, with each 1 cm2 increase in the ipsilateral area.

Our findings were consistent with previous literature (13, 16, 18). A significantly lower CRTA was reported in newborns with CDH who died compared with survivors, and a CRTA >12.99 cm2 was found to predict survival to discharge from NICU better than LHR at diagnosis, with 85% sensitivity and 73% specificity (18). In our study, we considered the O/E LHR% at diagnosis instead of the absolute ratio, but similarly, the lung area performed better in predicting mortality.

After surgical repair, persistently elevated pulmonary pressure carried the highest mortality risk, with a 16% increase in death risk for each sPAP unitary increment. Several studies have correlated the severity of PH with mortality. Dillon et al. evaluated mortality in a cohort of CDH patients and reported that all those with supra-systemic sPAP died (26). Coughlin et al. reported that patients with higher pulmonary pressure at 1 month had a higher incidence of post-operative complications and worse survival, and persistently severe PH at 1 month was associated with increased mortality (6). Similarly, looking at our results, we could assume that the most critical factor might not be the absolute value of sPAP or the presence of PH in the first hours after birth, rather its persistence over time (6).

We also observed a significant association between preoperative radiographic measurements and hernia recurrence among survivors during the first year of life. The overall recurrence rate of 20.4% in our cohort was in line with the literature reports (19, 24, 37). In particular, the recurrence rate was higher in those patients with lower final O/E LHR%, prolonged invasive respiratory support, and need for intensive care. Similarly, Al-Iede et al. found a longer duration of mechanical ventilation and hospitalization in children with recurrence (21). Notably, these patients showed a significantly lower mean total pulmonary area at birth than non-recurrence, mainly due to a significantly lower ipsilateral pulmonary area.

As a consequence, we respectively, observed a 14 and 29% reduction in recurrence risk in our cohort per unit increment of the total and ipsilateral area. The total radiographic area had the best specificity in discriminating those patients at risk of recurrence, while the ipsilateral area showed better sensitivity. Taken together, the lower ipsilateral area and O/E-LHR% reflected the presence of a large diaphragmatic defect as the cause of poor lung development, indirectly confirming defect size as the leading risk factor for hernia recurrence (19–22, 24). In other words, we speculate that recurrence patients were somehow “predisposed” to this complication since birth and could have been identified early in the postnatal course. The recurrence group's high patching rate suggested the presence of a wide defect, although this difference did not reach statistical significance. We cannot deduce any specific contribution of the patch in determining the recurrence risk due to the low sample size.

We observed that tracheal occlusion improved lung development and outcome through the descriptive comparison between FETO and non-FETO patients' characteristics. Since prenatal treatment is reserved for severe cases of CDH, the FETO group included only patients at one end of the spectrum of disease severity (2). Nevertheless, final O/E-LHR% dramatically improved after the procedure, and the ipsilateral lung area at birth was even significantly better so that the total pulmonary area did not differ between the two groups. Likewise, Dassios et al. observed that patients previously submitted to the FETO procedure had a CRTA comparable with untreated patients with a similar mortality rate, reflecting a lung catch-up growth favored by the prenatal procedure (18).

In our cohort, the non-FETO group, which was primarily constituted by moderate cases, showed a 41.2% survival rate, in line with what is generally expected for this category of CDH (2, 38, 39). As observed by Doneè et al., tracheal occlusion allowed improved outcomes in the operative group, similar to a moderate population expectantly managed (40). Finally, the recurrence risk was not significantly different between the two populations, despite higher patching in the FETO group, as previously observed by Ali et al. (41). Although patch repair is a leading risk factor, the low recurrence rate suggests other factors besides patch use as possible re-herniation determinants (20, 42). Tsai et al. reported a non-significant difference in recurrence rate between patching and primary repair, despite a higher disease severity in the first group (20). Jawaid et al. reported a low incidence of recurrence in patients in which Gore-Tex® patch was inserted (42). Although we cannot conclude on the patch's contribution to re-herniation, we can observe that lower radiographic area at birth could influence the risk of this complication and speculate that lung catch-up growth in FETO patients could confer the same recurrence risk as the untreated counterparts, which needs to be confirmed with further data (19, 21, 22, 24).

To the best of our knowledge, our study seems to be the first to evaluate the association between radiographic lung area and two important outcomes affecting newborns with CDH: pulmonary hypertension and hernia recurrence.

The radiographic measurement is easy, rapid, and can be performed soon after birth on the chest X-ray routinely performed at NICU admission. It would contribute to the early identification of infants at greater risk of developing higher sPAP values in the immediate postnatal period and a higher likelihood of long-term hernia recurrence and higher mortality. For example, the combined serial evaluation of lung area and sPAP over time could help to define trajectories related to the risk of persistently elevated sPAP and chronic pulmonary hypertension. Similarly, the preoperative radiographic assessment could help identify a subgroup of patients at higher risk of recurrence, directing them toward a tailored surgical follow-up.

The ipsilateral and contralateral areas were considered separately, evaluating the impact of hernia on each lung. We demonstrated that the ipsilateral area, which is more seriously affected by visceral herniation, has the most significant influence on patient outcomes.

Finally, focusing on FETO patients, we confirm the positive effects of the fetal procedure on lung catch-up growth and patient outcome.

Patients from our cohort showed a broad spectrum of disease severity, including infants requiring fetal surgery and ECMO support, and the standardization of treatment according to international guidelines guarantees uniformity of care.

A certain technical difficulty in tracing the lung perimeter in severe forms must be underlined as a limitation of the study. We arbitrarily decided to consider only those parts of the radiograms where a lung plot was present, corresponding to those regions effectively recruited and ventilated. However, the interference of mechanical compression exerted by the herniated organs plays a considerable role.

This methodological decision could constitute a bias leading to underestimating the lung dimensions since atelectasis areas had been excluded from the measurement. Therefore, after mechanical compression has been removed, the effective lung area evaluation could reliably define lung hypoplasia and associated outcome. For example, Dimitriou et al. calculated the difference between the pre- and post-operative radiographic measurements, showing that post-operative improvement was higher in patients with a good outcome. They concluded that poor prognosis was correlated to low post-operative rather than low preoperative values, which was probably more related to mechanical compression than lung hypoplasia (16). Therefore, the radiographic assessment of post-operative lung areas and the relative increase from preoperative values should be included in further analysis.

The neonatal ECMO Center was activated in 2016, with only three patients undergoing extracorporeal support during the study period. This could have had an impact on survival chances. In addition, team training and expertise plays a major role in favorable ECMO outcome. We expect a survival improvement in the very recent years, which we would like to confirm with additional analysis (43–45).

Another significant weakness is related to the retrospective design of the study, which limited the sample size. Some missing data regarding sPAP estimation could not be integrated with further hemodynamic assessments. Therefore, only an exploratory secondary analysis could be performed. Finally, we recognize that several factors could influence pulmonary vascular resistance and mortality throughout the hospital stay, such as pharmacological treatments, infections, patency of the ductus arteriosus, or surgery timing. Similarly, radiographic lung area could be influenced by factors such as quality of image, ventilator settings, under- or overinflation, which can then influence vascular resistance as well. The contribution of these factors cannot be completely assessed with single imaging performed at birth, which reflects the patient's conditions in a defining moment. Although the highest lung area can be considered a good approximation, it might not reflect the patient best clinical condition, and these factors should be taken into account in further analysis on a larger cohort. In addition, it would be of great importance to match lung area and sPAP values at T1, T2, and T3, to clarify if the association is still confirmed over time and define possible trajectories.



CONCLUSIONS

The radiographic pulmonary area on the first day of life reflects impaired lung development during fetal life and the extent of the diaphragmatic defect in CDH patients. Lower lung areas are associated with higher sPAP values at birth, death, and hernia recurrence. Further studies are needed to consolidate these results and define the possible role of the radiographic lung area for early risk assessment, monitoring, and outcome prediction in newborns with CDH.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: ClinicalTrials.gov n° NCT04396028.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Milan Area 2, Italy. Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

IA, GC, GR, SGa, SGh, VC, GB, NPes, and FMo contributed to the study's conception and design. IA, GR, GC, VC, SGa, SGh, and FMa wrote the first draft of the manuscript. IA, NPes, and GC calculated the sample size. IA and NPes performed the statistical analysis. IA and IB assessed radiographic pulmonary areas. IB, NPer, IF, FMa, AC, MC, and FMo provided extensive critical revision. All authors contributed to the manuscript's critical revision and read and approved the submitted version.



ACKNOWLEDGMENTS

The authors would like to thank all the Neonatal ECMO Team Mangiagalli of the Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico: nurses and neonatologists of the NICU, surgeons of the Department of Pediatric Surgery, anesthesiologists of the Pediatric Anesthesiology and Intensive Care Unit, and nurses of the operating room.



ABBREVIATIONS

AUC, area under the curve; CDH, congenital diaphragmatic hernia; CRTA, chest radiographic thoracic area; ECMO, extracorporeal membrane oxygenation; FETO, fetal endoscopic tracheal occlusion; NICU, neonatal intensive care unit; O/E LHR%, observed/expected lung-to-head ratio; PH, pulmonary hypertension; ROC, receiver operating characteristic; sPAP, systolic pulmonary artery pressure.



REFERENCES

 1. Grover TR, Murthy K, Brozanski B, Gien J, Rintoul N, Keene S, et al. Short-term outcomes and medical and surgical interventions in infants with congenital diaphragmatic hernia. Am J Perinatol. (2015) 32:1038–44. doi: 10.1055/s-0035-1548729

 2. Deprest J, Brady P, Nicolaides K, Benachi A, Berg C, Vermeesch J, et al. Prenatal management of the fetus with isolated congenital diaphragmatic hernia in the era of the TOTAL trial. Semin Fetal Neonatal Med. (2014) 19:338–48. doi: 10.1016/j.siny.2014.09.006

 3. Steinhorn RH, Abman SH. 52 - Persistent pulmonary hypertension. In: Gleason CA, Juul SE, editors. Avery's Diseases of the Newborn. 10th Ed. Philadelphia, PA: Elsevier (2018). p. 768–78.e3. doi: 10.1016/B978-0-323-40139-5.00052-8

 4. Pierro M, Thebaud B. Understanding and treating pulmonary hypertension in congenital diaphragmatic hernia. Semin Fetal Neonatal Med. (2014) 19:357–63. doi: 10.1016/j.siny.2014.09.008

 5. Snoek KG, Greenough A, Van Rosmalen J, Capolupo I, Schaible T, Ali K, et al. Congenital diaphragmatic hernia: 10-year evaluation of survival, extracorporeal membrane oxygenation, and foetoscopic endotracheal occlusion in four high-volume centres. Neonatology. (2018) 113:63–8. doi: 10.1159/000480451

 6. Coughlin MA, Werner NL, Gajarski R, Gadepalli S, Hirschl R, Barks J, et al. Prenatally diagnosed severe CDH: mortality and morbidity remain high. J Pediatr Surg. (2016) 51:1091–5. doi: 10.1016/j.jpedsurg.2015.10.082

 7. Bagolan P, Morini F. Long-term follow up of infants with congenital diaphragmatic hernia. Semin Pediatr Surg. (2007) 16:134–44. doi: 10.1053/j.sempedsurg.2007.01.009

 8. American Academy of Pediatrics Section on Surgery; American Academy of Pediatrics Committee on Fetus and Newborn Lally KP Engle W. Postdischarge follow-up of infants with congenital diaphragmatic hernia. Pediatrics. (2008) 121:627–32. doi: 10.1542/peds.2007-3282

 9. Rocha G, Azevedo I, Pinto JC, Guimarães H. Follow-up of the survivors of congenital diaphragmatic hernia. Early Hum Dev. (2012) 88:255–8. doi: 10.1016/j.earlhumdev.2011.08.025

 10. Chen C, Jeruss S, Chapman JS, Terrin N, Tighiouart H, Glassman E, et al. Long-term functional impact of congenital diaphragmatic hernia repair on children. J Pediatr Surg. (2007) 42:657–65. doi: 10.1016/j.jpedsurg.2006.12.013

 11. Patel N, Kipfmueller F. Cardiac dysfunction in congenital diaphragmatic hernia: pathophysiology, clinical assessment, and management. Semin Pediatr Surg. (2017) 26:154–8. doi: 10.1053/j.sempedsurg.2017.04.001

 12. Rafat N, Schaible T. Extracorporeal membrane oxygenation in congenital diaphragmatic hernia. Front Pediatr. (2019) 7:336. doi: 10.3389/fped.2019.00336

 13. Dassios T, Curley A, Krokidis M, Morley C, Ross-Russell R. Correlation of radiographic thoracic area and oxygenation impairment in bronchopulmonary dysplasia. Respir Physiol Neurobiol. (2016) 220:40–5. doi: 10.1016/j.resp.2015.09.009

 14. May C, Prendergast M, Salman S, Rafferty GF, Greenough A. Chest radiograph thoracic areas and lung volumes in infants developing bronchopulmonary dysplasia. Pediatr Pulmonol. (2009) 44:80–5. doi: 10.1002/ppul.20952

 15. Dimitriou G, Greenough A, Kavvadia V, Shute M, Karani J. A radiographic method for assessing lung area in neonates. Br J Radiol. (1999) 72:335–8. doi: 10.1259/bjr.72.856.10474492

 16. Dimitriou G, Greenough A, Davenport M, Nicolaides K. Prediction of outcome by computer-assisted analysis of lung area on the chest radiograph of infants with congenital diaphragmatic hernia. J Pediatr Surg. (2000) 35:489–93. doi: 10.1016/S0022-3468(00)90219-7

 17. Amodeo I, Raffaeli G, Pesenti N, Macchini F, Condò V, Borzani I, et al. The NeoAPACHE study protocol i: assessment of the radiographic pulmonary area and long-term respiratory function in newborns with congenital diaphragmatic hernia. Front Pediatr. (2020) 8:581809. doi: 10.3389/fped.2020.581809

 18. Dassios T, Ali K, Makin E, Bhat R, Krokidis M, Greenough A. Prediction of mortality in newborn infants with severe congenital diaphragmatic hernia using the chest radiographic thoracic area. Pediatr Crit Care Med Soc Crit Care Med. (2019) 20:534–9. doi: 10.1097/PCC.0000000000001912

 19. Putnam LR, Gupta V, Tsao K, Davis CF, Lally PA, Lally KP, et al. Factors associated with early recurrence after congenital diaphragmatic hernia repair. J Pediatr Surg. (2017) 52:928–32. doi: 10.1016/j.jpedsurg.2017.03.011

 20. Tsai J, Sulkowski J, Adzick NS, Hedrick HL, Flake AW. Patch repair for congenital diaphragmatic hernia: is it really a problem? J Pediatr Surg. (2012) 47:637–41. doi: 10.1016/j.jpedsurg.2011.11.054

 21. Al-Iede MM, Karpelowsky J, Fitzgerald DA. Recurrent diaphragmatic hernia: modifiable and non-modifiable risk factors. Pediatr Pulmonol. (2016) 51:394–401. doi: 10.1002/ppul.23305

 22. Fisher JC, Haley MJ, Ruiz-Elizalde A, Stolar CJ, Arkovitz MS. Multivariate model for predicting recurrence in congenital diaphragmatic hernia. J Pediatr Surg. (2009) 44:1173–80. doi: 10.1016/j.jpedsurg.2009.02.043

 23. Moss RL, Chen CM, Harrison MR. Prosthetic patch durability in congenital diaphragmatic hernia: a long-term follow-up study. J Pediatr Surg. (2001) 36:152–4. doi: 10.1053/jpsu.2001.20037

 24. Nagata K, Usui N, Terui K, Takayasu H, Goishi K, Hayakawa M, et al. Risk factors for the recurrence of the congenital diaphragmatic hernia—report from the long-term follow-up study of Japanese CDH study group. Eur J Pediatr Surg. (2015) 25:9–14. doi: 10.1055/s-0034-1395486

 25. Leeuwen L, Fitzgerald DA. Congenital diaphragmatic hernia. J Paediatr Child Health. (2014) 50:667–73. doi: 10.1111/jpc.12508

 26. Dillon PW, Cilley RE, Mauger D, Zachary C, Meier A. The relationship of pulmonary artery pressure and survival in congenital diaphragmatic hernia. J Pediatr Surg. (2004) 39:307–12. doi: 10.1016/j.jpedsurg.2003.11.010

 27. Kitagawa M, Hislop A, Boyden E, Reid L. Lung hypoplasia in congenital diaphragmatic hernia a quantitative study of airway, artery, and alveolar development. Br J Surg. (1971) 58:342–6. doi: 10.1002/bjs.1800580507

 28. Russo FM, De Coppi P, Allegaert K, Toelen J, van der Veeken L, Attilakos G, et al. Current and future antenatal management of isolated congenital diaphragmatic hernia. Semin Fetal Neonatal Med. (2017) 22:383–90. doi: 10.1016/j.siny.2017.11.002

 29. Van der Veeken L, Russo FM, De Catte L, Gratacos E, Benachi A, Ville Y, et al. Fetoscopic endoluminal tracheal occlusion and reestablishment of fetal airways for congenital diaphragmatic hernia. Gynecol Surg. (2018) 15:9. doi: 10.1186/s10397-018-1041-9

 30. Snoek KG, Reiss IK, Greenough A, Capolupo I, Urlesberger B, Wessel L, 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. doi: 10.1159/000444210

 31. Ito M, Terui K, Nagata K, Yamoto M, Shiraishi M, Okuyama H, et al. Clinical guidelines for the treatment of congenital diaphragmatic hernia. Pediatr Int. (2021) 63:371–90. doi: 10.1111/ped.14473

 32. Boloker J, Bateman DA, Wung JT, Stolar CJ. Congenital diaphragmatic hernia in 120 infants treated consecutively with permissive hypercapnea/spontaneous respiration/elective repair. J Pediatr Surg. (2002) 37:357–66. doi: 10.1053/jpsu.2002.30834

 33. Rozmiarek AJ, Qureshi FG, Cassidy L, Ford HR, Hackam DJ. Factors influencing survival in newborns with congenital diaphragmatic hernia: the relative role of timing of surgery. J Pediatr Surg. (2004) 39:821–4. doi: 10.1016/j.jpedsurg.2004.02.010

 34. Tsao K, Lally KP. The Congenital Diaphragmatic Hernia Study Group: a voluntary international registry. Semin Pediatr Surg. (2008) 17:90–7. doi: 10.1053/j.sempedsurg.2008.02.004

 35. Hollinger LE, Buchmiller TL. Long term follow-up in congenital diaphragmatic hernia. Semin Perinatol. (2020) 44:151171. doi: 10.1053/j.semperi.2019.07.010

 36. Harting MT. Congenital diaphragmatic hernia-associated pulmonary hypertension. Semin Pediatr Surg. (2017) 26:147–53. doi: 10.1053/j.sempedsurg.2017.04.008

 37. Rowe DH, Stolar CJ. Recurrent diaphragmatic hernia. Semin Pediatr Surg. (2003) 12:107–9. doi: 10.1016/S1055-8586(02)00020-3

 38. Jani J, Nicolaides K, Keller R, Benachi A, Peralta C, Favre R, et al. Observed to expected lung area to head circumference ratio in the prediction of survival in fetuses with isolated diaphragmatic hernia. Ultrasound Obstetr Gynecol. (2007) 30:67–71. doi: 10.1002/uog.4052

 39. Jani J, Nicolaides KH, Gratacos E, Valencia C, Doné E, Martinez JM, et al. Severe diaphragmatic hernia treated by fetal endoscopic tracheal occlusion. Ultrasound Obstetr Gynecol. (2009) 34:304–10. doi: 10.1002/uog.6450

 40. Doné E, Gratacos E, Nicolaides K, Allegaert K, Valencia C, Castañon M, et al. Predictors of neonatal morbidity in fetuses with severe isolated congenital diaphragmatic hernia undergoing fetoscopic tracheal occlusion. Ultrasound Obstetr Gynecol. (2013) 42:77–83. doi: 10.1002/uog.12445

 41. Ali K, Dassios T, Khaliq SA, Williams EE, Tamura K, Davenport M, et al. Outcomes of infants with congenital diaphragmatic hernia by side of defect in the FETO era. Pediatr Surg Int. (2019) 35:743–7. doi: 10.1007/s00383-019-04484-3

 42. Jawaid W, Qasem E, Jones M, Shaw N, Losty P. Outcomes following prosthetic patch repair in newborns with congenital diaphragmatic hernia. Br J Surg. (2013) 100:1833–7. doi: 10.1002/bjs.9306

 43. Raffaeli G, Ghirardello S, Vanzati M, Baracetti C, Canesi F, Conigliaro F, et al. Start a neonatal extracorporeal membrane oxygenation program: a multistep team training. Front Pediatr. (2018) 6:151. doi: 10.3389/fped.2018.00151

 44. Wild KT, Rintoul N, Kattan J, Gray B, Keene S, Best D, et al. Extracorporeal Life Support Organization (ELSO): guidelines for neonatal respiratory failure. Asaio Journal. (2020) 66:463–70.

 45. Macchini F, Di Cesare A, Morandi A, Ichino M, Raffaeli G, Conigliaro F, et al. Surgical expertise in neonatal extracorporeal membrane oxygenation (ECMO): a single center experience. Front Pediatr. (2019) 7:398. doi: 10.3389/fped.2019.00398

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Amodeo, Pesenti, Raffaeli, Macchini, Condò, Borzani, Persico, Fabietti, Bischetti, Colli, Ghirardello, Gangi, Colnaghi, Mosca and Cavallaro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 27 October 2021
doi: 10.3389/fped.2021.729054






[image: image2]

Persisting Motor Function Problems in School-Aged Survivors of Congenital Diaphragmatic Hernia

Sophie de Munck1, Monique H. M. van der Cammen-van Zijp1, Tabitha P. L. Zanen-van den Adel2, René M. H. Wijnen1, Suzan C. M. Cochius-den Otter1, Neeltje E. M. van Haren3, Saskia J. Gischler1, Joost van Rosmalen4,5 and Hanneke IJsselstijn1*


1Department of Pediatric Surgery and Pediatric Intensive Care, Erasmus MC Sophia Children's Hospital, Rotterdam, Netherlands

2Department of Orthopedics, Section of Physical Therapy, Erasmus MC Sophia Children's Hospital, Rotterdam, Netherlands

3Department of Child and Adolescent Psychiatry and Psychology, Erasmus MC Sophia Children's Hospital, Rotterdam, Netherlands

4Department of Biostatistics, Erasmus MC, Rotterdam, Netherlands

5Department of Epidemiology, Erasmus MC, Rotterdam, Netherlands

Edited by:
Thomas Schaible, University of Heidelberg, Germany

Reviewed by:
Hanifi Soylu, Selcuk University, Turkey
 Silvia Salvatore, University of Insubria, Italy

*Correspondence: Hanneke IJsselstijn, h.ijsselstijn@erasmusmc.nl

Specialty section: This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

Received: 22 June 2021
 Accepted: 01 October 2021
 Published: 27 October 2021

Citation: de Munck S, van der Cammen-van Zijp MHM, Zanen-van den Adel TPL, Wijnen RMH, Cochius-den Otter SCM, van Haren NEM, Gischler SJ, van Rosmalen J and IJsselstijn H (2021) Persisting Motor Function Problems in School-Aged Survivors of Congenital Diaphragmatic Hernia. Front. Pediatr. 9:729054. doi: 10.3389/fped.2021.729054



Background and Objectives: Children born with congenital diaphragmatic hernia (CDH) and treated with extracorporeal membrane oxygenation (ECMO), are at risk for motor function impairment during childhood. We hypothesized that all children born with CDH are at risk for persistent motor function impairment, irrespective of ECMO-treatment. We longitudinally assessed these children's motor function.

Methods: Children with CDH with and without ECMO-treatment, born 1999–2007, who joined our structural prospective follow-up program were assessed with the Movement Assessment Battery for Children (M-ABC) at 5, 8, 12 years. Z-scores were used in a general linear model for longitudinal analysis.

Results: We included 55 children, of whom 25 had been treated with ECMO. Forty-three (78%) were evaluated at three ages. Estimated mean (95% CI) z-scores from the general linear model were −0.67 (−0.96 to −0.39) at 5 years of age, −0.35 (−0.65 to −0.05) at 8 years, and −0.46 (−0.76 to −0.17) at 12 years. The 5- and 8-years scores differed significantly (p = 0.02). Motor development was significantly below the norm in non-ECMO treated patients at five years; −0.44 (−0.83 to −0.05), and at all ages in the ECMO-treated-patients: −0.90 (−1.32 to −0.49), −0.45 (−0.90 to −0.02) and −0.75 (−1.2 to −0.34) at 5, 8, and 12 years, respectively. Length of hospital stay was negatively associated with estimated total z-score M-ABC (p = 0.004 multivariate analysis).

Conclusion: School-age children born with CDH are at risk for motor function impairment, which persists in those who received ECMO-treatment. Especially for them long-term follow up is recommended.

Keywords: congenital diaphragmatic hernia, motor function, development, critical illness, follow-up


INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare anomaly with a prevalence of 2.3 per 10,000 births (1). This anomaly brings along a broad spectrum of problems, of which lung hypoplasia and pulmonary hypertension contribute considerably to the mortality rate of ~28% (2). Over the last decade, improved treatment of CDH has increased the survival rates as well as the prevalence of long-term morbidity (1, 3). The latter may last into adolescence and beyond, affecting several domains of development (4, 5). Among all domains, motor impairment is frequently reported, and gross motor function deficits in particular (3). This is of concern, given that motor impairments may affect the child's life on multiple levels, such as not being fully able to participate in sports and lagging behind one's peers. The underlying cause of these impairments remains unknown; yet, a number of determinants have been suggested, disease- as well as treatment-related (6–8). Nevertheless, the identification of specific risk factors might help to develop a tool for risk stratification. Survivors of CDH are already at risk for motor delay in the first years of life (9), although contradictory results on motor development in toddlers born with CDH have been published (10, 11). Aged 5 and 8 years, children born with CDH have been found to be at risk for impaired motor function, regardless of having received extracorporeal membrane oxygenation (ECMO) treatment (6, 12). In a longitudinal study concerning motor development in children with a variety of diagnoses treated with ECMO, the ones diagnosed with CDH appeared to be at the highest risk of impaired motor function (8). However, the course of motor function impairment over time in the complete spectrum of CDH-survivors is yet to be discovered (3). We hypothesized that children born with CDH are at risk for longitudinal motor function impairment. We longitudinally studied motor function, establishing total scores on motor function as well as subskills scores, together with its determinants, in a population of CDH-survivors treated either with or without ECMO.



METHODS


Patients

All children born with CDH between January 1999 and November 2007, and who had joined our prospective follow-up program in the Erasmus MC Sophia Children's Hospital, were included. This program involves assessment by an experienced pediatric physical therapist at ages 30 months, 5, 8, 12, and 17 years, including motor performance up till 12 years of age, and exercise capacity up till 17 years of age (6, 8, 13). In case of emerging motor problems, children are offered extra help; e.g., referral for physical therapy. For this study, we analyzed motor function outcomes at 5, 8, and 12 years of age. The children included in the study had all undergone at least one assessment of motor function. For organizational reasons, the assessment at 12 years of age was discontinued for non-ECMO treated patients between 2011 and 2013. Data were collected until January 2020.



Exclusion Criteria

Children were excluded if they had been diagnosed with CDH later than seven days post-partum or when the anomaly appeared to be a para-esophageal hernia or a diaphragmatic eventration. Children who could not be reliably assessed, e.g. those with a chromosomal disorder known to affect motor performance or with severe neurodevelopmental impairment, were excluded as well. As ruled by the Erasmus MC Medical Ethics Review Board, this study was exempt from the Dutch Medical Research Involving Human Subjects Act. Therefore, Medical Ethics Review Board approval was waived (MEC-2020-0551). Data acquisition took place as part of routine clinical care. Parents of included children were informed that data were evaluated.



Motor Function Assessment

Both the first and the second version of the Movement Assessment Battery for Children (M-ABC), validated for children from 3 to 16 of age, were used to assess motor performance (14, 15). The original norm scores and cutoff values are applicable to Dutch children (15). Between March 2004 and October 2012, we used the first version of the M-ABC, and from November 2012 onwards the M-ABC-2. From here on, the term M-ABC refers to both versions, whose content is similar and assumed to be comparable (16, 17). The M-ABC is divided in three age bands. Each band contains age-appropriate tests covering three domains: manual dexterity (3 items), ball skills (2 items) and balance skills (3 items).



Characteristics

We recorded the following perinatal characteristics: gender, birthweight (grams), gestational age (weeks), inborn (yes/no; yes if born in our hospital or other CDH center), prenatal diagnosis (yes/no), side of the defect, age at surgery (days), primary closure of defect (yes/no), duration of initial ventilation (days), duration of initial stay at the pediatric intensive care unit (PICU) (days), duration of initial hospital stay (days), cardiac malformations (yes/no; recorded if follow up by a pediatric cardiologist was necessary), treatment with inhaled nitric oxide (yes/no), chronic lung disease (CLD) (18), sepsis during initial hospital stay (defined as clinical suspicion confirmed with positive blood culture), ECMO-treatment (yes/no), age at start ECMO (hours), and duration of ECMO-treatment (hours), and maternal education level as classified by the International Standard Classification of Education (19).

At follow-up, the following characteristics were collected: weight-for-height z-score (20), having obtained a swimming certificate, sports participation (yes/no, yes if at least once a week, other than gymnastics at school). All characteristics were retrieved from electronic patient files.



Statistical Analysis

Mann-Whitney U tests were used to compare continuous data of participants and non-participants, who were lost to follow up, as well as data of ECMO-treated and non-ECMO treated patients; chi-square tests were used for categorical data. All statistical tests were two-sided with a significance level of 0.05.

Raw scores from the M-ABC assessment were converted to percentile scores for clinical interpretation. For both versions of the M-ABC, a score equal to or below the fifth percentile indicates a definite motor problem. Therefore, we classified children as those who have a definite motor problem and those who have not (14, 15). The chi-square test was used to compare outcome proportions in our sample of CDH patients with normative proportions. To combine scores of both M-ABC versions, the analysis was based on the percentile scores of the M-ABC, and a probit transformation (i.e., inverse normal transformation) was performed to transform the percentile scores into z-scores (16).

For the longitudinal analysis of motor development over the years, we used general linear models (GLM) for repeated measurements. An advantage of GLM is that it accounts for data that are missing at random. The dependent variable in this model is the z-scores of the M-ABC. Age (coded as a categorical variable), ECMO treatment (yes/no) and their interaction effect were included as independent variables. Mean values of the M-ABC were compared between age groups, for the entire sample and stratified by ECMO group, using the estimated marginal means of this model. The determinants birthweight, CLD, initial hospital stay, primary closure of defect, sports participation and weight-for-height z-score at follow up were added to this model as independent variables, first one by one for univariate analyses and eventually all together for multivariate analysis. An unstructured covariance matrix was assumed to account for the within-patient correlations between the three age groups.




RESULTS

Between January 1999 and December 2007, 120 children born with CDH were admitted to our PICU, of whom 81 (68%) survived to date. After applying the exclusion criteria, 64 patients were eligible for this study, of whom 9 were not assessed for various reasons, resulting in 55 participants. This number includes two participants of our program who were born in another CDH-center (Figure 1). The clinical baseline characteristics of the participants did not differ significantly from those of the non-participants who were lost to follow up, but the frequencies of several characteristics differed significantly between ECMO-treated and non-ECMO-treated participants, such as length of stay and treatment with inhaled nitric oxide (Table 1). At twelve years of age, 52 children (94.5%) had obtained a swimming certificate.


[image: Figure 1]
FIGURE 1. Flowchart of inclusion and exclusion of study participants. CDH, congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation; PMR, psychomotor retardation; M-ABC, Motor-Assessment Battery for Children. * Organizational reasons, in the years 2011–2013, the assessment at 12 years of age was discontinued for non-ECMO-treated patients.



Table 1. Background characteristics.
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Longitudinal Evaluation

The longitudinal M-ABC results of the total group had improved significantly from age 5 (estimated marginal mean z-score −0.67, 95% CI −0.96 to −0.39) towards age 8 (−0.35, 95% CI −0.65 to −0.05), resulting in a mean difference of 0.32 (p = 0.02), followed by a score of −0.46 at age 12 years (95% CI −0.76 to −0.17). For the non-ECMO treated patients, no significant differences in M-ABC scores were found between ages. The estimated marginal mean z-score was −0.44 at 5 years of age (95% CI −0.83 to −0.05), −0.25 at 8 years of age (95% CI −0.65 to 0.16) and −0.18 at 12 years of age (95% CI −0.59 to 0.24). For the ECMO-treated patients, the estimated marginal mean z-score increased significantly from age 5 to age 8 years, from −0.91 (95% CI −1.33 to −0.49) to −0.46 (95% CI −0.90 to −0.02), resulting in a mean difference of −0.45; (p = 0.03) and declined at age 12 years (−0.75, 95% CI −1.17 to −0.34) (Figure 2).


[image: Figure 2]
FIGURE 2. Longitudinal motor function performance in ECMO-treated and non-ECMO-treated children with CDH. Data shown are estimated mean z-scores of the M-ABC with 95% CIs. Circles, ECMO-treated children; triangles, non-ECMO-treated children. *For the ECMO-treated patients, scores differed significantly from age 5 to age 8 years, (p = 0.03).




Proportions of Motor Domain Scores Compared to Norm Population

At all three ages, the proportion of ECMO-treated children with a normal total impairment score was significantly lower than in the norm population (chi-square, all p < 0.01; Table 2).


Table 2. Characteristics and results at follow up.
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Concerning subskills, ECMO-treated children performed significantly worse than the norm population on manual dexterity at ages 8 and 12 years (p = 0.01 and p < 0.001, respectively) and on balance skills at ages 5 and 8 years (p < 0.001 and p = 0.01, respectively). Ball skills were significantly affected in the non-ECMO treated group at age 12 years (p = 0.003) (Table 2).



Associations

Both in univariate and multivariate analysis, the length of hospital stay was negatively associated with the total z-score of M-ABC (p = 0.001 univariate analysis; p = 0.004 multivariate analysis), whereas the other variables were not significantly associated with outcome (Table 3).


Table 3. Possible determinants of motor performance in the total group of children with CDH.
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DISCUSSION

To the best of our knowledge, this is the first study to longitudinally evaluate the course of motor function in school-aged CDH survivors. We distinguished between those who had been treated with ECMO and those who had not, since it had been shown before that ECMO-treated CDH patients were at risk for impaired motor function (8). Strikingly, at ages 8 and 12 years, the estimated mean z-scores for motor function in non-ECMO-treated participants were not significantly lower than the norm scores, whereas the scores of those treated with ECMO were. At five years of age, scores in both groups were significantly lower than the norm. In multivariate analysis, length of hospital stay was independently associated with poorer motor outcome.

Several groups have studied motor function in children with CDH. Tureczek and co-workers cross-sectionally studied outcome in 3-to-16-year-old non-ECMO-treated children born with CDH. They found that younger children, up till age five years, performed better than older children on adaptive fine and gross motor components, although this finding might have been due to the application of different tests at the various ages (21). Danzer and co-workers longitudinally evaluated motor performance within the first three years of life of children born with CDH, and reported average motor function in the majority of children (10). Church and co-workers performed a retrospective observational study in CDH survivors aged from 4 months to 7.5 years old and found overall motor function to be below average, mainly due to gross motor problems (7). Overall, despite the variability in type of assessment and age of testing, all studies in CDH survivors are consistent in the occurrence of gross motor problems.

Earlier studies in CDH as well as ECMO-survivors revealed need for methadone, CLD and lower observed-to-expected total fetal lung volume as determinants for motor function problems (6–8). In our study, length of hospital was negatively associated with motor function, whereas CLD was not. This association has previously been found in survivors of CDH at toddler age (9, 10). The results of our multivariable analysis suggest that the z-score of M-ABC decreases with 0.01 for every week of initial hospitalization, but our model does not allow to determine a critical threshold of length of hospital stay to predict need of follow-up of motor function. Nevertheless, we propose that risk-stratification should not rely solely on ECMO-treatment, but include length of hospital stay as well. Longer length of stay itself might not be contributive to impaired motor function; it rather reflects severity of disease with underlying problems, such as pulmonary hypertension and failure to thrive.

The five-year-olds in our study appeared to be at risk for poor motor functioning, but motor performance improved thereafter – especially in CDH-survivors who had not received ECMO-treatment. Our data do not allow to conclude what actually has contributed to the improvement, although enrolment in our longitudinal follow-up program, with more timely referral to pediatric physical therapists and active stimulation to sports participation, is likely to have contributed (6, 8, 12, 22).

A few issues relating to this study need to be addressed. First, all but one of the included children underwent laparotomy, which in the study period (1999–2007) was standard of care for surgical correction of CDH. Nowadays, more infants undergo minimal access surgery (23). The question whether gross motor function might be affected by impaired truncal muscle strength after laparotomy has not yet been answered, but deserves further investigation. Second, children with CDH born today are treated with a standardized perinatal protocol introduced in 2008 (24). This protocol resulted in a decline in both mortality and need for ECMO (25, 26). Moreover, CDH is more and more predicted prenatally through standardized ultrasound examination at 20 weeks gestational age. The large majority of the participants in our study were born before the introduction of the protocol and the standardized ultrasound, so that the studied children overall are not fully representative of patients born today.

Although we have previously reported that CDH survivors at school age are at risk for pulmonary morbidity (27), we did not include data concerning lung function. In a randomized controlled trial involving CDH patients with airflow obstruction, we concluded that both exercise tolerance and motor function improved irrespective of intervention, and that parental awareness of reduced exercise capacity rather than specific interventions may have contributed to the improvement (28). This might indicate that lifestyle factors, rather than decreased lung function, contribute to impaired motor function.

Regarding awareness, both the child and its parents tend overestimate the child's motor competence as compared to the results of the M-ABC (29, 30). After having seen their child in a state of critical illness, the urge for well-developed motor function might seem futile to parents (29). Additionally, some parents might consider their child too vulnerable to actively participate in sports. Yet, this underlines the importance of comprehensive counseling of parents.

Moreover, treatment-related causes of motor function impairment might play a role, too. Abnormal cerebral ultrasound findings are not uncommon in this group, especially in ECMO-treated patients, although those findings are not linked to motor development yet (8, 31). Future studies concerning outcome should include the results of close neuromonitoring, as is currently being done in the NEMO-trial (NTR7160), which aims to gain more insight in the physiology of the brain of CDH-patients perioperatively. Also, neuroimaging during the period of critical illness as determinant for future motor development could be of use, to allow detailed risk stratification and prognostication.

Several limitations of our study must be taken into account. First, over the study period, two consecutive versions of the M-ABC were applied. Nevertheless, converting the scores to z-scores allowed comparison between test results (16). Second, this is a single-center study, which limits the transferability of the results. Third, we did not include a score for critical illness, which limited the identification of predictive determinants for impaired motor function. In a previous study by our group, the vaso-active inotropic score (VIS) was found to be predictive of neurocognitive outcome in ECMO-treated patients, and we therefore recommend to take this score into account in further studies concerning development (32). Until 2005 cumulative drug doses were lacking as digital records were unavailable. We were therefore unable to properly retrieve data and calculate VIS for our cohort. Other factors that might have been of interest but were not taken into account in our analyses were social and environmental characteristics, such as time outdoors, availability of toys and space to play, which have been reported to influence motor development (33, 34). We were unable to use those since these data were not collected in the past. However, taking into account the sociodemographic background of the participants (ISCED level mother, Table 1) and the policy of the Dutch government to stimulate sports and swimming classes for low income families, we think that this may not have had an important role. Moreover, we did not investigate cognitive competence and school achievement in this study. Yet, our group has previously studied neurocognitive outcome in school-aged CDH-survivors with and without ECMO, and found problems on several neurocognitive domains. Therefore, persisting problems on several neurodevelopmental domains, such as motor and cognitive function, warrant further evaluation regarding the growing into deficit theory (32).

The strengths of our study can be found in the relatively large cohort with a follow up of 12 years, and the fact that 86% of the eligible candidates actually participated in our follow-up. We found no evidence for selection bias, since the baseline characteristics between the non-participants and participants did not significantly differ.



CONCLUSION

In conclusion, children born with CDH are at risk for motor function impairment at the age of five, and impairment may persist up till 12 years of age in those who were treated with ECMO. Length of hospital stay appeared to be an independent risk factor for impaired motor function. Early recognition of motor problems and timely referral to pediatric physical therapists could help prevent worsening. A clinical implication of our findings is that motor function should be monitored up to five years of age in all CDH-survivors. The decision to extend follow up until adolescence should take both need for ECMO-treatment and prolonged hospital stay into account.
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Congenital diaphragmatic hernia (CDH) is a life-threatening birth defect that presents as either an isolated diaphragm defect or as part of a complex disorder with a wide array of anomalies (complex CDH). Some patients with complex CDH display distinct craniofacial anomalies such as craniofrontonasal dysplasia or craniosynostosis, defined by the premature closure of cranial sutures. Using clinical whole exome sequencing (WES), we found a BCL11B missense variant in a patient with a left-sided congenital diaphragmatic hernia as well as sagittal suture craniosynostosis. We applied targeted sequencing of BCL11B in patients with craniosynostosis or with a combination of craniosynostosis and CDH. This resulted in three additional BCL11B missense mutations in patients with craniosynostosis. The phenotype of the patient with both CDH as well as craniosynostosis was similar to the phenotype of previously reported patients with BCL11B missense mutations. Although these findings imply that both craniosynostosis as well as CDH may be associated with BCL11B mutations, further studies are required to establish whether BCL11B variants are causative mutations for both conditions or if our finding was coincidental.

Keywords: case report, craniosynostosis, congenital diaphragmatic hernia (CDH), BCL11B, craniosynostosis syndromes


INTRODUCTION

The genetic etiology of congenital diaphragmatic hernia (CDH) is complex. Structural variants, small and large insertions or deletions and single-nucleotide variants (SNVs) in over a 100 genes have been associated with CDH (1). Only a few of these genes are mutated recurrently in multiple individuals and even then the phenotype can differ largely due to incomplete penetrance. CDH has a prevalence of 2.3–2.7 per 10.000 live births (2–4) and can present as isolated CDH or in association with additional congenital anomalies (non-isolated CDH or complex CDH), as seen in ~40 (5) to 49% (6) of the cases. Complex CDH may present as part of a recognizable genetic syndrome, chromosome abnormality, or a collection of major congenital malformations. One of the less common malformations in patients with CDH are craniofacial anomalies and in particular craniosynostosis.

Although less common in syndromes associated with complex CDH, several studies have described syndromes such as Apert's syndrome and Craniofrontonasal syndrome, that include both CDH as well as craniosynostosis as cardinal or relatively common features (7–22). Craniosynostosis, a developmental disorder defined by the premature fusion of one or more sutures, has a prevalence of 7.2 per 10,000 live births (23). It can be divided into non-syndromic and syndromic craniosynostosis, with syndromic craniosynostosis being characterized by additional congenital anomalies, such as limb anomalies and neurodevelopmental delays (24, 25). As part of our standard clinical care, all patients diagnosed with craniosynostosis are offered targeted genetic analysis (26). In a female patient with both CDH as well as craniosynostosis, we observed a genetic variant of the B cell leukemia 11b gene (BCL11B; OMIM 606558) resulting in an amino acid change at position 667 [p.(Gly667Glu)].

Searching the literature for BCL11B mutations we found several case reports. First, a case report described a male patient with a heterozygous de novo missense BCL11B mutation (p.Asn441Lys), who presented with severe combined immunodeficiency as well as neurological, dermal and facial dysmorphisms including hypertelorism, short palpebral fissures and micrognathia (27). Second, a study reported on 13 patients with heterozygous germline mutations in BCL11B (28). Most of these patients presented with neurodevelopmental disorders and immunodeficiency with reduced type 2 innate lymphoid cell and were carriers of loss of function mutations in BCL11B. However, in the most severely affected patient (patient EII-I) a missense BCL11B mutation p.(Asn807Lys) was found. This patient had a similar phenotype as compared to the first patient described by Punwani et al. (27) including a myopathic facial appearance, hypertelorism and small palpebral fissures. Neither study reported on the presence of craniosynostosis or CDH although craniofacial anomalies were described for patient EII-I and are apparent for the patient described by Punwani et al. (27). However, we previously discovered a de novo BCL11B missense mutation in exon 1 which encodes for [p.(Arg3Ser)] in a male patient with unilateral coronal suture craniosynostosis (29). In addition, a de novo BCL11B missense mutation in exon 4 [p.(Arg350Cys)] was reported in a patient who presented with CDH, an abnormal optic nerve, increased intraocular pressure and scoliosis (30). These findings suggest that both craniosynostosis as well as CDH may be associated with BCL11B missense mutations.

For this report, we selected patients who had undergone genetic testing with craniosynostosis or combined CDH and craniosynostosis from the Erasmus MC- Sophia Children's hospital. This search resulted in three additional BCL11B missense variants. In this report we present the clinical reports of these four new patients with BCL11B variants and a brief review of disorders that are characterized by both CDH as well as craniosynostosis. Informed consent to publish case descriptions and images was obtained from patients, and/or their parents if applicable. All genetic information is provided according to the HGNC guidelines (31).



CLINICAL REPORTS


Patient A

Patient A [NM_138576.3(BCL11B):c.2000G>A, p.(Gly667Glu)], a 30 year old female, is the third child of healthy non-consanguineous parents, born at 41 weeks of gestation with a birth weight of ~2,200 g, following an uncomplicated pregnancy. Shortly after birth, the patient developed severe respiratory insufficiency, resulting in apnea and asystole. After resuscitation, the patient was transferred to our tertiary care center. She presented with left-sided CDH, resulting in respiratory insufficiency and pulmonary hypertension, for which she underwent surgery the second day after birth. She was weaned off respiratory support after 2 weeks. She showed several dysmorphic features including, slight ocular proptosis, hypertelorism, down slanting palpebral fissures, ptosis, arched eyebrows, and syndactyly of the second and third toes of both feet (Figures 1A–C). In addition, she suffered from feeding difficulties and gastroesophageal reflux due to pyloric stenosis, which was surgically corrected at the age of 2 months. She remained hypotonic and developed psychomotor delays during the first year of life. At the age of 11 months she was diagnosed with progressive sagittal suture craniosynostosis, for which she underwent surgery at the ages of 14 and 16 months. During surgery part of the calvarium looked abnormal and was sent for pathological investigation, revealing a capillary and cavernous hemangioma. She developed divergent strabismus, latent nystagmus, hypermetropia and astigmatism, and suffered from recurrent episodes of pneumonia, sinusitis and rhinitis. She showed no signs of severe cognitive impairment.


[image: Figure 1]
FIGURE 1. Clinical features. Photos published with consent. (A–C) Pre-operative features of patient A at the age of 14 months. Historic pre-operative radiological imaging could not be retrieved of the CDH and craniosynostosis. (D–I) Pre-operative features and 3DCT-scan imaging of patient B at the age of 1 and 6 months, respectively. (J–L) Pre-operative features of patient C at the age of 12 months. Historic pre-operative radiological imaging of the craniosynostosis could not be retrieved. (M–R) Pre-operative features and 3DCT-scan imaging of patient D at the age of 2 months.




Patient B

Patient B [NM_138576.3(BCL11B): c.1744G>A, p.(Gly582Ser)], a 16 year old male, is the second child of unaffected non-consanguineous parents. He was born at 40 weeks of gestation, with a birth weight of 3,710 g. He presented with craniosynostosis of the sagittal suture and both lambdoid sutures, for which he underwent surgery at the age of 6 months. In addition, he suffered from an incomplete left-sided unilateral cleft lip including the alveolar arch, which was surgically corrected in three stages (at the ages of 6 months, 6, and 11 years). He showed several dysmorphic features, including frontal bossing, down-slanting palpebral fissures, hypotelorism, mild webbing of the neck, and hyperpigmentation on the left shoulder (Figures 1D–I). Magnetic Resonance Imaging (MRI) of the brain at the age of 8 years showed a Chiari I malformation. Ophthalmological assessment revealed astigmatism and myopia. He developed a proportionate short stature of −2.5 to 2 SD with delayed bone age, for which puberty was postponed using leuprorelin and letrozole. He had no neurodevelopmental delays. Motor and speech development were within normal range although he required speech therapy and physical therapy. He developed Kawasaki disease at the age of 7 years, which responded well to intravenous immunoglobulins. At the age of 16 years he underwent a second cranial vault surgery including biparietal expansion and occipital decompression. He did not suffer from frequent infections.



Patient C

Patient C [NM_138576.3(BCL11B):c.2018C>G, p.(Pro673Arg)], a 30 year old female, is the child of non-consanguineous phenotypically normal parents. A sibling and paternal half-sibling are both healthy. She presented with left-sided unicoronal craniosynostosis, for which she underwent surgery at the age of 14 months. She developed no neurodevelopmental delays and did not suffer from recurrent infections to our knowledge, although the cranial vault operation was postponed twice due to upper airway infections. She required glasses from the age of 8 years onwards. She did not display any evident dysmorphic features with the exception of mild vertical orbital dystopia (Figures 1J–L).



Patient D

Patient D [NM_138576.3(BCL11B):c.1265C>T, p.(Pro422Leu)], a 2 year old male, is the second child of unaffected non-consanguineous parents. In addition, the patient has two unaffected paternal half-siblings. He was born with a birth weight of 4,230 g at 41.3 weeks of gestation. He was born with the umbilical cord wrapped around his neck but recovered well after stimulation and did not require oxygen support. The pregnancy was otherwise uncomplicated. He presented with craniosynostosis of the sagittal suture at the outpatient clinic at the age of 3 months for which he underwent spring-assisted surgery at the age of 6 months. He had no neurodevelopmental delays and did not suffer from recurrent infections. Dysmorphic features were mild and included thick alae nasi and mild retrognathia with an overbite (Figures 1M–R).




OVERVIEW OF PATIENTS WITH BCL11B MISSENSE MUTATIONS AND VARIANTS

An overview of all patients described above, including genetic and phenotypic information of each patient can be found in Table 1. In addition, it shows the previously described patients with BCL11B missense mutations. Phenotypical features vary heavily among patients. The patient, reported by Goos et al. (29), displayed a similar phenotype to our Patient C, with both patients presenting with coronal suture synostosis without neurodevelopmental delays or other severe associated features. Patient A and patient B, are more similar to patients reported by Punwani et al. (27) and Lessel et al. (28). They have a more severe phenotype, presenting with a combination of multi-sutural craniosynostosis, CDH and cleft. In an additional study, one patient with a de novo BCL11B missense mutation [p.(Arg350Cys)] was reported to have presented with complex CDH (30). All cases summarized above have missense variants in exon 4 with the exception of the patient reported by Goos et al. (29), who had a de novo missense mutation of exon 1.


Table 1. Case descriptions of patients with BCL11B missense variants: genetic and phenotypical features.
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DISCUSSION

In this study, we present four new patients with missense variants in BCL11B (Patient A: p.(Gly667Glu); Patient B: p. (Gly582Ser); Patient C: p. (Pro673Arg); Patient D: p.(Pro422Leu). Patient A displayed both CDH as well as craniosynostosis of the sagittal suture. The other three patients were diagnosed with craniosynostosis without a diaphragm defect. To our knowledge, this is the second study to report on craniosynostosis in patients with BCL11B mutations and the first to report on the co-occurrence of CDH and craniosynostosis in a patient with a missense BCL11B variant. Based on our current cohort of patients with BCL11B missense variants, the phenotype associated with BCL11B mutations is highly variable. Clinical features range from isolated craniosynostosis to CDH, severe immunological deficiencies and neurodevelopmental delays (Table 1).

BCL11B has a key function in fetal development and is involved in a multitude of systems and pathways (35). In line with this, many patients with BCL11B missense mutations are reported to suffer from a wide array of clinical anomalies (27, 28). In addition to altered craniofacial development, mutations, mostly loss of function mutations in BCL11B, have been reported to affect neurodevelopment as well as the development of the immune system, skin and the teeth (27–29, 36–49). In mice models, BCL11B is key in regulating suture patency, with a single disrupted allele causing synostosis (36). Goos et al. further investigated BCL11B variants in relation to craniosynostosis (29). A mouse model confirmed that the de novo BCL11B missense mutation (p.Arg3Ser) in their patient could have a causative effect on the development of craniosynostosis. Furthermore, they found several rare variants in a British cohort of craniosynostosis patients. However, these variants were dismissed as polymorphisms because of low impact or because they were inherited from a healthy parent. The authors suggest that only a specific subset of BCL11B mutations may cause craniosynostosis.

Our patients inherited the BCL11B variants from phenotypically normal parents. This could suggest incomplete penetrance, which may be similar to other craniosynostosis syndromes such as TCF12 and SMAD 6-related craniosynostosis and could potentially complicate genetic counseling (32, 50–52). Notably, patients reported in previous BCL11B studies mainly were carriers of de novo mutations. Although Combined Annotation Dependent Depletion (CADD) scores in our patients vary, patient A, C and D are in the same range as CADD scores of variants previously reported (27–29, 33, 34). Although a low CADD score could potentially indicate a benign variant, it is remarkable that four patients have now presented with craniosynostosis bearing a missense variant in exon 4 of BCL11B. Expression of this missense variant in blood excluded non-sense mediated RNA decay in patients A and B. Hence a dominant negative effect or an altered function of the mutated protein could be an explanation of the more severe phenotype.

To our knowledge, only one previous study reported on a patient with a CDH with a BCL11B missense mutation [p.(Arg350Cys); CADD score: 31] (30). We now report on a second patient with a BCL11B missense variant in exon 4 with CDH. Although further studies remain necessary to assess if BCL11B is a causative factor in this CDH phenotype the fact that BCL11B is involved in pathways that overlap with pathways that have been previously linked to CDH support this observation. BCL11B likely interacts with a CDH causative gene (NR2F2) as well as with other CDH candidate genes (CREBBP, EP300, CHD4) (1, 53). The genetic etiologies of both CDH and craniosynostosis are highly complex and definitive genetic pathways remain to be further elucidated. Although the combination of CDH and craniosynostosis is rare, the fact that multiple syndromes are associated with both craniosynostosis and CDH suggests a possible overlap between craniosynostosis and CDH pathways. For instance, NR2F2, a causative CDH gene with which BCL11B has been shown to interact (54, 55), appears to have a function in mesenchymal cell differentiation in embryogenesis including a regulatory function in myogenesis, chondrogenesis, and osteogenesis (56). These processes are disturbed in CDH and craniosynostosis. NR2F2 also regulates Runx2, which has been reported to be overexpressed in some types of craniosynostosis, and has a function in the retinoic acid signaling pathway regulation, which is key in the development of CDH (1, 56–61). Further studies are needed to establish definitive CDH and craniosynostosis pathways and to assess if these pathways are interlinked.

The phenotype of our patients is similar to previously reported clinical phenotypes of patients with BCL11B missense mutations, which included craniosynostosis and CDH (6, 27, 28). Therefore, it is implied that both CDH and craniosynostosis may be features associated with BCL11B missense mutations. Further functional studies are required to assess if these variants are coincidental findings or if they indeed have a causative effect on craniosynostosis and CDH.

Patients with missense mutations in BCL11B appear to be affected more severely than patients with loss of function or other types of BCL11B mutations (28). In a previous study, the most severely affected patient carried a missense mutation in a zinc-finger domain in exon 4 (patient EII-I, Table 1) (28). BCL11B encodes for a zing finger protein transcription factor and function both as a transcriptional activator as well as a repressor (35, 62). Lessel et al. hypothesized that these missense mutations may not only lead to a loss of DNA binding but also to novel DNA binding sites in other genes (28). Similar observations were made in a previous study, which demonstrated that a mutation p.(Asn441Lys) led to both decreased binding of BCL11B to original target DNA sites as well as to the promotion of novel target DNA binding sites (27). We hypothesize that also these BCL11B missense variants may either have a dominant negative effect or induce new target genes, thereby causing a more severe phenotype in patients with these missense variants /mutations as compared to eg loss of function type of mutations. Future studies should further examine the in vivo effect of these specific BCL11B mutations in animal models to establish if the described variants are indeed disease causing mutants or coincidental findings, as shown by Goos et al. for the mutation in their patient (29).

Although we are the first to report on the co-occurrence of CDH and craniosynostosis in a patient with a BCL11B missense mutation, the co-occurrence of CDH and craniosynostosis has been described previously for several syndromes, such as Apert's syndrome and craniofrontonasal syndrome (7–22). Craniosynostosis syndromes comprise ~30% of all craniosynostosis cases (63). Syndromic craniosynostosis is highly heterogeneous and is often associated with extracranial anomalies, including neurologic, limb, ophthalmologic and cardiac anomalies. Most craniosynostosis syndromes have an autosomal dominant inheritance pattern, although many cases arise from de novo mutations (32, 64). We conducted a literature search to identify which craniosynostosis syndromes are associated with CDH. We found nine syndromes to include both CDH as well as craniosynostosis as an associated feature, based on searches in OMIM, Medline, Science Direct and a gray literature search in Google Scholar. Table 2A summarizes the genetic anomalies as well as the main features of each syndrome reported to include both craniosynostosis as well as CDH. In addition, we found seven isolated case reports that describe patients presenting with both craniosynostosis as well as CDH, which are shown in Table 2B. The supplemental information includes Table 2 with a full reference list. Although CDH appears to be a rare feature in craniosynostosis syndromes, craniosynostosis is often treatable with surgical intervention and has high survival rates. In contrast, CDH is a potentially lethal disorder and is associated strongly with poor long-term clinical outcome (66–68). Awareness of this rare feature in craniosynostosis syndromes therefore is key.


Table 2A. Overview of disorders characterized by co-occurrence of craniosynostosis and congenital diaphragmatic hernia.

[image: Table 2]


Table 2B. Isolated case reports on the co-occurrence of craniosynostosis and congenital diaphragmatic hernia.

[image: Table 2]



CONCLUSION

This report implies that both CDH as well as craniosynostosis are features of BCL11B missense mutations. However, further studies are required to establish if BCL11B missense mutations are indeed a causative factor or if our finding was coincidental.
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Congenital diaphragmatic hernia (CDH) is a structural birth defect characterized by a diaphragmatic defect, lung hypoplasia and structural vascular defects. In spite of recent developments, the pathogenesis of CDH is still poorly understood. CDH is a complex congenital disorder with multifactorial etiology consisting of genetic, cellular and mechanical factors. This review explores the cellular origin of CDH pathogenesis in the diaphragm and lungs and describes recent developments in basic and translational CDH research.
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INTRODUCTION

In the past 25 years, the general mortality rate of CDH has decreased to approximately 25%, but the mortality rate remained 50% in patients who receive extracorporeal membrane oxygenation (ECMO) (1, 2). In a recent study, CDH patients were categorized pre-ECMO in a low-risk, moderate-risk or high-risk cohort by their risk score (RS) for mortality, which is based on multiple risk factors, like location of the hernia and weight before ECMO (1). Change in individual likelihood of death overtime was different for each cohort: it was increased in the low risk group, decreased in the moderate risk group and unchanged in the high-risk group. Although the average survival of CDH patients increased in the past decades as a result of advancements in prenatal diagnosis, CDH pathogenesis remains still poorly understood. The main reason is that CDH is a complex congenital disorder with multifactorial etiology including genetic, cellular and environmental factors (3–5). In this review, we will discuss different tissues and cell types that are implicated in CDH pathogenesis and review recent developments in basic and translational research in CDH.



DIAPHRAGM/PPF

The diaphragm is an essential muscle that is critical for proper respiration and forms a barrier between the thoracic and abdominal cavities (6). The diaphragm develops from multiple embryonic sources. Of primary importance are the pleuroperitoneal folds (PPFs). The PPFs are paired transient pyramidal-shaped structures located between the thoracic (pleural) and abdominal (peritoneal) cavities. The PPFs expand dorsally and ventrally across the cranial surface of the liver to give rise to the diaphragm's muscle connective tissue and central tendon (7–9). The somites, segmental structures lying adjacent to the neural tube, are the source of the diaphragm muscle. Muscle progenitors emigrate from the cervical somites to the nascent PPFs and as the PPFs expand, the progenitors migrate and fuse into the radial array of costal myofibers (7–11). In addition, the diaphragm is innervated by nerves that arise from the C3-C5 segments of the neural tube and it is vascularized by endothelial cells derived from the somites and likely splanchnic lateral plate mesoderm (8–10).

The PPFs are essential for the morphogenesis of the diaphragm and defects in the PPFs lead to CDH. Experiments in mice genetically tracking the development of the PPFs have established that the expansion of the PPFs drives the overall morphogenesis of the diaphragm and guide diaphragm muscle development (7). Defects in the development of the PPFs are a significant source of CDH. Most CDH-implicated genes that have been examined are expressed in the PPF cells (7, 12–15). Mutations in CDH-implicated genes can lead to the incomplete expansion of the PPFs and thus lead to incompletely developed diaphragms that allow herniation of abdominal contents into thoracic cavity [e.g., (16)]. Alternatively, PPFs harboring mutations may be unable to signal to muscle progenitors [e.g., (7)], leading to defective progenitor migration to the PPFs, increased apoptosis, and/or decreased proliferation or differentiation into myofibers. In such scenarios, defects in the PPF cells lead to cell non-autonomous effects on neighboring muscle, resulting in weaker muscleless regions that allow herniation (7). To date, all evidence suggests that CDH arises from primary defects in the PPFs by either defective generation/migration of cell populations or impaired muscularization of the diaphragm, with little evidence to support a primary role for defects in muscle cells.



LUNG MESOTHELIUM

Pulmonary hypoplasia is another characteristic of CDH. Although a lower amount of alveolar type I cells have been identified in nitrofen-induced CDH (17, 18), the tissue that is primarily defective in CDH-associated hypoplasia is not yet clear. A potential cellular source in CDH pathogenesis is the lung mesothelium, which contributes to different cell populations in the lung and is important for proper mesenchymal growth. The pleural mesothelium is a monolayer of cells that forms a lining around the lungs and is derived from the embryonic mesoderm (19). Although mesothelial cells are mesenchymal in origin, they have epithelial characteristics (20). During development, pulmonary mesothelial cells (PMCs) undergo epithelial-mesenchymal transition and differentiate to contribute to different cell populations in the pulmonary mesenchyme under the influence of active hedgehog signaling (21).

Several studies reported conflicting data to what extent the embryonic mesothelium contributes to the pulmonary mesenchyme. These studies employed different Wilm's tumor 1 (Wt1)-dependent driver lines, which is a gene encoding a zinc finger transcription factor expressed in mesothelial cells and diaphragm and that is associated with CDH (22). Wt1-dependent lines were used to trace WT1+ mesothelial cells and analyzed the fate of the progeny at several time points, which most likely explains the variation in their results. Que et al. (23) reported that WT1+ lung mesothelial cells contribute to vascular smooth muscle cells (SMCs) and to alveoli, which were potentially interstitial fibroblasts, alveolar myofibroblasts or endothelial cells. Dixit et al. chose a conditional strategy to lineage trace Wt1-expressing mesothelial cells and reported contribution of PMCs to vascular and bronchial smooth muscle cells, as well as fibroblasts (21). Cano et al. (24) focused on the contribution of PMCs to different lung cell types during embryonic lung development and observed contribution to a wider range of cell types including endothelial cells, airway and vascular smooth muscle cells, pulmonary cartilage and fibroblasts. Lastly, Von Gise et al. (25) found that labeling WT1+ cells at E10.5 resulted in a small contribution to bronchial- and vascular smooth muscle cells, while the majority differentiated into PDGFRα+-fibroblasts or PDGFRβ+/NG2+-pericytes. Von Gise et al. (25) also showed that only fetal and not postnatal PMCs are capable of differentiating into pulmonary mesenchymal cell types. Postnatal PMCs remain in the mesothelial lining and do not migrate out or differentiate into other cell types. As such, postnatal PMCs do not seem to contribute to the lung parenchyma during normal lung homeostasis or after injury (25). In conclusion, mesothelial cells contribute to the bronchial- and vascular smooth muscle cell population as well as to fibroblasts and pericytes and that this only occurs during embryonic development and not postnatally (21, 25).

Besides being a progenitor source during lung development, the mesothelium also acts as a signaling source. One important pathway during development of the lungs is the FGF signaling pathway, in which FGF9 and FGF10 are essential (26). FGF10 is expressed in the lung mesenchyme, while FGF9 is expressed in the mesothelium and epithelium, signaling to the submesothelial- and subepithelial mesenchyme, respectively (27, 28). Mesothelial- and epithelial-produced FGFs have a different function: mesothelial-derived FGF9 is mainly responsible for mesenchymal growth by maintaining mesenchymal FGF-WNT/β-catenin signaling, whereas epithelial-derived FGF9 influences epithelial branching (29). One study reported reduced pulmonary FGF9 expression in the nitrofen-induced CDH rat model (30). However, recombinant co-cultures of fibroblasts and epithelial cells of nitrofen-treated- and control rats showed that not epithelial cells, but fibroblasts, are defective in nitrofen-induced hypoplastic lungs, showing decreased apoptosis and increased proliferation (31). Since the mesothelium is a source for mesenchymal fibroblasts (21, 23–25) and expresses FGF9 for the regulation of mesenchymal growth (29), the mesothelium is a potential source for CDH-associated lung hypoplasia.

Cano et al. (24) showed that homozygous Wt1 knock-out (Wt1−/−) mice had a CDH-like phenotype, abnormally fused lung lobes and reduced immunoreactivity for FGF9 in the pulmonary mesenchyme and mesothelium. A recent study reported similar findings and also reported an aberrant lung branching architecture already before closure of the diaphragm, when WT1 is expressed (32). When Wt1−/− lungs were cultured ex vivo, lung branching was normal and any hypoplasia that had originated in vivo, was restored within 24 h ex vivo (32). Additional analyses showed that the space in the chest cavity—that is usually present for the lungs to grow—was nearly absent, explaining why culturing the lungs ex vivo without physical constraints recovered branching (32). Aberrant WT1 expression in the lung mesothelium results in defective lung development and CDH as result of limited space in the chest cavity and potentially by defective signaling and migration of mesothelial cells.

In summary, the mesothelium acts as a progenitor source and signaling center for the pulmonary mesenchyme to facilitate proper mesenchymal growth and cellular differentiation. These results associate the lung mesothelium as a cellular contributor to CDH.



(PERI)VASCULAR CELLS

Besides a diaphragmatic defect and pulmonary hypoplasia, almost all CDH patients have pulmonary hypertension (33, 34), which is caused by an altered development of the pulmonary vasculature and pulmonary vascular remodeling (35). Changes in cell phenotypes, cellular proliferation and defective cell-cell communication have been proposed as underlying causes.

Previously, it was shown that CDH patients have higher abundance of contractile vascular SMCs, which were also more distributed along the proximo-distal axis of the lung vasculature (36). Although inhaled nitric oxide treatment is a successful treatment for preterm babies, it is only effective in a small number of CDH patients and even only beneficial in certain subsets of CDH patients (37). The pathological changes in vascular SMCs indicate a disturbed pulmonary vascular development and might explain the ineffectiveness of inhaled nitric oxide treatment in CDH patients. Another study by Acker et al. (38) showed increased proliferation of pulmonary arterial SMCs and pulmonary arterial SMC hyperplasia in a surgical CDH lamb model. This was not caused by an altered SMC phenotype, but by a disturbed interaction with pulmonary arterial endothelial cells (PAECs), indicating that defective endothelial signaling contributed to SMC hyperplasia and may therefore result in pulmonary hypertension (38). In the nitrofen-induced CDH mouse model, Kool et al. (39) observed an increased pericyte coverage in the large pulmonary vessels and pericytes had a more contractile phenotype. Furthermore, the basement membrane around the midsized vessels was discontinuous, indicating defective cross-talk between pericytes and endothelial cells (39). The impaired cross-talk between those two cell types and the altered pericyte phenotype may be the origin of pulmonary hypertension in CDH.

CDH patients show a decreased vascular growth that contributes to poor disease outcomes. Acker et al. (40) showed in the surgical CDH lamb model reduced proliferation and tube formation capacity of PAECs. They also found a marked reduction in high-proliferative PAECs, which is a progenitor subpopulation of endothelial cells (41, 42). A reduced capillary network was also observed by Kool et al. (39) in the nitrofen-induced CDH mouse model. These results suggest that reduced proliferation of endothelial cells contributes to the decreased vascular growth in CDH patients.

Altogether, several cell types may disturb the lung vascular network, leading to CDH-associated phenotypes. Abnormal phenotypes of endothelial cells, SMCs and pericytes and defective interactions between them may be the basis for the simplified vascular network and pulmonary hypertension in CDH.



CELLULAR MODELS IN CDH RESEARCH

CDH cannot be attributed to one single source or defect, which makes it hard to study its pathogenesis, but new cell culture models can aid in improving insights at the cellular level. Recently, a cell culture model was described where PPFs from mice were isolated and cultured to outgrow and expand PPF fibroblasts, that maintained expression of key diaphragm genes (43). Pharmacological inhibition or genetic manipulation that causes CDH resulted in reduced in vitro proliferation in PPF-derived fibroblasts (43). Also, lung organoids were recently derived from induced pluripotent stem cells (iPSC) from fetuses and infants with CDH and showed reduced generation of lung progenitor cells and impaired epithelial- and mesenchymal differentiation (44). Recently, it was shown that organoid cultures can be obtained with a low input material from clinical samples, like tracheal aspirates from preterm newborns, and this method could also be used to grow organoids from CDH patients without the need of in vitro differentiation from iPSCs (45). Furthermore, endothelial cell culture models could aid in understanding defective endothelial cell function (40) and endothelial cell-SMC interaction (38). A differentiation protocol from human iPSCs to endothelial progenitor cells that mimics in vivo embryonic vascular development was recently published (42). This method can be used to generate iPSC-derived endothelial cells from CDH patients to eventually use these cells in cell co-culture systems, like organoid cultures. Although CDH is a multifactorial disease, in vivo experiments are limited and these kind of culture models will help to understand the pathology of CDH by specific cells, the interaction between different cell types and the molecular mechanisms in patient specific cultures.



DISCUSSION

In this review, we discussed cellular origins that are associated with CDH pathogenesis, including the diaphragm and PPF, lung mesothelium and (peri)vascular cells. All can contribute to a CDH phenotype, but also extrinsic factors play a role. Because pulmonary defects and alterations in the space of the chest cavity occurred prior to diaphragm closure and may even be the cause of a diaphragm defect (32), it is interesting to study the space in the chest cavity in other CDH models and potentially in human fetuses to serve as an early predictor for CDH. To mimic limited chest space and compression, lung organoids have been subjected to mechanical pressure, which altered their development (44). These results show that extrinsic factors play a significant role in CDH pathogenesis and the influence of limited space and compression should be studied further, since Wt1 knock-out lungs still had the capacity to develop normally ex vivo, which is promising for potential treatment strategies (32).

Intrapleural delivery of compounds has been suggested to target PMCs in idiopathic pulmonary fibrosis, since this may result in increased efficacy combined with reduced systemic toxicity of therapeutic agents (19, 46). This delivery strategy may also be interesting for targeting PMCs during lung development. Mesothelial mobilization is not only implicated in development of the lungs, but also in other organs, like the liver, heart and reproductive system (47). However, it has been shown that this process can differ between different organs and that mesothelial migration in developing lungs differs in timing and pathway dependency compared to other organs, like the heart (48). These features could be used for organ-specific targeting and makes the embryonic mesothelium an interesting therapeutic target.

In summary, defective development, communication or migration of cells from the diaphragm, the mesothelium and (peri)vascular cells of the lungs play an important role in CDH pathogenesis. Improved in vitro cell culture models and the generation of patient-specific cultures will provide more insights in cellular and molecular mechanisms that underlie these defects and their use may be beneficial for identification and testing of putative therapeutic agents.
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Clinical research for infants born with a congenital diaphragmatic hernia (CDH) has until recently mainly focused on advances in prenatal and postnatal treatment. However, during the early perinatal transition period there are major physiological adaptations. For most infants these changes will happen uneventfully, but for CDH infants this marks the beginning of serious respiratory complications. In recent years, there is emerging evidence that the clinical management during the perinatal stabilization period in the delivery room may influence postnatal outcomes. Herein, we discuss major knowledge gaps and novel concepts that aim to optimize fetal to neonatal transition for infants with CDH. One such novel and interesting approach is performing resuscitation with an intact umbilical cord, the efficacy of this procedure is currently being investigated in several clinical trials. Furthermore, close evaluation of neonatal physiological parameters in the first 24 h of life might provide early clues concerning the severity of lung hypoplasia and the risk of adverse outcomes. We will provide an overview of trending concepts and discuss potential areas for future research.
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INTRODUCTION

The management of infants with a congenital diaphragmatic hernia (CDH) is continuously evolving with major improvements in prenatal and postnatal care. Most advances are based on solid scientific evidence using available animal models of CDH prior to translating it into the clinical setting (1). For many of the in vivo experiments done in small animals (rabbit, rat and mice models), the endpoint is birth given the lethality of the condition without intensive care. To investigate novel concepts in early postnatal care large animal models (such as the ovine model) are often necessary, yet these experiments are costly and require a dedicated research facility.

Until recently, the transition period defined as the time immediately after birth, has been relatively overlooked. In fact, for a long time the main intervention was to clamp the cord and transfer the infant to the resuscitation table for further stabilization as soon as possible (2–4). On the other hand, major physiological adaptations occur during this immediate postnatal period and a complicated course may effect long term outcomes (5).

In the past decades there has been tremendous effort invested in optimizing the perinatal stabilization period for infants born preterm with immature lungs or those that may undergo problematic fetal to neonatal transition; such as due to birth asphyxia or in case of an elective cesarean section (6, 7). Our knowledge of the physiology underpinning the changes at birth has dramatically improved and novel concepts concerning the timing of cord clamping, oxygen management and the type and level of respiratory support required were introduced to clinical practice (7, 8).

Some of these approaches are now being evaluated in large clinical trials, but the promising preliminary results have also inspired researchers to investigate their effectiveness for conditions that affect in-utero lung development, such as CDH (9–14). Research about neonatal transition for infants with a CDH is rapidly developing, in this literature review we describe new insights and we discuss knowledge gaps for future research (Figure 1).


[image: Figure 1]
FIGURE 1. Overview of potential research areas concerning perinatal stabilization of CDH infants. SBA, spontaneous breathing approach. Adapted from Knol et al., (15) with permission of the illustrator.




INTACT CORD RESUSCITATION

For most infants, adequate gas-exchange is promptly established after birth, i.e., within the first breaths, by rapid clearance of lung liquid resulting in aeration of the lungs. However, infants born with lung hypoplasia have a reduced liquid clearance rate, which is proportional to the lung size and thus reduces the infant's ability to aerate its lungs (16). This problem is likely a reflection of a simplified distal airway architecture and as such a reduced cross sectional area for moving lung liquid into the interstitial tissues. Furthermore, hypoplastic lungs generally have a higher elastic recoil (stiffer) demonstrated by a lower dynamic lung compliance (10, 16, 17).

Lung aeration is considered a key factor in driving vasodilation of the pulmonary vasculature and thereby increasing pulmonary blood flow (18). Apart from establishing adequate gas-exchange, lung aeration is essential for a smooth cardiovascular transition from a fetus to a newborn. Immediately after umbilical cord clamping there is a sudden increase in peripheral vascular resistance and at the same instant venous return to the left atrium via the ductus venosus and foramen ovale stops. In the hypoplastic lung, pulmonary vascular resistance remains high and therefore adequate left venous return is not rapidly restored, whereas in normally developed lungs venous return is established within the first breaths (10, 18). A delayed restoration of venous return translates in a sudden decrease in cardiac output (30–50% reduction) and neonatal hypoxemia, which is considered a risk factor for developing persistent pulmonary hypertension (9). Furthermore, the impaired vascular relaxation forces higher pulmonary perfusion pressures to maintain adequate pulmonary blood flow. We have recently shown that in a lamb CDH model, after an initial improvement in pulmonary vascular resistance, this short period of exposure to higher driving pressures may be a trigger for developing pulmonary hypertension at a later stage (9). This observation could be the physiological explanation of the so-called ‘honeymoon’ period, a transient time of clinical stability, that is observed in some infants with CDH (19).

In recent years, the importance of delaying cord clamping until after lung aeration (and adequate left venous return) has gained momentum, specifically in preterm infants born with immature lungs. Likewise, there have recently been two feasibility studies evaluating this approach for infants born with CDH (11, 12). An important consideration is the need to provide mechanical ventilation to the neonate in close proximity to the mother whilst the integrity of the umbilical cord remains intact. A mobile resuscitation trolley is required for this approach to be successful and several alternatives are currently commercially available (20). These trolleys have inherent limitations and advantages, which are important to consider when implementing intact cord resuscitation, as well as the financial aspect given considerable differences in acquisition costs.

Both studies, although small sample sizes (n = 20), reported good feasibility of 85% and 100%, respectively (11, 12). It is obviously not possible to draw firm conclusions, however both found improved cardiovascular adaptation, resulting in higher blood pressures, less need for cardiac resuscitation and higher Apgar scores (11, 12). These promising findings led to the initiation of two large randomized trials: Congenital Hernia Intact Cord (CHIC, NCT04429750) and Physiological-based cord clamping for infants with a Congenital Diaphragmatic Hernia (PinC, NCT04373902) (21).

These two trials aim to defer cord clamping until after the infant's lungs are aerated, which is challenging to determine. CO2 detectors, respiratory monitors or bedside echocardiography (ductus arteriosus evaluation) could be used for this purpose, but they have inherent technical limitations or are logistically not always feasible in the immediate postnatal setting. Hence, physiological parameters such as heart rate, oxygen saturation and the level of oxygen supplementation are considered as a good alternate proxies for determining lung aeration and the state of the infant's cardiovascular adaptation (9, 21). In the future, with the rapid improvement of bedside respiratory monitors, real-time evaluation of tidal volumes or other lung mechanics might be another way to ascertain adequate lung aeration.

The other challenge is to define a clinically relevant primary outcome. The ultimate endpoint is survival to discharge, however despite efforts to standardize postnatal management, considerable bias due to variations in local management make it difficult to determine the actual benefit of performing intact cord resuscitation. The concern of bias is even more pronounced in multicenter trials, however given the incidence of CDH and the required sample sizes it is almost impossible to investigate this in a single center setting. Consequently, short term outcomes such as Apgar scores (CHIC) and pulmonary hypertension (PinC) were chosen as alternative primary outcomes.

The results of these clinical trials are expected in the next two to three years. Despite differences in methodology, a subsequent meta-analysis using individual participant data might strengthen the scientific evidence physiologically based cord clamping even further.



SPONTANEOUS BREATHING APPROACH

For most infants with CDH, mechanical ventilation is a double-edged sword: it is essential for survival, but prolonged respiratory support also poses a risk of iatrogenic complications such as ventilator-induced lung injury. On the other hand, a small subset of infants born with a very small diaphragmatic defect, hence mild lung hypoplasia, may not develop severe respiratory insufficiency immediately after birth and thus mechanical ventilation may not be necessary. In fact, prior to the routine use of ultrasound this was probably the group that survived the neonatal period with minimal care and that was only diagnosed at childhood age. Moreover, prompt intubation after birth potentially causes stress and pain for the infant, thereby triggering the development of pulmonary hypertension and impacting neonatal transition. Regardless, the main purpose of routine intubation at birth is to avoid transient hypoxia, which is considered an even more important trigger for pulmonary hypertension (22).

We have recently published our experience of adopting a gentler approach during the initial perinatal stabilization phase by allowing spontaneous breathing in a select subset of patients (23). This approach was only offered for infants with an isolated left-sided CDH, born >35 weeks' gestation and predicted to have a very mild degree of lung hypoplasia. The latter was determined by an observed/expected lung-to-head ratio above 50% and an intra-abdominal position of the liver. In this small study (n = 15%), 40% of cases were only intubated at the time of postnatal correction of the diaphragmatic defect, thus required limited respiratory support and were discharged earlier from the intensive care unit. But more importantly, a trial of spontaneous breathing, even unsuccessful, did not appear to impact survival or short-term morbidity (23).

In attempt to improve the success rate of this SBA we have drafted a consensus protocol after several meetings with international experts on CDH management, neonatal resuscitation and fetal/neonatal physiology. One of the recommendations is to start non-invasive respiratory support in these infants, as many of the infants in the above-mentioned series required low flow oxygen supplementation or continuous positive airway pressure (CPAP). However, it is not clear whether the key component to facilitate neonatal transition is either oxygen supplementation, distending airway pressure or a combination of both. The use of positive pressure ventilation is certainly controversial as the main concern is insufflation of the digestive tract, which may impair and limit lung expansion. Therefore, nasal high flow therapy could be an interesting option, because it is relatively easy to position the device, well-tolerated and provides a vehicle for oxygen delivery but also generates distending airway pressure. The level of respiratory support can be adjusted based on the individual needs by changing the flow rate and/or concentration of oxygen delivered. An alternative could be the use of a CPAP mask rather than nasal prongs because it is easier to position. Regardless of the treatment modality used, early insertion of a naso- or orogastric tube with continuous section is advised to avoid stomach distention. The result of these consensus meetings is a proposed algorithm for SBA comparable to what is used in the current neonatal resuscitation guidelines, and this protocol will be published soon.

There is an increasing number of centers that are considering or already have started attempting a trial of spontaneous breathing for infants with mild lung hypoplasia. In the absence of a randomized trial, it is essential to collect the outcome data and given the rareness of the abnormality, a multicenter and international collaboration is the most logical step. To accommodate this, a research consortium was founded consisting of partners all over Europe and Australia: Very mild CDH–Spontaneous Breathing Approach; VeSBA. Outcome data will be collected prospectively in a web-based registry.



SEDATE OR NOT SEDATE?

The majority of infants with a CDH will be intubated immediately after birth. Given the urgency to commence respiratory support in these infants and usually the lack of intravenous access intubation is often done without administering any sedation. The physiological responses to awake intubation of neonates are well-described (24, 25). It can be painful for the infant, translating into markers of acute stress such as increased intracranial and systemic blood pressure, bradycardia and reduced transcutaneous oxygen saturation (24, 25). Furthermore, mediastinal shift and neonatal movements can complicate intubation resulting in a higher stress level for the infant. Therefore, in (semi) elective intubation premedication is considered good standard of care. For CDH infants, the priority is on establishing a secure airway for mechanical ventilation and thus vascular access is often obtained later in the stabilization phase. Alternative options to administer drugs are via the umbilical vein (direct puncture, not via a catheter), buccal or intranasal, however the interval to the onset of effect is potentially longer with the latter two (26, 27). In addition, there is an important knowledge gap when it comes to the optimal treatment regimen (type, dosage) of the premedication (28).



OXYGEN MANAGEMENT

Oxygen supplementation is an essential part of perinatal stabilization of an infant with CDH. The aim is to avoid arterial hypoxemia as it may trigger a vasoactive response and many clinicians will initiate oxygen supplementation with 100% oxygen. After the initial stabilization in the delivery room, oxygen administration is titrated based on the infant's needs targeting a pre-ductal saturation of between 80 and 95% (2). In any case, hyperoxia should be avoided because it also has adverse effects by producing oxygen free radicals. This consideration is certainly important for infants with a relative mild degree of lung hypoplasia, as using 100% oxygen supplementation might be counter effective. Oxidative stress and oxygen free radicals are not only associated with short-term neonatal morbidity but may have long lasting influence on development (29, 30). It has been recently demonstrated that even a brief period of high oxygen exposure may attenuate vasoactive response of the pulmonary vessels to treatments such as inhaled nitric oxide (31).

An alternative approach would be to start stabilization with a reduced oxygen concentration and a stepwise increase or decrease guided by the infant's saturation values (13). This approach is comparable to the resuscitation guidelines for preterm infants (8). In a recent series, the safety of such an alternative approach was evaluated, observing comparable rates of perinatal survival, ECMO use and duration of mechanical ventilation compared to historical CDH controls (13). Moreover, the need of 100% oxygen during the perinatal stabilization period provided an early indication of disease severity and subsequent adverse outcomes (13).

Another important knowledge gap is the use of supplemental oxygen during resuscitation of CDH infants whilst the umbilical cord is still intact. A recent study showed that in preterm lambs, pulmonary blood flow was considerably higher to controls when using 100% oxygen during delayed cord clamping (32). Interestingly, this was not causing systemic hyperoxygenation and hypothetically, the placenta may act as a buffer to reduce the arterial oxygen saturation (32).

The degree of supplemental oxygen exposure at birth may also be diminished by initiating vasodilative treatments already during neonatal resuscitation, such as inhaled nitric oxide, as was recently observed in a small series of preterm infants (33). We speculate that using such an approach for CDH infants may facilitate decreasing pulmonary vascular resistance after birth, thereby preventing high perfusion pressures and potentially avoiding a dysregulated vascular tone of the lung vessels (34). Hypothetically, combining this approach with deferring cord clamping until the lungs are aerated, both appear to have a protective effect on the lung vessels, may have a synergistic effect (9).



EARLY PREDICTORS OF ADVERSE OUTCOME

Infants born with CDH will only face respiratory challenges after birth and consequently it is only at that moment that clinicians can determine the true impact on lung development. Prenatal ultrasound and fetal MRI have proven to be very useful in the individual prediction of prognosis, yet it remains challenging to perform a functional assessment of the lungs (35). More specifically, the occurrence and severity of pulmonary hypertension or cardiac dysfunction are difficult to predict given the differences between the fetal and the neonatal circulation.

The immediate postpartum period provides clinicians a first glance of the infant's respiratory capacity. Consequently, this period also enables clinicians a chance to determine the severity of the congenital abnormality by monitoring physiological parameters and/or ventilatory requirements. There are already several scoring systems to determine the risk of adverse outcomes available, such as the Score for Neonatal Acute Physiology–II (SNAP-II) score, Wilford Hall/Santa Rosa prediction model and the Brindle scoring model (36–40). Most of these scoring systems are combining several clinical parameters (such as blood pressure, serum pH, fraction of inspired oxygen FiO2) yet the majority of these scoring systems use the worst values of the parameters within the first 12–24 h (37–39).

We speculate that the level of respiratory support required during the initial neonatal resuscitation may provide important information of possible adverse outcomes. For instance, as described above, the need to supplement with a high FiO2 concentration in the delivery room appears to be associated with higher morbidity and mortality for CDH infants (13, 41). Likewise, similar observations were reported regarding expiratory tidal volumes, end-tidal carbon dioxide levels and dynamic lung compliance (41, 42). Respiratory monitors now allow real-time measurements of several lung function parameters. Recording these parameters gives an opportunity to gather large datasets by aggregating individual patient data within a framework of multicenter collaborations, which can be used for prediction modeling to identify early signs of deterioration. In addition, combining physiological and ventilatory outcome measures, such as is done with the oxygen saturation index (OSI), may improve the predictive value of these models for adverse models even further (36).



CONCLUSION

Herein, we have described some of the trending new concepts regarding interventions in the early perinatal stabilization phase for infants with CDH. Our understanding of the physiological adaptations immediately after birth has certainly grown in recent decades, but considerable knowledge gaps are remaining. Regardless, thorough investigation using appropriate preclinical models is essential prior to translating novel concepts into clinical practice. Importantly, optimizing the fetal to neonatal transition will not only improve postnatal outcomes for infants born with CDH, but also for those born with abnormal lung development caused by a broad range of other conditions, such as prolonged anhydramnios.
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Objective: After neonatal repair of congenital diaphragmatic hernia (CDH) recurrence is the most severe surgical complication and reported in up to 50% after patch implantation. Previous studies are difficult to compare due to differences in surgical techniques and retrospective study design and lack of standardized follow-up or radiologic imaging. The aim was to reliably detect complication rates by radiologic screening during longitudinal follow-up after neonatal open repair of CDH and to determine possible risk factors.

Methods: At our referral center with standardized treatment algorithm and follow-up program, consecutive neonates were screened for recurrence by radiologic imaging at defined intervals during a 12-year period.

Results: 326 neonates with open CDH repair completed follow-up of a minimum of 2 years. 68 patients (21%) received a primary repair, 251 (77%) a broad cone-shaped patch, and 7 a flat patch (2%). Recurrence occurred in 3 patients (0.7%) until discharge and diaphragmatic complications in 28 (8.6%) thereafter. Overall, 38 recurrences and/or secondary hiatal hernias were diagnosed (9% after primary repair, 12.7% after cone-shaped patch; p = 0.53). Diaphragmatic complications were significantly associated with initial defect size (r = 0.26). In multivariate analysis left-sided CDH, an abdominal wall patch and age below 4 years were identified as independent risk factors. Accordingly, relative risks (RRs) were significantly increased [left-sided CDH: 8.5 (p = 0.03); abdominal wall patch: 3.2 (p < 0.001); age ≤4 years: 6.5 (p < 0.002)]. 97% of patients with diaphragmatic complications showed no or nonspecific symptoms and 45% occurred beyond 1 year of age.

Conclusions: The long-term complication rate after CDH repair highly depends on surgical technique: a comparatively low recurrence rate seems to be achievable in large defects by implantation of a broad cone-shaped, non-absorbable patch. Longitudinal follow-up with regular radiologic imaging until adolescence is essential to reliably detecting recurrence to prevent acute incarceration and chronic gastrointestinal morbidity with their impact on prognosis. Based on our findings and literature review, a risk-stratified approach to diaphragmatic complications is proposed.

Keywords: congenital diaphragmatic hernia, CDH, recurrence, secondary hiatal hernia, radiologic screening, longitudinal follow-up, risk factors for recurrence, cone-shaped patch


INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare malformation, and surgical repair is still an intervention with a remarkable complication rate. High-risk patients are nowadays already identified on prenatal investigation (1–3). It has been shown that these are more likely to require postnatal extracorporeal membrane oxygenation (ECMO) therapy and diaphragmatic reconstruction with a patch and that they are at risk of early mortality and long-term morbidity (4). These fetuses should therefore be transferred to a high-volume center for optimized treatment and follow-up (5). Improvements in pre-, peri-, and postnatal care have enhanced survival rates, and thus long-term morbidity gains more importance (6, 7). Survivors may suffer from lung hypoplasia, pulmonary hypertension, gastrointestinal problems, failure to thrive, and orthopedic and neurological side effects (8–14). Even among high-volume centers, a great variability exists concerning patients, to whom follow-up is offered, time intervals of follow-up visits, diagnostic testing, and standardization of follow-up—with only 3 of 19 centers (16%) offering long-term follow-up to all CDH patients routinely (15). Recently, the importance of longitudinal follow-up for CDH survivors due to their numerous comorbidities and complex needs has been emphasized and a schedule for a risk-stratified multi-specialty follow-up has been proposed (16).

It has been stated that primary CDH repair might be possible in 60–70% (17). In patients with large defects, a muscle flap or synthetic patches are required as a substitute for the diaphragm (18, 19). Different absorbable and non-absorbable materials, suture techniques, and shapes of these patches have been introduced (5, 19–21). Especially in large diaphragmatic defects, the abdominal cavity is hypoplastic, because most abdominal organs herniated into the thoracic cavity, and neonates present with a collapsed abdomen. Therefore, in some cases the implantation of an abdominal wall patch may be necessary to prevent abdominal compartment syndrome and compromise of intestinal and renal perfusion.

In all techniques of diaphragmatic reconstruction, recurrence (R) is a common complication. In-hospital recurrence has been reported from the CDH registry in 2.7% in open surgery (OS) (22). Thereafter, late recurrence may slowly develop with growth and seems to be asymptomatic in most patients (23). Yet, recurrence can be the underlying cause for chronic gastrointestinal problems and failure to thrive, which can consequently cause impaired neurologic and cognitive function (12). On the other hand, recurrence can cause sudden intestinal incarceration. Gastrointestinal morbidity is the leading cause of mortality beyond the first year of life among CDH survivors (24). Also, reports on CDH as cause of severe complications and mortality in adults emphasize the importance of paying attention to this complication in childhood. Therefore, it seems essential to treat recurrence before patients encounter acute incarceration with the risk of bowel gangrene, septicemia, and death.

Reported incidences of recurrence in childhood vary between 4 and >50% depending on patient selection, surgical procedure, and patch material (25–28). A reduced recurrence rate after implantation of a cone-shaped patch was published by Loff in 2005 (29). After these promising preliminary results, a prospective standardized multidisciplinary follow-up program with regular radiological imaging was established at our institution. In the current study, we examined long-term rates of diaphragmatic complications after neonatal open CDH repair and aimed at identifying possible risk factors.



MATERIALS AND METHODS


Study Group

Consecutive neonates born January 1, 2003 to December 31, 2012, at our neonatal intensive care unit (NICU) at the Department of Neonatology of the University Children's Hospital Mannheim, University of Heidelberg, who underwent open abdominal surgery and completed follow-up for at least 2 years were included in this prospective study. Exclusion criteria were death before discharge (referred to as early mortality), minimally invasive surgery, and loss of follow-up <2 years. Death beyond discharge is referred to as late mortality. In patients who were seen at an older age and did not have a recurrence, it was postulated that they also did not have one before this time. Data were collected prospectively until January 2016. This study was approved by our local ethic committee (2018-592N-MA), and informed consent was obtained from parents.



Follow-Up Program

For an overview of our standardized follow-up program, please see Table 1. An anterior–posterior chest X-ray is performed at defined intervals to screen recurrence. In doubt, further imaging techniques may be applied. At 2 and 10 years, the diaphragm was investigated more accurately with MRI to exclude recurrence by three-dimensional imaging.


Table 1. Standardized follow-up program for children with congenital diaphragmatic hernia at our institution (time intervals and imaging/testing, ECHO, echocardiography).
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Surgical Techniques

Within the study period, different surgical approaches have been applied: primary repair was achieved in patients with sufficient diaphragm and small defect sizes by OS until 2007 and mainly by minimally invasive surgery (MIS) thereafter. Either plain or oversize patches were only used in smaller defect size not eligible for primary repair. A cone-shaped GORE-TEX® patch has been established as the standard procedure for large defects since 2003 (29). A broad cone shape is formed extracorporeally, and the patch is then implanted with an overlapping border (Figure 1). In OS, a median laparotomy was performed. In patients with a hypoplastic abdominal cavity requiring an abdominal wall patch for closure, an ellipsoid GORE-TEX® patch was sutured to the fascia bilaterally and the skin closed over it as far as possible after subcutaneous mobilization.
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FIGURE 1. Different surgical approaches for a diaphragmatic defect not suitable for primary repair in left-sided congenital diaphragmatic hernia (CDH): (A) prior to closure; (B) after closure with a plain patch; (C) after closure with an “oversize” patch; (D) after closure with a broad cone-shaped patch.


Intraoperatively, defect size was classified according to the CDH Study Group (CDH-SG) (30) since 2008.



Statistical Analysis

For data analysis, MedCalc Statistical Software version 15.8 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 2015) was used. Fisher's exact test was used to test for statistical significance, because the number of expected frequencies was low. p-values < 0.05 were considered significant. Re-recurrences were handled as separate recurrences in the data analysis. In multivariable regression analysis, recurrence was the dependent variable. Possible risk factors of recurrence were identified using Fisher's exact test and then entered into multivariable regression analysis as independent variables. Afterward, relative risks (RR) and 95% confidence intervals (CI) were calculated. Rank correlation with Spearman's formula was used to test for the degree of relationship between recurrence and defect size, because the distribution of these two variables was not normal.




RESULTS


Demographic Data of the Study Cohort, Mortality, and Follow-Up

A consort diagram of the patients of our study cohort is presented in Figure 2. In 508 neonates with CDH born in the study period, survival to discharge was 81% (n = 410): 37 patients (7%) died without surgery due to prematurity, fatal syndrome or associated malformations, severe lung hypoplasia, or contraindication to ECMO therapy; 29 of the ECMO patients (14%) died without CDH repair; and 26 (13%) died after CDH repair. Early mortality was 27% in ECMO and 2% in non-ECMO patients (p < 0.001).
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FIGURE 2. Neonates with congenital diaphragmatic hernia (CDH) born January 2003 to December 2012 at our institution and participation at follow-up until January 2016 with excluded patients in gray boxes [ECMO, extracorporeal membrane oxygenation; MIS, minimally invasive surgery; OS, open surgery].


In patients who underwent CDH repair, survival was 93%: 100% in MIS patients, 97% in non-ECMO-OS patients, and 85% in ECMO patients. Survival rate in non-ECMO patients was significantly higher compared to ECMO patients (p < 0.001). Late mortality did not differ significantly between ECMO- and non-ECMO patients [9/131 (7%) vs. 5/195 (3%), p = 0.09].

Of 410 CDH patients surviving to discharge, 370 (90%) participated in our longitudinal follow-up program. Forty-four MIS patients were excluded because the aim of the study was to evaluate the complication rate and risk factors after open CDH repair. Thus, 326 patients with a minimum follow-up of 2 years were eligible for further analysis. Details of our study population are described in Table 2. No significant difference between OS patients with and without follow-up could be detected. There was a predominance of male neonates and left-sided CDH in our cohort. ECMO was performed in 40% of neonates. Diaphragmatic reconstruction was achieved primarily in 21%, with a cone-shaped patch in 77% and with other patch types in 2%. In left-sided CDH, an intrathoracic liver and stomach herniation was noted in 60 and 79%, respectively. An abdominal wall patch was required in 17%. In 140 patients with intraoperative classification of defect size, large C and D defects were noted in 71%.


Table 2. Comparison between patients after open surgery (OS) with and without follow–up: epidemiologic data, intraoperative findings, and type of surgery are displayed [l–CDH, left-sided congenital diaphragmatic hernia; r-CDH, right-sided congenital diaphragmatic hernia; FETO, fetoscopic endotracheal occlusion; ECMO, extracorporeal membrane oxygenation].
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Thirty-eight diaphragmatic complications were detected in 31 patients within an observational time of 2–10 years. Six patients developed re-recurrences (19.3%). For further analysis, each of the re-recurrences was handled as a separate one.



Diaphragmatic Complications

We have detected two different types of diaphragmatic complications: “true” recurrence at the localization of the original diaphragmatic defect and secondary hiatal hernia. Of 38 recurrences, 24 (63%) were “true” recurrences, eight (21%) were hiatal hernias, and six (16%) patients had both (Figure 3). Patient characteristics are displayed in Table 3. All patients with secondary hiatal hernia and co-occurrence had an l-CDH with initial stomach herniation. Most patients had an intrathoracic herniation of the left liver lobe and required patch repair of the diaphragmatic defect, whereas a higher rate of abdominal wall patch implantation can be noticed in patients with “true” recurrence or co-occurrence. Most children who developed solely secondary hiatal hernia did not show any symptoms, while all with a co-occurrence did.
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FIGURE 3. Radiological diagnosis of recurrence of diaphragmatic hernia: (A) plain chest-X-ray in a 2-year-old boy: lateral recurrence; (B) contrast study in a 4-year-old boy: hiatal hernia (*) and lateral recurrence (→); MRI (C) and low-dose CT (D) in a 10-year-old girl with thoracic herniation of the left kidney with moderate hydronephrosis [CT scan (D): h, heart; k, kidney; sp, spleen; cone-shaped patch marked with white arrow].



Table 3. Patient characteristics concerning diaphragmatic complications (“true recurrence” at the localization of the original diaphragmatic defect, secondary hiatal hernia, and co-occurrence): epidemiologic data, intraoperative findings and type of surgery, symptoms, and recurrence repair rate are displayed [l-CDH, left-sided congenital diaphragmatic hernia; r-CDH, right-sided congenital diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation].
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Time and Symptoms

Three of 410 patients (0.7%) surviving to discharge developed in-hospital recurrence. After discharge, 18 (51.4%) diaphragmatic complications were diagnosed within the first year of life, 11 (31.4%) within the second, three (8.6%) between 2 and 4 years of age, and three (8.6%) thereafter. Thus, the incidence of diaphragmatic complications was highest within the first year of life (21/326; 6.4%) and reduced to about half in the second year (11/326; 3.4%). In patients between 2 and 4 years of age, the incidence was 1.3% (3/224) and 1.9% (3/154) in children older than 4 years, respectively.

One patient presented with acute incarceration and intestinal obstruction (2.6%). In 35 patients (92.1%), recurrence was detected by radiologic imaging before discharge or on follow-up visits (examples in Figure 3) and in two (5.3%) incidentally during abdominal surgery for other reasons. These children were either asymptomatic (16/37 patients, 43.2%) or showed at least one of the following mild and non-specific symptoms: intermittent abdominal pain (14/37, 37.8%), gastroesophageal reflux (GER; 9/37 patients, 24.3%), a change in eating habits and stooling frequency (7/37 patients, 18.9%), and tachypnea (n = 5/37 patients, 13.5%). Weight at follow-up visits was not obtained routinely in the beginning of the follow-up program. Nevertheless, in those children with available data weight of recurrence patients was below the median weight of non-recurrence patients at follow-up visits in 66.2% (47/71 recurrence-patients); see Table 4.


Table 4. Comparison of patients with (R) and without (nonR) diaphragmatic complications concerning weight at follow-up visits (GA, gestational age).
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Patient Characteristics and Treatment of CDH

An overview of patient characteristics and significant differences between patients with (R) and without (nonR) diaphragmatic complications is given in Table 5.


Table 5. Comparison of patients with (R) and without (nonR) diaphragmatic complications in open surgery: epidemiologic data, intraoperative findings, and type of surgery are displayed [l-CDH, left-sided congenital diaphragmatic hernia; r-CDH, right-sided congenital diaphragmatic hernia; FETO, fetoscopic endotracheal occlusion; ECMO, extracorporeal membrane oxygenation].
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Concerning patient characteristics, there was a significant higher incidence of left-sided (l-)CDH in R patients. One recurrence (1.6%) was observed in 62 patients with right-sided (r-)CDH, while 37 recurrences (14.1%) were detected in 262 l-CDH-patients (p = 0.004). Two patients with bilateral CDH did not develop recurrence. In l-CDH, R patients had a significantly higher rate of intrathoracic herniation of the liver and stomach with 78 and 92%, respectively. In 140 patients with intraoperative size classification of the diaphragmatic defect, a significant correlation between rate of diaphragmatic complications and defect size was detected: the larger the initial defect, the higher the risk of diaphragmatic complications (correlation coefficient r = 0.26; p < 0.002; 95% CI for r 0.100–0.408; Figure 4). The difference between defect sizes C and D did not reach significance due to the small number of patients with defect size D (11/84 vs. 6/16; p = 0.08).
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FIGURE 4. Rate of recurrence and/or secondary hiatal hernia in relation to defect-size A-D (30) in 140 patients after open surgery 2008–2012: the larger the defect size, the higher the complication rate; significant difference between small and large defects (1/40 A+B vs. 17/100 C+D; p = 0.02). Additionally, patch and ECMO rates depending on defect size are displayed.


Regarding treatment of CDH, no differences concerning prenatal fetoscopic endotracheal occlusion (FETO) and postnatal ECMO therapy were detected between R and nonR patients. There was no significant difference in the rate of diaphragmatic complications between patients with primary reconstruction and repair with a cone-shaped patch in the total cohort—even though a significantly higher rate was detected in larger CDH defects in the subset of patients with intraoperatively classified defect size since 2008. Seven out of eight recurrences after primary repair occurred in patients born 2003–2007 and one in a patient with defect size B since 2008. This difference was not significant due to the small OS cohort with primary repair since the introduction of MIS in 2008 (7/57 vs. 1/11, p = 1.0). Only seven of 258 patch patients received other patch types in smaller defect size, and in none was recurrence observed. Solely non-absorbable material was used for patch implantation in this cohort.

There was a significantly higher risk of diaphragmatic complications after implantation of an abdominal wall patch (p = 0.0003). The abdominal wall patch clearly reflects disease severity in our cohort: 98% of patients also required a patch for diaphragmatic reconstruction—only in one patient with associated omphalocele was diaphragmatic closure achieved by primary repair. Seventy-eight percent required ECMO therapy for sufficient postnatal stabilization and 11% had undergone prenatal FETO therapy. In left-sided CDH, an intrathoracic position of the liver was detected in 89% and of the stomach in 98%. Defect size according to the CDH-study group was classified in 44 patients, and large defect sizes were predominant (A: 0%, B: 7%, C: 66%, D: 27%). Compared to patients without abdominal wall patch, the difference regarding these parameters is significant (Table 6).


Table 6. Comparison between patients with and without abdominal wall patch: intraoperative findings and type of surgery are displayed [*one patient with associated omphalocele; CDH, congenital diaphragmatic hernia; FETO, fetoscopic endotracheal occlusion; ECMO, extracorporeal membrane oxygenation].
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Multivariable Analysis for Risk Factors

In multivariable regression analysis, the risk factors identified by Fisher's exact test were analyzed to verify, if they were influencing diaphragmatic complications independently. In all patients, CDH laterality and an abdominal wall patch were independent variables for diaphragmatic complications (multiple-correlation coefficient 0.31, CDH laterality p = 0.03; abdominal wall patch p < 0.001, F-ratio 17, p < 0.001). In l-CDH, an abdominal wall patch was an independent variable, while liver and stomach positions were not (multiple-correlation coefficient 0.34, “liver-up” p = 0.07; “stomach-up” p = 0.53; abdominal wall patch p < 0.001, F-ratio 11.5, p < 0.001).



Determination of RRs

The RR for diaphragmatic complications was significantly increased to 8.5 in l-CDH (95% CI 1.2–61, p = 0.03) and to 3.2 in patients requiring an abdominal wall patch (95% CI 1.8–5.8, p < 0.001). In l-CDH, the RR was 2.5-fold higher in neonates with “liver-up” (95% CI 1.2–5.3, p = 0.01).

A significantly increased RR could also be calculated concerning the time of diaphragmatic complications: it was 3.9-fold higher in children younger than or equal to 2 years compared to older children (95% CI 1.6–9.1, p < 0.002). Patients had a 6.5-fold higher risk within the first 4 years of life compared to older age (95% CI 2–20.7, p < 0.002).




DISCUSSION

This study demonstrated that longitudinal follow-up with regular radiologic investigation allows a reliable detection of diaphragmatic complications with the vast majority of these patients showing no or non-specific symptoms and about half occurring beyond 1 year of age. To our knowledge, it has not been explicitly mentioned by any other author before that not only recurrence at the localization of the original diaphragmatic defect but also secondary hiatal hernia is a common complication after neonatal CDH repair. Furthermore, patients with large defects are prone to develop both. In this study cohort with a predominance of large CDH, a low rate of diaphragmatic complications might have been achieved with the implantation of a broad cone-shaped, non-absorbable patch. As independent risk factors, left-sided CDH and the necessity for an abdominal wall patch could be identified in multivariate analysis.

Reports on late recurrences after OS vary strikingly between 4 and 57%, and no decline over decades can be noticed after patch repair (25, 27, 28). Multiple factors can influence recurrence: type of CDH repair, patch material, implantation technique, and various patient characteristics. Yet, it is difficult to compare results: most studies are retrospective and did not offer long-term follow-up—if any—to all surviving CDH patients, and follow-up did not regularly comprise radiologic imaging. Therefore, recurrence rates published in these studies are most likely underestimated.


Time and Symptoms

It has to be differentiated between early recurrences within the first hospital stay and late recurrences thereafter. According to the CDH registry, CDH recurred early in 2.7% of OS patients with annual recurrence rates ranging from 1.1 to 3.7% (22, 31). In our cohort, early recurrence was very rare (0.7%).

Recurrence after discharge has been observed within the first year in the majority of patients by several authors (23, 32–35). In our cohort, only 51% of diaphragmatic complications after discharge were diagnosed within the first year and 83% within 2 years. Consequently, 17% occurred beyond 2 years and 9% beyond 4 years of age.

With implantation of a broad cone-shaped, non-absorbable patch, and meticulous surgical technique, recurrence may develop with growth, but a lower incidence and a shift to older age could be observed in our cohort—reducing the need for secondary surgery in early infancy with its possibly negative side effect of general anesthesia on cerebral and neurologic development (36, 37).

Reports on CDH recurrence and its impact on chronic gastrointestinal morbidity and potential late mortality are limited, but there seems to be a correlation beyond the first year of life that is devastating for patients and families (24). Also, in a multivariate analysis it could be shown that mortality and the number of reoperations are significantly increased in patients with complications within 1 year after CDH repair (38). In our cohort, nonspecific symptoms associated with recurrence were mainly gastrointestinal (43.2%) and less often respiratory (13.5%). Of course, these could also be dependent on internal comorbidities of CDH and therefore be overlooked or undervalued. Accordingly, failure to thrive could also be associated with and explained by persistent pulmonary hypertension, increased respiratory effort due to lung hypoplasia, associated malformations, and adhesions. When comparing weight of R and nonR patients, it seems evident that two-thirds of R patients showed less thriving than nonR patients. However, chronic gastrointestinal problems and late mortality due to an underlying recurrence of CDH could be prevented, if diagnosed and treated timely.

Furthermore, two recently published reviews provide an insight into complications and mortality in adults with late-presenting CDH, which was thought to be a harmless situation. With less than 100 cases, left-sided CDH is rarely diagnosed in adults but seems to be correlated with a high rate of gastrointestinal complications and mortality (39). Right-sided CDH is also a rare condition in adults with 44 patients being reported so far. Mainly, herniation of the small and large intestine has been observed—necessitating bowel resection due to intestinal ischemia or perforation in 23% and showing a mortality rate of 9% (40). In 16 of 39 patients (41%) with congenital Bochdalek hernia or CDH becoming evident during pregnancy, severe complications (intestinal obstruction, gastric gangrene, volvulus, ischemic bowel necrosis, splenic infarction, and/or cardiorespiratory failure) have led to emergency surgery (41). Alike in our patient cohort, patients in adulthood also presented with mainly gastrointestinal symptoms. There have been few reports on symptomatic hydronephrosis and/or arterial hypertension in patients with herniated kidneys that resolved after surgical repair of the diaphragmatic defect (40). Therefore, CDH containing abdominal viscera is considered to be an emergency in adults that should be repaired as soon as possible to reduce mortality and morbidity (39–41). On the other hand, the presence of a small Bochdalek hernia containing omentum or fatty tissue has been reported more frequently in CT scans performed for other reasons (42, 43). This condition is usually described as an incidental finding in asymptomatic patients and may be managed expectantly.

The apparently substantial risk of gastrointestinal morbidity and late mortality in patients with visceral (re-) herniation emphasizes the importance of a standardized follow-up program until adolescence and regular radiologic imaging also in apparently asymptomatic CDH survivors to evaluate the real long-term prevalence of recurrence and morbidity that will otherwise be unrecognized and underestimated. Furthermore, a hidden mortality may be attributed to unrecognized CDH recurrence that cannot be detected in retrospective studies and those lacking long-term follow-up. CDH is a rare malformation and pediatricians, and general practitioners looking after these patients after discharge from the hospital may not be aware of CDH recurrence as a complication, which may present with nonspecific gastrointestinal symptoms and become life-threatening within a short time after the first onset of symptoms. Alike in adulthood, the risk of morbidity and mortality is likely to be higher in patients undergoing emergency surgery—while on the other hand, these could be lowered in patients operated in an elective setting. In future, larger prospective cohort studies should be able to provide an answer to this hypothesis.



Diaphragmatic Complications

No study investigating “true” recurrence and secondary hiatal hernia has been reported so far. “True” recurrence after patch implantation can be due to pericostal sutures growing through the ribs or distraction of the patch from the hypoplastic diaphragm. It bears the risk of intestinal complications such as chronic gastrointestinal problems possibly resulting in failure to thrive with its potential negative impact on neurologic and cognitive development (12). On the other hand, acute incarceration with the risk of bowel gangrene and lethal septicemia can result (24). This can also happen after decades in undiagnosed CDH, attributing to a high risk of complications with associated mortality and morbidity (39–41). In girls, an untreated recurrence may endanger mother and child during future pregnancy. A recently published systematic review of pregnant women with diagnosis of Bochdalek hernia revealed a substantial risk of maternal and/or fetal death and preterm delivery. The incidence of bowel obstruction, ischemia, or perforation was 44%, and the risk of adverse outcome consequently increased. The authors therefore concluded that diagnosis and surgical repair should be achieved as early as possible (44). In herniated kidneys, hydronephrosis with loss of renal function and secondary arterial hypertension due to pelviureteric obstruction or compression of the renal vessels can result. Hiatal hernia is caused by distraction of the diaphragmatic crura from the esophagus especially in patients with a hypoplastic medial diaphragm and initial intrathoracic stomach herniation. It may or may not be associated with relevant GER and failure to thrive. Long-term GER may cause pulmonary compromise due to repetitive microaspirations and Barrett's esophagus at older age.



Patient Characteristics and Treatment of CDH

A predominance of CDH recurrence in r-CDH was observed by several authors—ranging from 4 to 50%—while others reported no significant difference in recurrence rate depending on CDH laterality (33, 45–48). In contrast, we observed a significantly lower recurrence rate in r-CDH. We had a similar incidence of r-CDH (19%) compared to literature reports, but a much higher patch rate—although this did not differ between r- and l-CDH in our cohort (r-CDH: 82%, l-CDH: 78.6%, p = 0.6). In our series, RR for diaphragmatic complications was increased significantly 8.5-fold for l-CDH. The higher incidence of recurrence in l-CDH is a consequence of intestine re-protruding intrathoracically. In r-CDH, the liver is too large and may be adherent to the patch and covering well the recurrent defect from below. Small recurrences may also develop in r-CDH but may not cause any problems and may not be detected by radiological imaging due to absent re-herniation of abdominal viscera.

The CDH-SG reported an incidence of defect sizes A and B of 50% in OS and identified larger defect size to be an independent risk factor for in-hospital recurrence in 3,332 CDH neonates (31). To date, there are no further studies reporting on defect size and recurrence rate. Almost all reports lack information about size classification, which makes reliable comparison difficult. In our OS subcohort with classification of defect size, the incidence of defect sizes A and B was only 28.6%. Being an ECMO center, mainly patients with larger defect sizes are referred for treatment, which is a potential bias but also offers the opportunity to better evaluate complication rates in more severely affected neonates. No influence of defect size on early recurrence could be identified because of its very low incidence. In-hospital recurrences might therefore rather be due to technical failure (17, 34, 49).

First, we were able to show that the risk of long-term diaphragmatic complications correlates with initial defect size and is significantly higher in larger defects. Late complications are rather caused by patient growth: either a recurrent defect at the original localization or a secondary hiatal hernia develops. Naturally, this seems more likely to happen in patients with only a hypoplastic diaphragm: patients with defect size D were prone to develop complications in the long term, while the recurrence rate was very low in patients with defect sizes A and B. Still, a comparatively low long-term complication rate was achieved in high-risk patients in our cohort.

Regarding treatment of CDH patients, higher recurrence rates have been reported for ECMO patients and increased odds ratios were calculated (OR = 6.3 ECMO; OR = 11.2 ECMO and patch repair) (26, 45, 50), whereas others did not observe a difference between ECMO and nonECMO patients (31, 33). In our cohort, there was also no significant difference between ECMO and non-ECMO patients—even though ECMO patients had more severe CDH (diaphragmatic patch: 96% ECMO patients vs. 68% non-ECMO patients, p < 0.000001; abdominal wall patch: 33% ECMO patients vs. 6% non-ECMO patients, p < 0.000001). This finding could be explained by the fact that in our study cohort, the need for patch repair in OS was also high in non-ECMO patients—reflecting severity of CDH in an ECMO referral center. This is a potential bias but also hints at the importance of a thorough technique of patch implantation.

A higher recurrence rate after patch implantation in OS of more than 40% has been observed by several authors (26, 33, 51, 52). In a review on morbidity after CDH repair, the risk of recurrence was reported to be 3.6 times higher after open patch repair (53). Only Riehle reported a low recurrence rate of 4% in 28 patients with an oversize patch in a retrospective study with no structured follow-up (25). Thus, there might have been recurrences not detected by the authors. In our cohort, there was no significant difference regarding long-term complication rates after primary repair (9%, 68 patients) and after implantation of a cone-shaped patch (12.7%, 251 patients). Tsai reported on a similar recurrence rate for primary repair in 75 patients (4%) and repair with a dome-shaped patch in 74 patients (5.4%). All recurrences were diagnosed within the first year, while especially patients without significant lung disease are lacking long-term follow-up (34). In our cohort, the rate within the first year was 5.9% for primary and 6.2% for patch repair. The complication rate is therefore similar in both study cohorts (p = 0.67) even though the patch rate was significantly higher in our patient population [53.8% (Tsai) vs. 72.4%, p < 0.001]. Also, Heiwegen reported no difference in recurrence rate between primary repair and patch repair patients (6% both) within 1 year of follow-up in a retrospective study of 197 patients. In 39.6% of all patients, a dome-shaped patch was implanted (38). In comparison to the only prospective cohort study of 56 patch patients and a recurrence rate of 46%, our long-term complication rate of 12.7% after implantation of a broad cone-shaped patch was significantly lower (p < 0.001) (51).

A surrogate marker for large diaphragmatic defects is the necessity of an abdominal wall patch. Fisher first identified the implantation of an abdominal wall patch as an independent risk factor for CDH recurrence (33). Furthermore, there has been a recent publication calculating a significantly increased odds ratio of CDH recurrence within 1 year for patients requiring an abdominal wall patch (11.3, 95% CI 1.5–84.4) (38). In our patients, this was also reproducible—yet, we are the first to show that the abdominal wall patch clearly reflects disease severity: a significantly higher incidence of intrathoracic herniation of liver and stomach in left-sided CDH, need for ECMO therapy, and patch repair and larger defects were observed in these patients as compared to patients without abdominal wall patch. In our cohort, also a significantly increased, yet lower risk for diaphragmatic complications was identified (3.2; 95% CI 1.8–5.8, p < 0.001).

Thus, diaphragmatic complications after patch repair seem to depend on the implantation technique. In our experience, the broad cone-shaped patch allows for a flattening with growth and thus an enlarged diameter, which reduces tension on the hypoplastic diaphragm also in the long term.

Most recurrences after primary repair in our cohort were detected until 2007 and only one since 2008 in a patient with defect size B. It seems to be essential to reduce tension on the diaphragm to reduce the recurrence rate, and therefore patch implantation is now rather frequent in defect size B (80.5%). The recurrence rate also seems to depend on patch material, but available data are inconclusive: a higher recurrence risk was reported for absorbable patches as well as for non-absorbable patches, while others did not find a difference (49, 51, 54–59). Re-recurrence rates of up to 67% have been reported (28). More recently, the use of biological patches has even been disapproved due to significantly higher recurrence rates (60). In our cohort, solely non-absorbable material was used for patch implantation (Gore-Tex Dualmesh®), which might also have an impact on our low overall recurrence and re-recurrence rates.



Proposal of a Risk-Stratified Approach to Diaphragmatic Complications

An unsolved problem is the answer to the question if and when recurrence should be repaired because secondary surgery may as well be associated with morbidity. In our cohort, only one patient presented with acute incarceration, while the majority showed either no or minor and non-specific symptoms and was diagnosed by radiologic imaging during follow-up (92%). Thus, follow-up with radiologic screening offers the opportunity to detect and treat recurrence before patients encounter severe and possibly life-threatening complications. On the other hand, it also needs to be considered that radiologic imaging exposes the patient to radiation and the healthcare system to costs. Therefore, we would recommend an adapted protocol with a closer investigation within the first 2 years of life because this seems to be the high-risk period and in longer intervals afterward. Intervals for patients after open primary repair might as well be stretched. In our opinion, there is no indication for yearly investigations, which also reduces the radiation dose and costs. Furthermore, the radiation dose for the patient is reduced by follow-up in pediatric radiology departments that should be available at specialized centers.

Based on our findings and current literature review and considering the seemingly substantial risk of complications later in life, we would like to propose a risk-stratified approach to the treatment of diaphragmatic complications: boys with herniation of omentum or upper pole of the kidney may be managed expectantly with detailed counseling of parents and ongoing follow-up, while in girls the risk of enlargement of the diaphragmatic defect and secondary herniation of the abdominal viscera during future pregnancy should also be considered. Patients with herniation of the intestine, symptomatic hydronephrosis of the herniated kidney, arterial hypertension, or relevant gastroesophageal reflux as confirmed by endoscopy and 24-h ph (impedance) testing should rather undergo secondary surgery to prevent morbidity associated with chronic diaphragmatic complications, as explained above. Regarding timing of recurrence repair, it should also be taken into consideration that the recurrent defect will become larger with ongoing growth, which can make repair more difficult. In chronic recurrence, repetitive inflammatory stimuli may cause more severe adhesions of the herniated viscera (41) and increase the risk of intraoperative laceration. Furthermore, a seemingly uncomplicated diaphragmatic hernia or recurrence can become a life-threatening condition at any time. Prior to surgery pulmonary hypertension, obstructive pulmonary compromise, and a catabolic metabolic status should be excluded or treated accordingly to reduce perioperative complications.



Limitations and Strengths

One limitation of our study is that this is not a multicenter study. However, follow-up of a homogenous patient cohort treated with a standardized surgical technique and prospective follow-up may also be considered a strength. Only seven patients received plane patches in defect sizes not eligible for primary repair, and therefore, a comparison of recurrence rates of different patch types in type C and D defects was not possible within this cohort. Therefore, we tried to put our findings into the context of literature reports after a thorough review. The number of patients older than 6 years was low, due to the fact that follow-up data were collected until 2016, so that the long-term recurrence rate until adulthood still has to be awaited. Additionally, the recruitment period comprised 10 years (2003–2012). Intraoperative classification of defect size was established from 2008 onward, reducing the number of patients, in whom risk stratification in relation to defect size was possible. However, almost all published studies lack this information so far. Future studies might therefore have the potential to verify our findings in larger patient cohorts. Also, with the introduction of MIS at our center, the number of patients with open surgical repair of smaller defect sizes decreased. Despite these limitations and in the context of published data from other centers, our findings seem relevant because they indicate that a comparatively low rate of diaphragmatic complications can be achieved in high-risk CDH patients.




CONCLUSION

This largest prospective long-term observational cohort study with a participation rate in the follow-up of 90% of surviving patients permits a reliable assessment of recurrence and secondary hiatal hernia and determination of significant risk factors. Our data indicate that the long-term rate of diaphragmatic complications highly depends on the surgical technique: a comparatively low rate could be achieved in large diaphragmatic defects by implantation of a broad cone-shaped patch. After multivariate analysis, patients with left-sided CDH and requiring an abdominal wall patch are at risk. Unlike previous reports, diaphragmatic complications occurred within the first year of life in only half of our patients. Furthermore, our findings seem to reveal that recurrence patients mostly present nonspecific gastrointestinal symptoms and failure to thrive, which can easily be misinterpreted and increase the risk of morbidity and mortality in undiagnosed CDH recurrence. This seems to underline the importance of radiologic screening during follow-up and will have to be evaluated by future studies. In future, it might be possible to internationally agree on a standardized follow-up protocol with regular radiologic imaging until adolescence for all CDH survivors as well as a risk-stratified surgical approach to recurrence to be able to prevent recurrence-related chronic gastrointestinal morbidity and acute incarceration with their impact on long-term prognosis.
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Objective: Valid postnatal prediction parameters for neonates with congenital diaphragmatic hernia (CDH) are lacking, but recently, the chest radiographic thoracic area (CRTA) was proposed to predict survival with high sensitivity. Here, we evaluated whether the CRTA correlated with morbidity and mortality in neonates with CDH and was able to predict these with higher sensitivity and specificity than prenatal observed-to-expected (O/E) lung-to-head ratio (LHR).

Methods: In this retrospective cohort study, all neonates with CDH admitted to our institution between 2013 and 2019 were included. The CRTA was measured using the software Horos (V. 3.3.5) and compared with O/E LHR diagnosed by fetal ultrasonography in relation to outcome parameters including survival, extracorporeal membrane oxygenation (ECMO) support, and chronic lung disease (CLD).

Results: In this study 255 neonates were included with a survival to discharge of 84%, ECMO support in 46%, and 56% developing a CLD. Multiple regression analysis demonstrated that the CRTA correlates significantly with survival (p = 0.001), ECMO support (p < 0.0001), and development of CLD (p = 0.0193). The CRTA displayed a higher prognostic validity for survival [area under the curve (AUC) = 0.822], ECMO support (AUC = 0.802), and developing a CLD (AUC = 0.855) compared with the O/E LHR.

Conclusions: Our data suggest that the postnatal CRTA might be a better prognostic parameter for morbidity and mortality than the prenatal O/E LHR.

Keywords: congenital diaphragmatic hernia (CDH), survival, chronic lung disease (CLD), extracorporeal membrane oxygenation, O/E LHR, neonate


INTRODUCTION

Congenital diaphragmatic hernia (CDH) is characterized by failure of diaphragmatic development and thoracic herniation of abdominal organs, leading to lung hypoplasia and persistent pulmonary hypertension of the newborn (PPHN) (1). The clinical course of this malformation is variable, wherefore a reliable estimation of prognosis is of particular importance. As lung hypoplasia, besides PPHN, is an important determinant marker for mortality and morbidity in CDH patients (2), quantification of the absolute lung volume is a tool to predict prognosis (3–5).

In the past years, numerous parameters have been evaluated to predict prognosis in CDH patients. The observed-to-expected (O/E) lung-to-head ratio (LHR) diagnosed by fetal ultrasonography shows a high prognostic validity for clinical outcome (6–9). Although measuring O/E LHR has been established as standard approach, this parameter can be utilized only in patients with prenatal diagnosis of CDH. For this reason, it would be preferable to also establish a parameter for prognosis, which is dependent only on postnatal data. Estimation of the chest radiographic thoracic area (CRTA) is an alternative to assess lung volume on a chest radiograph (10, 11). Recently, it has been demonstrated that CRTA can predict survival in infants with severe CDH with high sensitivity and moderate specificity (12).

In this study, we evaluated whether the postnatal CRTA was able to predict morbidity and mortality with higher sensitivity and specificity than prenatal O/E LHR. As main morbidity outcome parameters, extracorporeal membrane oxygenation (ECMO) support and chronic lung disease (CLD) were selected.



MATERIALS AND METHODS


Subjects and Clinical Data

All newborn infants with CDH treated between January 1, 2013, and December 31, 2019, at our neonatal intensive care unit at the Department of Neonatology of the University Children's Hospital Mannheim, University of Heidelberg, were included in this retrospective study. Exclusion criteria were outborn patients; preterm infants <34 weeks' gestational age; patients with associated anomalies, syndromes, or chromosomal aberrations; newborns who died shortly after birth due to a different complication; and patients for which an initial radiograph was missing (Supplementary Figure 1).

Demographic, prenatal and perinatal, and clinical data were collected from the patient's records. Estimation of CDH disease severity was based on prenatal diagnostic measures including fetal ultrasonography for liver position and measurement of observed to expected (O/E) LHR (13). The diagnosis of CLD was made as reported before (9, 14): if there was an additional need for oxygen supplementation at day 28 after birth, CLD was diagnosed. Severity of CLD was differentiated into three grades according to the additional need for oxygenation at day 56 after birth: mild CLD with no need for supplemental inspired oxygen (fraction of inspired oxygen [FIO2] ≤ 0.21), moderate CLD (FIO2, 0.22–0.29), and severe CLD (FIO2 ≥ 0.30). This study was approved by the local ethics committee of the Medical Faculty Mannheim of the University of Heidelberg (reference no. 2020-802R).



Chest Radiographic Thoracic Area

To assess the CRTA, the first preoperative chest radiograph of the neonates with CDH in the first 24 h after birth was included in the analysis. Chest x-rays were obtained in supine position with the tube 1 m above the patient. Lung borders were delineated manually using dedicated software (Horos, V. 3.3.5; Nimble Co. LLC d/b/a Purview in Annapolis, MD, USA) and a freehand tool, applying the following criteria (Figure 1): (a) contralateral: following border of the heart → delineation of the diaphragm → delineation of the thoracic wall → delineation of the upper mediastinum; (b) ipsilateral: delineation of hypoplastic lung. Areas of contralateral and ipsilateral lung were summed up to calculated CRTA. Correction of magnification error was performed by division with the factor 1.04.


[image: Figure 1]
FIGURE 1. Delineation of chest radiographic thoracic area. Example of a newborn with left-sided congenital diaphragmatic hernia. CRTA was calculated as the sum of area of ipsilateral and contralateral lung. Segmentation was performed manually.




Statistical Analysis

Statistical analysis was performed with SAS® version 9.4 (SAS Institute Inc., USA). Descriptive statistics were used to describe the demographic characteristics of the patients and to analyze the distribution of survival, ECMO support, and development of CLD. For metric variables, position and scatter measures, as well as distribution, were calculated. Nominal and ordinal variables were characterized using absolute and relative frequencies. The distribution of the variables was verified using the Shapiro-Wilk test. Inductive statistics was applied to evaluate the observed relationships and differences from descriptive statistics for their statistical significance. Differences in a metric characteristic between two unrelated groups were examined using the Mann–Whitney U test. For nominal or ordinal characteristics, the χ2 test or Fisher exact test was used accordingly. In order to analyze the correlation between two metric variables, a correlation analysis according to Pearson was carried out for normally distributed data and a correlation analysis according to Spearman for non–normally distributed data. The influence of various independent parameters on survival, ECMO support, and development of CLD was analyzed in simple regression models. Subsequently, by means of step-by-step selection, significant variables were included in a multiple regression model. With the parameters O/E LHR and CRTA, logistic regression models were prepared for the respective endpoints. The significance of the parameters was assessed with receiver operating characteristic (ROC) analysis by calculating the area under the curve (AUC). A cutoff value was determined using the Youden index. In a final step, the correlation of the O/E LHR or CRTA was evaluated with the duration of hospitalization or the duration of mechanical ventilation. Linear regression models were created, and their quality was evaluated by calculating coefficients of determination. p ≤ 0.05 was considered significant.




RESULTS


Demographic and Clinical Characteristics of the Study Cohort

Between January 2013 and December 2019, 403 neonates with CDH were treated at our center, of whom 255 neonates were included in this study. For an overview of the recruitment of CDH patients into this study and the characteristics of the dropouts, see Supplementary Figure 1. Of the included study population, 40 patients were transferred to hospitals in the patient's home area after stabilization, surgical repair, and successful weaning. In these patients, the entire duration of the inpatient treatment could not be assessed. For an overview of the characteristics of the study population, refer to Table 1.


Table 1. Patient characteristic of the study population (n = 255).
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Correlation of Clinical Parameters With Survival, ECMO Support, and CLD

We first correlated several major clinical parameters with survival, ECMO support, and CLD in our study population. The neonates who died showed prenatally a significant lower O/E LHR and a lower relative lung volume (rLV) compared with the survivors (Table 2). They also revealed more frequently a liver herniation and received more often fetoscopic endoluminal tracheal occlusion (FETO) (Table 2). On day 1 of life and thereafter, a treatment with HFOV, inhaled nitric oxide (iNO), or ECMO was significantly more often established in this population (Table 2).


Table 2. Comparison of patient characteristics in relation to survival.
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The patient population requiring ECMO support also showed prenatally a significant lower O/E LHR and a lower rLV prenatally compared with the patients without ECMO support (Table 3). In this patient population, a left-sided CDH and a liver herniation were more frequently present (Table 3). Also, in this population on day 1 of life and thereafter, a treatment with HFOV, iNO, or ECMO was significantly more often established (Table 3).


Table 3. Comparison of patient characteristics in relation to ECMO support.
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When comparing patients with and without CLD, patients with CLD showed prenatally a significant lower O/E LHR and a lower rLV prenatally compared with the patients without CLD (Table 4). Also, in this patient population, a left-sided CDH and a liver herniation were more frequently present (Table 4). In patients with CLD on day 1 of life and thereafter, a treatment with HFOV or iNO was significantly more often established (Table 4).


Table 4. Comparison of patient characteristics in relation to CLD.
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Correlation of O/E LHR With CRTA

The correlation of O/E LHR and CRTA was assessed by Spearman correlation analysis. In the total study population [rs(168) = 0.406, p < 0.0001] and in the population of patients with left-sided CDH [rs(147) = 0.473, p < 0.0001], a significant correlation could be demonstrated for both parameters. Patients with right-sided CDH showed no significant correlation with the two parameters [rs(21) = 0.195, p = 0.396; Figure 2]. The resulting values from the linear regression analysis to display the correlation of O/E LHR and CRTA are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Correlation of observed-to-expected lung-to-head ratio with CRTA. The correlation of observed-to-expected lung-to-head ratio and CRTA is shown in the total study population [rs(168) = 0.406, p < 0.0001], in the group of left-sided [rs(147) = 0.473, p < 0.0001] and right-sided CDH [rs(21) = 0.195, p = 0.396]. CRTA, chest radiographic thoracic area; LHR, lung-to-head ratio; O/E, observed-to-expected; rs, correlation coefficient; r2, determination coefficient.




Correlation of Independent Clinical Parameters With CRTA

The impact of independent clinical parameter on the CRTA was analyzed by correlation analysis. O/E LHR (r = 0.388, p < 0.0001; Figure 3A), rLV (r = 0.544, p < 0.0001; Figure 3B), and birth weight (r = 0.150, p = 0.017; Figure 3) correlate significantly with CRTA, but not gestational age (r = 0.101, p = 0.107; Figure 3C). Neonates that were treated with high-frequency oscillation on day 1 of life had a significantly lower CRTA (929 mm2 [254–2,832]) compared with neonates treated only with conventional ventilation therapy (1,266 [374–3,225], p < 0.0001) (data not shown).


[image: Figure 3]
FIGURE 3. Correlation of independent clinical parameters with CRTA. Scatterplots portraying the correlation of CRTA to (A) lung-to-head ratio (r = 0.388, p < 0.0001), (B) relative lung volume (r = 0.544, p < 0.0001), (C) gestational age (r = 0.101, p = 0.107), and (D) birth weight (r = 0.15, p = 0.017). CRTA, chest radiographic thoracic area; LHR, lung-to-head ratio.




Prognostic Value of O/E LHR and CRTA for Survival

The evaluation of O/E LHR between deceased and surviving neonates showed a significant difference (33.0% [21.0%−70.0%] vs. 39.0% [21.0%−83.0%], p = 0.002; Figure 4A). To assess the association of O/E LHR with mortality, a logistical regression analysis was performed, and the following regression equation describes the mortality rate depending on O/E LHR:

[image: image]

An increasing O/E LHR is associated with lower mortality (Figure 4B). Therefore, the probability of neonates to die with an O/E LHR of 60% is 5%, whereas the probability to die with an O/E LHR of 15% is 45%. The ROC curve to predict survival showed an AUC of 0.674 (Figure 4C). When using 36% as a cutoff, the O/E LHR had a sensitivity of 63% and a specificity of 67% for the prediction of mortality.


[image: Figure 4]
FIGURE 4. Correlation of observed-to-expected lung-to-head ratio and CRTA to survival. Boxplots of (A) observed-to-expected lung-to-head ratio and (D) CRTA are exhibited for deceased and surviving infants (whiskers are shown as minimum and maximum). Also shown is the logistical regression (B,E) and ROC curve (C,F) of observed-to-expected lung-to-head ratio and CRTA for the prediction of mortality in the study population. *Significant difference in the U test. AUC, area under curve; CRTA, chest radiographic thoracic area; LHR, lung-to-head ratio; O/E, observed-to-expected.


Also, for CRTA, a significant difference was revealed between deceased and surviving neonates (682 mm2 [254–1,919 mm2] vs. 1,252 mm2 [434–3,225 mm2], p < 0.0001; Figure 4D). The association of CRTA and mortality could be described by the following regression equation:

[image: image]

Consistent with O/E LHR, an increasing CRTA is also associated with lower mortality (Figure 4E); for example, the probability to die with a CRTA of 1,800 mm2 is <1%, whereas the probability to die with a CRTA of 200 mm2 is 75%. The ROC curve indicated an AUC of 0.822 (Figure 4F). When using 806 mm2 as a cutoff, the CRTA had a sensitivity of 88% and a specificity of 69% for the prediction of mortality.

In the univariate analysis, the parameters O/E LHR, CRTA, LHR, rLV, liver herniation, FETO, birth weight, 5-min Apgar, HFOV, HFOV on day 1, iNO, iNO on day 1, oxygenation index, and ECMO were identified to be statistically significant for survival. The parameters oxygenation index, 5-min Apgar, CRTA, and FETO were gradually introduced into a multiple logistic regression model, and it could be demonstrated that CRTA (p = 0.001) and 5-min Apgar score (p = 0.019) were independently associated with survival (AUC = 0.895) (data not shown).

To evaluate whether CRTA plays an important role in certain patient populations, we performed subgroup analysis for left-sided (n = 225) and right-sided CDH (n = 30). The highest prognostic validity of O/E LHR for survival could be seen in left-sided CDH, whereas for CRTA, it was seen in right-sided CDH (Supplementary Table 1). Supplementary Table 1 gives an overview of the significant parameter of the univariate and multivariate analyses for survival in regard to defect side.



Prognostic Value of O/E LHR and CRTA for ECMO Support

The evaluation of O/E LHR between neonates with ECMO support and without showed a significant difference (34.6% [21.0–78.0%] vs. 42.5% [23.0–83.0%], p < 0.0001; Figure 5A). The association of O/E LHR and ECMO support can be described by the following regression equation:
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An increasing O/E LHR is associated with lower ECMO support (Figure 5B). Neonates with a prenatal O/E LHR of 15% have a probability of <75% to require ECMO support, whereas neonates with an O/E LHR of 60% have a probability of <30% of cases to require ECMO support. The ROC analysis indicated an AUC of 0.678 (Figure 5C). When using 39% as a cutoff, the O/E LHR had a sensitivity of 69% and a specificity of 61% for the prediction of ECMO support.


[image: Figure 5]
FIGURE 5. Correlation of observed-to-expected lung-to-head ratio and CRTA to ECMO. Boxplots of (A) observed-to-expected lung-to-head ratio and (D) CRTA are exhibited for patients with ECMO and without ECMO support (whiskers are shown as minimum and maximum). Also shown is the logistical regression (B,E) and ROC curve (C,F) of observed-to-expected lung-to-head ratio and CRTA for the prediction of ECMO probability in the study population. *Significant difference in the U test. AUC, area under curve; CRTA, chest radiographic thoracic area; ECMO, extracorporeal membrane oxygenation; LHR, lung-to-head ratio; O/E, observed-to-expected.


Also, for CRTA, a significant difference was revealed between neonates with ECMO support and without (875 mm2 [254–2,258 mm2] vs. 1,470 mm2 [437–3,225 mm2], p < 0.0001; Figure 5D). The association of CRTA and ECMO support could be described by the following regression equation:
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Consistent with O/E LHR, an increasing CRTA is also associated with lower ECMO support (Figure 5E). Neonates with a CRTA of 2,000 mm2 have a probability of <10% to require ECMO support, whereas neonates with a CRTA of 600 mm2 have a probability of 80% to require ECMO support. The ROC curve indicated an AUC of 0.802 (Figure 5F). When using 1,188 mm2 as a cutoff, the CRTA had a sensitivity of 78% and a specificity of 70% for the prediction of ECMO support.

In the univariate analysis, the parameters O/E LHR, CRTA, LHR, rLV, defect side, liver herniation, 5-min Apgar, HFOV, HFOV on day 1, iNO, iNO on day 1, and oxygenation index were identified to correlate significantly with ECMO support. The parameters iNO, iNO on day 1, and oxygenation index were gradually introduced into a multiple logistic regression model, and it could be demonstrated that iNO on day 1 (p = 0.001) and the oxygenation index (p = 0.001) were independently associated with ECMO support (AUC = 0.933) (data not shown).

In the subgroup analysis in regard to defect side, the highest prognostic validity of O/E LHR for ECMO support could be seen in left-sided CDH, whereas for CRTA, it was seen in right-sided CDH (Supplementary Table 2). Supplementary Table 2 gives an overview of the significant parameters of the univariate and multivariate analysis for ECMO support in regard to defect side.



Prognostic Value of O/E LHR and CRTA for CLD

The evaluation of O/E LHR between neonates with CLD and without CLD showed a significant difference (36.0% [21.0%−78.0%] vs. 45.0% [27.0%−74.0%], p = 0.0002; Figure 6A). The association of O/E LHR and CLD can be described by the following regression equation:
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An increasing O/E LHR is associated with lower incidence of CLD (Figure 6B). Neonates with a prenatal O/E LHR of 15% have a probability of 85% to develop CLD, whereas a neonate with an O/E LHR of >60% has a probability of only 10% to develop CLD. The ROC analysis indicated an AUC of 0.700 (Figure 6C). When using 39% as a cutoff, the O/E LHR had a sensitivity of 68% and a specificity of 71% for the prediction of developing CLD.


[image: Figure 6]
FIGURE 6. Correlation of observed-to-expected lung-to-head ratio and CRTA to CLD. Boxplots of (A) observed-to-expected lung-to-head ratio and (D) CRTA are exhibited for patients with CLD and without CLD (whiskers are shown as minimum and maximum). Also shown is the logistical regression (B,E) and ROC curve (C,F) of observed-to-expected lung-to-head ratio and CRTA for the prediction of CLD probability in the study population. *represents a significant difference in the U test. AUC, area under curve; CLD, chronic lung disease; CRTA, chest radiographic thoracic area; LHR, lung-to-head ratio; O/E, observed-to-expected.


Also for CRTA, a significant difference was revealed between neonates with CLD and without CLD (997 mm2 [434–2,379 mm2] vs. 1,610 mm2 [787–3,225 mm2], p < 0.0001; Figure 6D). The association of CRTA and CLD could be described by the following regression equation:
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Consistent with O/E LHR, an increasing CRTA is also associated with lower incidence of CLD (Figure 6E). Neonates with a CRTA of 1,000 mm2 have a probability of 80% to develop CLD, whereas neonates with a CRTA of 2,000 mm2 have a probability of <10% to develop CLD. The ROC curve indicated an AUC of 0.855 (Figure 6F). When using 1,383 mm2 as a cutoff, the CRTA had a sensitivity of 86% and a specificity of 74% for the prediction of developing CLD. However, there was no significant association of either O/E LHR or CRTA with the severity of CLD (Supplementary Figure 2).

In the univariate analysis, the parameters O/E LHR, CRTA, LHR, rLV, defect side, liver herniation, 5-min Apgar, HFOV, HFOV on day 1, iNO, iNO on day 1, oxygenation index, and ECMO support were identified to correlate significantly with developing CLD. The parameters ECMO support, rLV, and CRTA were gradually introduced into a multiple logistic regression model, and it could be demonstrated that CRTA (p = 0.019), rLV (p = 0.009), and ECMO support (p = 0.003) were independently associated with developing CLD (AUC = 0.971) (data not shown).

In the subgroup analysis in regard to defect side, the highest prognostic validity of O/E LHR as well as CRTA for developing CLD could be seen in right-sided CDH (Supplementary Table 3). Supplementary Table 3 gives an overview of the significant parameters of the univariate and multivariate analyses for developing CLD in regard to defect side.



Prognostic Value of O/E LHR and CRTA for Other Clinical Parameters

Different other clinical parameters were analyzed for their prognostic validity. In the subgroup of surviving neonates, a negative correlation of O/E LHR (rs = −0.438, p < 0.0001; Supplementary Figure 3A) and CRTA (r = −0.352, p < 0.0001; Supplementary Figure 3B) could be demonstrated with the duration of mechanical ventilation. In the same subgroup, a negative correlation of O/E LHR (rs = −0.409, p < 0.0001; Supplementary Figure 3C) and CRTA (r = −0.465, p < 0.0001; Supplementary Figure 3D) could be demonstrated with the duration of hospitalization.




DISCUSSION

The postnatally measured CRTA can predict important outcome parameters—survival, ECMO requirement, and the development of CLD—in children with CDH. In direct comparison to the established and prenatal parameter O/E LHR, it seems superior. The CRTA has initially been described by Dimitriou et al. (10) as a parameter that correlates well with functional lung parameters, such as the functional residual capacity.

Concerning survival, our results are in good agreement with previously published studies. Dassios et al. (12) demonstrated in a smaller patient cohort (n = 84) also an excellent prognostic accuracy of the CRTA in predicting mortality. Most recently, Amodeo et al. (15) also reported a good prognostic accuracy of the CRTA concerning survival. In contrast to results quoted before, Dimitriou et al. only found a weak performance of the CRTA in the prediction of poor outcome (11). In their study, only the postoperatively measured CRTA was associated with poor outcome and not—as used in the present study—the preoperatively quantified CRTA (11). One explanation can be the relatively small (n = 25) study cohort, in which also premature neonates (<34 gestational weeks) were included.

To our knowledge, there are no other studies evaluating the prognostic accuracy of the CRTA regarding ECMO requirement. Our study demonstrates an excellent prognostic accuracy for this endpoint. As ECMO therapy is available only in specialized centers, the postnatally measured CRTA can help to assess whether an outborn child should be transported into a tertiary care center.

To date, there have been few studies on the value of postnatal parameters in predicting the development of CLD in neonates with CDH. In the work of Dimitriou et al. (11), there was no correlation between preoperative CRTA and the development of CLD in CDH. A recently published study by Amodeo et al. (15) showed a significant correlation between CRTA and long-term lung function morbidity in the follow-up of neonates with CDH.

In our investigations, CRTA values ranged from 254 to 3,225 mm2. Dassios et al. (12) reported CRTA values between 1,000 and 2,000 mm2 in their collective, and Dimitriou et al. (11) published values from 630 to 1,860 mm2. Thus, the values reported are in a similar range. However, it is noticeable that the maximum and minimum values diverge more strongly in our results. Compared with the other studies, a broader spectrum of severity of CDH seems to be represented in our patient cohort.

We additionally defined cutoff values of CRTA related to the three prognostic endpoints. As far as we know, Dassios et al. (12) were the only ones who also defined cutoff values for CRTA, which was 1,299 mm2 for survival. It is noticeable that the value for mortality in the current study is lower with 806 mm2. A possible explanation for this could be the more heterogeneous patient population in our study. The difference between the cutoff values indicates that further investigation in a larger and multicentric patient collective is necessary before a clinical application of the cutoff values can take place.

The CRTA seems to have an increased prognostic accuracy compared with the prenatally measured and well-established O/E LHR in our study cohort when comparing the AUC values (AUCsurvival 0.822 vs. 0.674, AUCECMO 0.802 vs. 0.678, AUCCLD 0.855 vs. 0.700). The value of prognostic accuracy of the O/E LHR differs between studies. For example, for survival, AUC values from 0.732 to 0.782 have been reported from us and others (9, 16–18). For ECMO therapy, we have earlier demonstrated an AUC of 0.612, and for CLD, 0.706 (9).

One limitation of the O/E LHR is the decreased reliability in children with CDH (17). In addition, the ipsilateral lung is not included in measurements. Although it is known that measured O/E LHR correlates with magnetic resonance imaging (MRI) tomographically measured lung volume, the differences are particularly determined by different sized ipsilateral lung volumes (19). This potential underestimation of lung volume via the O/E LHR is even strengthened by the fact that the contralateral lung is more strongly compromised laterally than coronally. Therefore, apical and basal lung volume can be underrepresented by the O/E LHR (20). With prenatal MRI and measured rLV, these limitations can be overcome, and excellent prognostic accuracy for survival (AUC = 0.775), ECMO requirement (AUC = 0.741), and CLD (AUC = 0.792) has been reported. Despite these known limitations of the O/E LHR, it is a broadly used and well-established ultrasound parameter, which is why we chose it as comparison for prognostic accuracy to the CRTA.

As the O/E LHR is determined prenatally and the CRTA on day 1 postnatally, both parameters should not be regarded as competing but as complementary. The CRTA can be measured easily and quickly (approximately 1-min duration) for each child with CDH. Especially for neonates with unknown diagnosis of CDH prenatally, the CRTA seems to be a helpful tool in the prognostic assessment.

One limitation of our study is the monocentric approach of data collection. Future work will have to evaluate whether calculated cutoff values can be transferred to other centers. Another weakness of the present study is that only children with isolated congenital diaphragmatic have been included into analysis to avoid a bias, and therefore, the CRTA has not been evaluated for children with multiple malformations. Future studies should evaluate whether the CRTA is also of prognostic value in this cohort. In addition, in order to recruit a representative and large study cohort, the observation period was quite long (2013–2019). A change in postnatal management, as introduced 2015 (3), might potentially have influenced the outcome parameters and, consequently, the cutoff values of analysis.



CONCLUSIONS

The CRTA can be easily measured in the postnatally acquired chest x-ray for each child with CDH. Despite its simplicity, it shows an excellent prognostic accuracy for important outcome parameters and should therefore be additionally used in the prognostic assessment of children with CDH.
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Optimisation of respiratory support of infants with congenital diaphragmatic hernia (CDH) is critical. Infants with CDH often have severe lung hypoplasia and abnormal development of their pulmonary vasculature, leading to ventilation perfusion mismatch. It is vital that lung protective ventilation strategies are employed during both initial stabilisation and post-surgical repair to avoid ventilator induced lung damage and oxygen toxicity to prevent further impairment to an already diminished gas-exchanging environment. There is a lack of robust evidence for the routine use of surfactant therapy during initial resuscitation of infants with CDH and thus administration cannot be recommended outside clinical trials. Additionally, inhaled nitric oxide has been shown to have no benefit in reducing the mortality rates of infants with CDH. Other therapeutic agents which beneficially act on pulmonary hypertension are currently being assessed in infants with CDH in randomised multicentre trials. The role of novel ventilatory modalities such as closed loop automated oxygen control, liquid ventilation and heliox therapy may offer promise for infants with CDH, but the benefits need to be determined in appropriately designed clinical trials.
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INTRODUCTION

The developmental disruption to the lungs and pulmonary vasculature of newborn infants with congenital diaphragmatic hernia (CDH) poses challenges during adaptation to postnatal life. The function of the lungs in providing essential gas exchange of oxygen and carbon dioxide at the alveolar-capillary membrane can be greatly diminished in infants presenting with this congenital abnormality (1). Importantly, appropriate, and timely intervention by clinicians is necessary to provide what can often be life-saving treatment, but may further adversely affect gas exchange. Ventilatory strategies and modalities are continuously being developed, with advances in technology contributing to such techniques. This review aims to provide clinicians with an outline of the recent evidence based ventilatory options available from birth and the initial stabilisation, through to surgery and post-operative management. It will also provide an insight into future developments.



VENTILATORY MANAGEMENT DURING RESUSCITATION

Guidelines from the European Congenital Diaphragmatic Hernia (CDH EURO) Consortium and the American Academy of Pediatrics and American Heart Association (AAP/AHA) recommend routine intubation at birth of all infants with CDH where the prenatal diagnosis is known, with avoidance of bag and mask ventilation and the resultant inflation of herniated bowel contents (2). Peak inspiratory pressures of <25 cmH2O are recommended to avoid ventilator induced lung injury (VILI) to both lungs (2).

Respiratory function monitoring can measure the response to initial resuscitation and the results utilised to predict subsequent survival. Expiratory tidal volumes (p = 0.009) and lung compliance (p = 0.03) measured during the first minute of recorded resuscitation have been shown to be lower in non-survivors. An expiratory tidal volume of >3.8 ml/kg and a lung compliance of >0.12 ml/cmH20/kg was reported to be predictive of survival with 85% sensitivity and 90% specificity. Furthermore, tidal volumes of spontaneous breaths measured during the first 10 min after intubation have been described to be lower in those in those who either died prior to discharge or in those who developed chronic lung disease compared to survival without chronic lung disease (2.0 vs. 4.3 ml/kg; p = 0.004) (3). The achievement of higher maximal pre-ductal oxygen saturations (100 vs. 93%; p = 0.037) prior to transfer to neonatal intensive care have also been associated with greater survival in infants with a diagnosis of CDH (4). Such results are reflective of the degree of pulmonary hypoplasia in non-survivors. Additionally, respiratory function monitoring can be utilised to calculate the anatomical dead space in those with congenital malformations affecting the lungs. A larger anatomical dead space has been reported in those infants with CDH who survived to discharge [2.9 (2.8–3.3) ml/kg] compared to those who died [2.2 (2.1–2.7) ml/kg; p = 0.003] and can be used to predict survival [area under the curve (AUC) = 0.90] (5).

Dynamic lung compliance is low at birth and has been shown to be adversely affected by administration of a neuromuscular blocking agent. Indeed, the median lung compliance in a cohort of 15 infants with antenatally diagnosed CDH reduced from 0.22 to 0.16 ml.cmH2O−1.kg−1 (p < 0.001) immediately post administration of pancuronium bromide (6) (Figure 1). Hence, neuromuscular blocking agents should not be routinely administered during resuscitation (Figure 1). The respiratory function monitor used for pulmonary assessment within this study did not, however, measure oesophageal pressure
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FIGURE 1. Dynamic compliance immediately before, immediately after and 5 min after pancuronium bromide administration [taken from (6)].


During resuscitation, physiological based cord clamping in animal models has been shown to be beneficial as dilatation of the pulmonary vasculature occurs following lung aeration, and thus pulmonary blood flow increases and oxygenation is improved (7). The feasibility of intact cord resuscitation in infants with CDH has recently been assessed in pilot studies. One prospective observational study (n = 40) reported no increase in neonatal adverse events whilst initiating resuscitation prior to cord clamping (8). A single-arm safety study (n = 20) determined the feasibility of intubation and ventilation prior to cord clamping and subsequently reported no significant difference in oxygenation indices or need for subsequent vasoactive therapy compared to those CDH infants undergoing immediate umbilical cord clamping (9). Recruitment is in progress into a multicentre international randomised trial determining the impact of physiological based cord clamping on clinically relevant outcomes in infants with CDH (10).

Where adequate antenatal development of the lung is expected, spontaneous breathing at birth can be considered. A recent, retrospective cohort study of 18 infants with mild CDH found a spontaneous breathing approach at delivery to be both safe and feasible (11). Prospective randomised trials are needed to appropriately evaluate this approach.



INITIAL VENTILATORY MANAGEMENT PRE-SURGERY

Determining the optimal initial mode of ventilation in infants with CDH was assessed in a randomised trial (the VICI-trial) (12). Lung volume recruitment strategies utilised by high frequency oscillatory ventilation (HFOV) were not found to be superior to conventional mechanical ventilation (CMV) in reducing the combined outcome of death or bronchopulmonary dysplasia (BPD) [OR 0.62 (95% CI 0.25–1.55), p = 0.31]. With regards to secondary outcomes, however, the median (IQR) duration of mechanical ventilation was lower in the CMV group [10 (6–18) days] than the HFOV group [13 (8–23) days, p = 0.03]. Given the underlying lung pathology in CDH is that of pulmonary hypoplasia (a non-recruitable lung disease) this likely explains the inferiority of HFOV compared to CMV. Of those randomised to CMV, 42.9% required treatment with inhaled nitric oxide, compared to 56.2% of those on HFOV (p = 0.045). Additionally, a greater duration of vasoactive medication was needed in the HFOV [8 (4.3–19) days] compared to the CMV group [6 (3.3–11.8) days, p = 0.02]. The VICI trial also showed conventional ventilatory support to be beneficial in reducing the requirement for extracorporeal membrane oxygenation support (ECMO) (26 vs. 51%, p = 0.007) and is thus suggested as first line choice of ventilatory support in infants with CDH (2, 13, 14). Such benefits of CMV seen with regards to the secondary outcomes may however be reflective of the higher starting mean airway pressure (MAP) in the HFOV group (initial MAP 13–17 cmH20). A recent, multicentre cohort study of 328 infants also demonstrated no significant differences between HFOV or CMV as initial mode of ventilation when reporting on the outcome of mortality [OR 0.98 (95% CI 0.57–1.67)] or BPD [OR 1.66 (95% CI 0.50–5.49)] (15). That study, however, is limited by its retrospective nature, although propensity score matching was performed to reduce potential confounding. Furthermore, no significant difference was reported between mode of respiratory support (HFOV or CMV) at the time of surgical repair when considering oxygen dependency or death at 28 days (16). Use of high positive end-expiratory pressure (PEEP) may cause lung injury by over-inflation of the ipsilateral lung during HFOV and the ensuing pulmonary inflammatory response (12, 17). Nevertheless, use of HFOV may be indicated as rescue therapy following failure of initial conventional ventilatory strategies (18). Failure of conventional ventilation in CDH infants is considered when peak inspiratory pressures higher than 28 cmH2O are required to maintain oxygen saturations within target range and the partial pressure of carbon dioxide (pCO2) between 50 and 70 mmHg (2) (Figure 2).
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FIGURE 2. Flow diagram of initial ventilatory strategies.




LUNG PROTECTIVE VENTILATORY STRATEGIES


Pressure-Controlled Ventilation and Permissive Hypercapnia

Pressure controlled ventilation and permissive hypercapnia are strategies employed to avoid damage to the lung contralateral to the herniation. Indeed, a reduction in mortality was demonstrated in infants with CDH when pCO2 levels as high as 70 mmHg were permitted (42.9 vs. 14.3%; p = 0.002) (19). That study, however, only reported outcomes at a single institution before and after the introduction of permissive hypercapnia as a therapeutic strategy over a 16-year period. The results may, therefore, have been influenced by other significant changes and advances in management during that time. To avoid ventilatory induced lung damage, low ventilatory pressures are advised by the CDH EURO Consortium, with peak inspiratory pressures of <25 cmH2O recommended for use if possible, however that upper limit is not evidence based (2, 20).



Volume-Targeted Ventilation

The tidal volumes required to maintain effective minute ventilation and clearance of carbon dioxide in infants with CDH have been reported to be similar to that of control infants both pre (4.7 vs. 4.9 ml/kg; p = 0.49) and post (4.5 vs. 4.9 ml/kg; p = 0.14) operatively, however, in that retrospective cohort study, episodes in which tidal volumes corresponded with hypercapnic episodes were excluded. The most appropriate tidal volume targets in infants with CDH remains unanswered. Indeed, too low tidal volumes will result in an increase in the dead space to tidal volume ratio, yet use of too high tidal volumes may over-distend the already fewer alveoli existing in hypoplastic CDH lungs (20). No randomised trials have yet been performed to determine the optimal tidal volumes targets in infants with pulmonary hypoplasia secondary to congenital diaphragmatic hernia (21).




INTRA-OPERATIVE VENTILATION

A pilot, randomised controlled trial aimed to determine the effect of open or thorascopic repair on intraoperative acidosis and hypercapnia. The thorascopic approach was associated with higher levels of intraoperative partial pressure of carbon dioxide (pCO2) (83 vs. 61 mmHg; p = 0.036) and prolonged acidosis compared to open CDH repair (14). The insufflation of CO2 during thorascopic repair was thought to adversely impact upon intra-operative ventilation; all the infants were supported by conventional ventilation. Subsequent potential countermeasures to hypercapnia during thorascopic repair, such as intrapulmonary percussive ventilation and pausing the insufflation of CO2 during surgery, have resulted in non-significant differences in the maximal pCO2 levels during thorascopic [55.9 (38–192) mmHg] and laparoscopic repair [54.1 (41–72) mmHg] (p = 0.60) (22). An observational study reported fewer infants with CDH to have hypercapnic (>60 mmHg) or hypoxic (SpO2 < 90%) episodes during thorascopic assisted repair than open repair, with a shorter duration of post-operative mechanical ventilation in the former group (p < 0.05) (23), but there was no reported significant difference in the overall post-operative survival rates between either choice of surgical repair.

Retrospective cohort analysis of infants who underwent thorascopic repair reported an increase in intraoperative pCO2, with subsequent acidosis regardless of whether conventional or high frequency ventilation was used. Intra-operative pCO2 was not significantly different when HFOV or CMV were chosen as the ventilatory modality during surgery; however, the infants receiving HFOV during thorascopic repair exhibited less marked respiratory acidosis compared to their pre-surgery values than infants supported by conventional ventilation (24). These results suggest that utilisation of HFOV during thorascopic repair may prevent deterioration of respiratory acidosis to a larger degree than conventional ventilation.



VENTILATORY MANAGEMENT POST-SURGICAL REPAIR

Respiratory compliance has been reported to decrease in infants with CDH following surgical repair (25). Furthermore, weight corrected respiratory system compliance (Crs) measured following surgery, in those infants with left sided CDH, has been shown to be negatively correlated with the need for prolonged post-operative mechanical ventilation (p = 0.006) (26). Positive end-expiratory pressure (pEEP) levels following surgical repair can affect respiratory system compliance and resistance in those with mild-moderate CDH and persistent pulmonary hypertension. In a randomised 1-h crossover trial, lung compliance increased by 30% when PEEP levels of 2 cmH2O were applied in comparison to use of 5 cmH2O of PEEP (p = 0.0001) (27). The improvement in oxygenation that occurred at the lower level of PEEP of 2 cmH2O, suggests higher PEEP levels are associated with over-distension of aerated “open” alveoli primarily within the ipsilateral lung (27). That study, however, was performed after surgical repair of the defect and so it remains to be answered whether low PEEP levels are beneficial pre-repair of the defect, given that the presence of viscera within the chest cavity may indeed prevent over-distension of the ipsilateral lung. Furthermore, high PEEP levels immediately after birth have been shown in an animal model to be beneficial in establishing functional residual capacity (28).

Prone positioning of mechanically ventilated infants post-operative repair of CDH has been associated with an improvement in oxygenation (PaO2/FiO2 ratio) (p = 0.032) and a reduction in the alveolar-arterial oxygen difference (p = 0.043) (29). Limitations of that study, however, were that measures of oxygenation and respiratory function were only measured for 30 min in each position and were not related to the adverse longer-term pulmonary outcomes suffered by infants with CDH. Post-surgical ventilation with tidal volumes of <5 ml/kg have been associated with an increase in the work of breathing in infants with CDH (p = 0.001) (30). That study, however, only included seven infants and future randomised, adequately powered studies are necessary to determine optimal tidal volume levels pre and post repair. Furthermore, the impact of such ventilatory strategies in relation to long-term pulmonary outcomes needs to be ascertained.



ADDITIONAL THERAPIES


Supplementary Oxygen

There is a lack of randomised control trials determining the optimal fraction of supplemental oxygen during resuscitation in infants with CDH. In view of such paucity of robust data it is speculated that a starting fraction of the inspired oxygen (FiO2) of <1.0 during the initial resuscitation of newborn infants with CDH may be beneficial, with subsequent titration of the FiO2 to maintain preductal peripheral oxygen saturations (SpO2) between 80 and 95% (2). This starting FiO2 comes as a consequence of increasing concern related to the unfavourable effects of oxidative stress (31). Reducing free radical formation by lowering the levels of the inspired oxygen may subsequently reduce pulmonary vasoconstriction and the associated adverse consequences (32–34). Furthermore, animal models of persistent pulmonary hypertension of the newborn (PPHN) have shown that resuscitation with high levels of inspired oxygen (FiO2 1.0 vs. 0.5) can also impair the later pulmonary vasodilator response to inhaled nitric oxygen (iNO) which may be required as rescue therapy for respiratory failure in infants with CDH (35, 36). A lower starting FiO2 (0.5) during the resuscitation of infants with CDH has been shown to have no adverse effects upon survival (adjusted p = 0.142) or need for ECMO (adjusted p = 0.159) than starting resuscitation at a higher FiO2 (1.0) (37). If the SpO2, however, remained low and there was a subsequent need to increase the FiO2 to 1.0, then this was associated with a trend in reduced survival rates and postnatal ECMO requirement, but the worse outcomes were no longer significant after controlling for a lower gestational age at birth, liver position and lung-head ratio (LHR) (37). One limitation of those results is the retrospective cohort nature of the study. Future trials that randomise newborn infants with CDH to different starting levels of FiO2 during resuscitation are needed to provide clinicians with evidence based FiO2 targets and the later relationship to postnatal outcomes.

Knowledge of the partial pressure of arterial oxygen (PaO2) values are necessary to guide oxygenation indices and determine criteria for ECMO, with continuous monitoring of SpO2 utilised to guide optimal ventilatory strategies. The aim stated by consensus guidelines, is to achieve preductal oxygen saturations of between 80 and 95% 2 h after birth, with post ductal saturations above 70% (2). Provision of supplemental oxygen titrated to such SpO2 levels does, however, need careful monitoring (38, 39). Animal models of the CDH ventilatory responses during the first 2 h after birth have recently demonstrated unintentional cerebral hyperoxia to occur when cerebral blood flow is unmonitored, thought to be related to the rapid increases in carotid blood flow (38). Cerebral oxygenation, monitored by near-infrared spectroscopy, has been reported to be reduced during surgical repair of infants with severe CDH, regardless of conventional or high frequency modes of ventilatory support (p = 0.0001) (39). Those infants receiving HFOV however exhibited a prolonged reduction in cerebral oxygenation and required a longer duration of time to recover to normal values than those in the conventional group (p = 0.003) (39). The study, however, was not appropriately powered to determine the effects of mode of ventilation on cerebral oxygenation during surgery. Furthermore, the relationship of such findings with longer term neurodevelopmental outcomes were not reported.



Use of Inhaled Nitric Oxide

Inhaled nitric oxide (iNO) use in newborn infants with CDH has been reported in 68 (97.1%) participating centres in the Congenital Diaphragmatic Hernia Study Group registry (40). Of 2,174 infants diagnosed by echocardiography with pulmonary hypertension (PH) 74.2% received iNO therapy, however 36.4% of infants without PH were also treated with iNO. Propensity score analysis revealed iNO use to be associated with a 15% higher absolute mortality rate (average treatment effect on the treated: 0.15; 95% CI 0.10–0.20) (40). The use of iNO therapy for CDH infants with hypoxemic respiratory failure, unresponsive to conventional therapy, has also not been found to decrease the need for ECMO or reduce the primary outcome of death before discharge (41). Furthermore, only 16% of infants in that study (41) fully responded to iNO therapy at a dosage of 20 parts per million (ppm), as determined by an improvement of oxygenation indices. Inhaled nitric oxide is, however, often the first line drug of choice for pulmonary hypertension in newborn infants with CDH and forms a standard of care for the CDH Euro Consortium group (2). Nevertheless, as iNO has not been shown to be beneficial in reducing mortality rates, it is not routinely recommended by the American Pediatric Surgical Association (APSA) for the treatment of pulmonary hypertension in infants with CDH (13). Further trials are underway to determine if other therapeutic agents which act to reduce PH may offer more promise in infants with CDH. Currently, an international multicentre, randomised controlled trial is in the recruitment phase to assess whether intravenous sildenafil may be superior to iNO in reducing mortality in newborns with CDH (42). Additional trials are also setting out to determine the beneficial effects of inotropic agents, such as milrinone, in treating pulmonary hypertension caused by right and left ventricular dysfunction in CDH. Such therapy may improve left ventricular diastolic and systolic function, reduce afterload and subsequently lead to improved oxygenation in those with CDH. A randomised pilot trial is being conducted to determine the safety and feasibility of undertaking a larger multicentre trial (43).



Surfactant Therapy

Infants with CDH often exhibit reduced lung compliance (44). The use, therefore, of postnatal surfactant has been considered in infants with CDH. Use of postnatal surfactant administered to term infants (>37 weeks' gestational age, n = 522) was reported to have no beneficial impact upon survival, nor did such treatment reduce the incidence of chronic lung disease or the need for extra-corporeal membrane oxygenation (ECMO) (45). Furthermore, retrospective data from the CDH registry reported that administration of surfactant to preterm infants (<37 weeks' gestation, n = 424) was associated with a greater risk of death before discharge [odds ratio (OR) 2.17, 95% CI: 1.5–3.2; p < 0.01] (46). Additionally, surfactant replacement given to infants >35 weeks of gestation whilst on ECMO was reported to have no beneficial effects on the outcomes of survival to discharge (OR 1.0, 95% CI 0.67–1.62; p = 0.87) or requirement for supplemental home oxygen (OR 1.04, 95% CI 0.6–1.8; p = 0.90) (47). Surfactant concentrations in human foetuses with CDH have been reported to be similar to those of age matched controls, moreover the maturation and storage of surfactant appears not adversely impacted by this congenital pulmonary abnormality (48). Routine surfactant administration to infants with CDH is therefore not currently recommended in the EURO consensus guidance (2). Randomised clinical trials (RCTs) for surfactant therapy in preterm infants with CDH are warranted. If postnatal surfactant is given it should be noted that the standardised dosage regimens for weight are likely to be inaccurate due to the degree of pulmonary hypoplasia (48).




NOVEL VENTILATORY MODALITIES


Neurally Adjusted Ventilatory Assist

Neurally adjusted ventilatory assist (NAVA) may confer protection to hypoplastic lungs. During NAVA, ventilatory support is delivered in response to diaphragmatic electrical activity. The utility of NAVA in newborn infants with structural diaphragmatic abnormalities has not been widely studied and since this ventilatory mode is dependent upon detection of neural diaphragmatic signals certain challenges may arise. In one study, after primary repair, infants with CDH placed on invasive NAVA were shown to have no differences in peak or resting electrical activity of the diaphragm during respiration compared to control infants with no underlying diaphragmatic abnormality, nor did they require higher levels of NAVA support (49). A recent case control study (n = 16) found no significant difference in the NAVA level (p = 0.286) used post-surgical repair in infants with CDH compared to those without CDH of similar age and weight at the time of study. Furthermore, NAVA use in those with diaphragmatic hernia was associated with a reduction in ventilatory requirements and the need for sedative therapy (49). Two retrospective feasibility studies performed in infants with CDH following surgical repair showed that post-operative weaning of ventilation with both invasive (n = 10) and non-invasive (n = 7) NAVA to be successful (50, 51). Additionally, the short-term outcomes of infants with CDH who have been placed on invasive NAVA post-surgery were assessed and NAVA was associated with a decrease in mean airway pressure (p < 0.001) and respiratory severity score (p < 0.001) at 72 h post initiation (p < 0.001) (49).



Closed Loop Automated Oxygen Control

Closed loop automated oxygen control systems have yet to be trialled in infants with CDH, but recent developments have shown promising results in optimising ventilatory support in other pulmonary conditions (52–56). Whether such a modality has a role in infants with congenital diaphragmatic anomalies has yet to be determined.



Heliox Therapy

Utilising heliox as an adjunctive therapy to the ventilation of infants with CDH was shown in one retrospective cohort study to be beneficial in reducing levels of hypercapnia (68 vs. 49 mmHg; p < 0.001) and levels of maximal ventilatory support required from high frequency oscillatory ventilation, and thus may be one such therapy to improve gas exchange in those with lung hypoplasia (57). Prospective randomised trials are required to ascertain the benefit of such therapy on short- and long-term pulmonary outcomes.



Liquid Ventilation

Lung growth in utero occurs as pulmonary fluid secretion provides a continuous distending pressure to the airways (58). Fluid filled lungs, combined with foetal breathing movements, underlie the mechanisms behind antenatal lung growth (59). Liquid at room temperature and less viscous that water, perfluorocarbons may thus provide some benefit when conventional ventilatory strategies remain challenging during postnatal life (60). By providing constant distending pressure, liquid ventilation may improve lung mechanics in a similar fashion to that of an increased PEEP. Results from animal models of severe respiratory failure have indeed shown partial liquid ventilation to be beneficial with regard to gas exchange and reducing pulmonary shunting (88 vs. 31%; p < 0.001) during ECMO (61). A randomised trial to assess the feasibility of partial liquid ventilation (perfluorocarbon-induced lung growth) in newborn infants with CDH (n = 13) confirmed the short-term safety of performance of this novel technique during ECMO (62). Larger randomised trials would be required to ascertain the long-term safety and benefits of liquid ventilation as a postnatal strategy in infants born with congenital diaphragmatic hernia, however as obtaining regulatory approval may prove challenging such therapy may be of doubtful clinical relevance.




LONG TERM LUNG FUNCTION

Pulmonary morbidity and long-term lung function of infants with CDH is now of more significance as survival rates have increased (63). Follow up of 28 children with repaired left sided CDH (mean age 6.2 years) revealed 25% had abnormal pulmonary function (p < 0.01). Furthermore, those with abnormal pulmonary function had lower total lung volume on structural evaluation of chest tomography (826.5 ± 133.6 mls) than those with normal overall lung function (1,244.5 ± 407.9 mls; p < 0.05) (64). Longitudinal analysis of ventilation-perfusion (V/Q) mismatching has been recently reported in CDH survivors (65). In those with severe disease ipsilateral V/Q mismatch worsenend over time likely due to the progressive reduction in pulmonary perfusion (p = 0.012). Such perfusion deficits may be related to abnormal lung function and V/Q studies may thus be an important addition to exercise testing in order to identify and monitor those most at risk of worse outcomes.



CONCLUSION

This review has highlighted respiratory management techniques which could be utilised in resusciation and during the pre and post operative management stages in infants with CDH. Respiratory function monitoring is a useful tool to monitor pulmonary mechanics and the results may be utilised to predict subsequent survival. Conventional ventilatory modes are recommenced as initial respiratory support given the primary lung pathology of pulmonary hypoplasia. Further research and more randomised trials are, however, needed to provide clinicians with evidence based, optimal respiratory management strategies which have been shown to improve the long term pulmonary outcomes of infants with congenital diaphgramatic hernia.
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Congenital diaphragmatic hernia (CDH) is a congenital structural anomaly in which the diaphragm has not developed properly. It may occur either as an isolated anomaly or with additional anomalies. It is thought to be a multifactorial disease in which genetic factors could either substantially contribute to or directly result in the developmental defect. Patients with aneuploidies, pathogenic variants or de novo Copy Number Variations (CNVs) impacting specific genes and loci develop CDH typically in the form of a monogenetic syndrome. These patients often have other associated anatomical malformations. In patients without a known monogenetic syndrome, an increased genetic burden of de novo coding variants contributes to disease development. In early years, genetic evaluation was based on karyotyping and SNP-array. Today, genomes are commonly analyzed with next generation sequencing (NGS) based approaches. While more potential pathogenic variants are being detected, analysis of the data presents a bottleneck—largely due to the lack of full appreciation of the functional consequence and/or relevance of the detected variant. The exact heritability of CDH is still unknown. Damaging de novo alterations are associated with the more severe and complex phenotypes and worse clinical outcome. Phenotypic, genetic—and likely mechanistic—variability hampers individual patient diagnosis, short and long-term morbidity prediction and subsequent care strategies. Detailed phenotyping, clinical follow-up at regular intervals and detailed registries are needed to find associations between long-term morbidity, genetic alterations, and clinical parameters. Since CDH is a relatively rare disorder with only a few recurrent changes large cohorts of patients are needed to identify genetic associations. Retrospective whole genome sequencing of historical patient cohorts using will yield valuable data from which today's patients and parents will profit Trio whole genome sequencing has an excellent potential for future re-analysis and data-sharing increasing the chance to provide a genetic diagnosis and predict clinical prognosis. In this review, we explore the pitfalls and challenges in the analysis and interpretation of genetic information, present what is currently known and what still needs further study, and propose strategies to reap the benefits of genetic screening.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) [OMIM: 142340] has an estimated incidence of 1 in 1,750–5,880 live births (1–3) and is characterized by a defect of the diaphragm. This defect allows herniation of the abdominal organs into the thorax. CDH can be detected prenatally during first or second trimester ultrasounds in 50–68% of CDH pregnancies (4–7). Patients are often referred to a center of expertise with a specialized multidisciplinary team for prenatal assessment, prognostic and genetic counseling and care. CDH prevalence has slightly increased in the past years (3). Still, the mortality rates have decreased, probably due to better treatment strategies (8), although this decline is more pronounced in wealthier coutnries than in developing countries (9).

Most of what we know of human diaphragm development is based on descriptive and functional analyses of animal models. The diaphragm muscle develops initially from transient structures located at the top of the liver: the septum transversum, the pleuroperitoneal folds, the posthepatic mesenchymal plate, and the somites. Myoblast progenitors and other mesenchymal cells (10) in the developing pleuroperitoneal folds expand and migrate to the posthepatic mesenchymal plate. Vice versa, cells from the posthepatic mesenchymal plate migrate toward the pleuroperitoneal folds. Finally, the pleuroperitoneal folds fuse with the posthepatic mesenchymal plate between embryonic day (E) E12.5 and E13.5 (10, 11). When complete, this membrane separates the thoracic and abdominal cavity (E14.5). In CDH, this process is disrupted and the diaphragm will not fully close (12, 13). A more detailed description of diaphragm and CDH development can be found elsewhere in this issue (14).

Patients with aneuploidies, pathogenic single nucleotide variants, de novo Copy Number Variations (CNVs) (15–18) develop CDH, often in the form of a monogenetic syndrome and in combination with other anatomical malformations (2, 19). Here, we discuss what is currently known and inventoried what is necessary to provide optimal genetic counseling for the individual patients and their parents. We evaluate genetic outcome of a CDH cohort in the Erasmus MC-Sophia Children's Hospital, Rotterdam, the Netherlands, and propose strategies to reap the benefits of genetic screening.



CDH HAS SUBTYPES BASED ON DEFECT SIZE, TYPE AND ANATOMICAL LOCATION

CDH is the most severe diaphragm defects compared to other, less frequent defects such as incomplete muscularization of the diaphragm (diaphragmatic eventration) or the presence of just a thin layer of non-muscular tissue (sac hernia). Subtypes are identified by the size and anatomical location of the herniation. Most prevalent are Bochdalek hernias, which are mostly left-sided (20). Prenatal predictors for survival include associated malformations (21), defect size (7), lung volume (22), liver herniation (23), stomach position (24, 25), and lung-to-head ratio (26, 27). Other predictors include birth weight, Apgar score, respiratory parameters, cardiac anomalies, chromosomal changes, and pulmonary hypertension (28–30).



THE RELATION OF DEFECT SIZE AND GENETIC ALTERATIONS

Larger diaphragms defects are associated with a higher mortality rate, the prevalence of associated anatomical malformations as well as the number of associated anatomical malformations (21). We hypothesized that large continuous locus or gene changes (e.g., 15q26 loss, 17q12 loss; see Table 1) can modify multiple genes involved in diaphragm formation, and impact the development of the embryo in general. In contrast, small deletions or Single Nucleotide Variants (SNVs) as seen in for instance FBN1, TGFB3, and SLC2A10 (see Table 2) will be associated with smaller defects. Therefore, we evaluated whether the size of the defect was associated with the finding of “a pathogenic genomic variant” and/or “a genetic syndrome.” We compared the genetic test results and the defect size classification (n = 336). Statistical analysis did not indicate associations of the defect size with an different, uncommon genetic test result. What we did observed was that patients with no or little follow-up revealed associations (P < 0.001). In this category patients are present lacking a registered defect size or registered genetic test. This category includes patients who have not been subjected to an intervention due to intrauterine fetal demise or termination of pregnancy. In the Netherlands, pregnancies in which severe genetic anomalies (e.g., Edwards syndrome, Patau syndrome) or structural malformations are observed that are incompatible with life, are often terminated. The CDH defect size is not determined in those cases (see Table 1). Therefore, a complete genetic and phenotypic evaluation and subsequent association analysis in this particular group is difficult and often not performed.


Table 1. Pathogenic alterations in CDH patients of which the defect size was not registered.
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Table 2. Pathogenic alterations in CDH patients of which the defect size was registered.
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ISOLATED CDH AND COMPLEX CDH

CDH may present as an isolated anomaly (isolated-CDH) or patients can have one or more additional anomalies (CDH-complex) (1, 31). Anomalies can be found in all body sites; cardiac anomalies, anomalies of the urogenital system, limb malformations, nervous system anomalies, orofacial clefts, and gastrointestinal anomalies including intestinal atresia (3, 32). Zaiss et al. described syndromic clinical features such as hypertelorism not assigned to a specific syndrome in 7.7% of studied patients (32). Pathogenic genetic alterations—both in complex and in isolated CDH—are associated with a worse prognosis (33). Moreover, de novo pathogenic alterations are seen more often in complex CDH (34–36). Phenotypical complex patients could be more likely to receive a genetic test. In our cohort, genetic test results were described for patients with associated anomalies (n = 207) and for patients without associated anomalies (n = 311). Thus, there was not a priory bias in this respect (p = 0.923). Twenty patients with associated anomalies had pathogenic genetic alterations vs. one with isolated CDH (P < 0.001). Main outcome parameters of the Erasmus MC-Sophia Children's Hospital, Rotterdam, the Netherlands CDH cohort are depicted in Tables 3, 4. Full cohort descriptions and analysis methods are described in Supplementary Tables S1, S2.


Table 3. Cohort description of output measures and genetic evaluation.
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Table 4. Significant differences in output measures of patients with a genetic test.
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Comparing features of isolated CDH and complex CDH is difficult, depending on how accurately these two groups can be distinguished. Not all patients receive the same phenotypical evaluation and registration is sometimes incomplete. For instance, not all associated anatomical malformations are detectable with ultrasound. Nevertheless, increased resolution of prenatal ultrasound over time has improved the detection of associated anatomical malformations. Neurological symptoms could develop at later age and are not noticeable during the first months or years of development. Furthermore, not all symptoms observed during often organ specific evaluations of medical subspecialities. For instance, postnatal monitoring is essential to detect any associated neurological or ophthalmological symptoms. CDH registries would benefit from regular re-evaluation of these outcome measures. In short, there is a level of uncertainty in registries regarding which patients have no associated anomalies, have no associated anomalies detected, or have no associated anomalies registered.



GENETIC ASSOCIATIONS AND CO-MORBIDITY

Long-term complications in children born with CDH include chronic lung disease, feeding difficulties, gastro-esophageal reflux, growth failure, scoliosis, chest asymmetry, neurodevelopmental delay, and sensorineural hearing loss (37, 38). These co-morbidities can be either a direct or indirect consequence of the CDH or be a consequence of the treatment. Damaging de novo variations in both isolated CDH and complex CDH-complex have been found associated with pulmonary hypertension, higher mortality rate, and worse neurodevelopmental outcome (33). There is a large difference in survival rates between patients with or without persistent pulmonary hypertension (39) and bronchopulmonary sequestration (40). The genetic contribution to bronchopulmonary sequestration etiology is unknown. Mutations in BMPR2 (41, 42) and several SMAD signaling molecule genes have been associated with the development of pulmonary hypertension in adults and children (43–45). A striking association between TGF-β/SMAD signaling and pulmonary hypertension has been reported in CDH, as the CDH lungs had increased miR-200b expression and decreased TGF-β/SMAD signaling (46). Increasing miR-200b decreases the TGF-β signaling and reduces lung hypoplasia in a nitrofen induced congenital diaphragmatic hernia -pulmonary hypertension rat model (46). Similarly, Pereira-Terra and colleagues described a specific micro-RNA signature in tracheal aspirate fluid, upregulation of miR-200b and miR-10a and decreased TGFB signaling (47). Patients with mutations in genes from this pathway have connective tissue disorders (48). In patients and mice, several genetic factors have been associated to lung and cardiac abnormalities (2, 49–52). CDH has been found in patients with connective tissue disorders such as Marfan syndrome (53), Loeys-Dietz Syndrome (54, 55) and arterial tortuosity syndrome (56). Patients with these connective tissue disorders are at increased risk of cardiovascular problems (57, 58) later in life. Abnormal retinoic acid signaling can result in a diaphragm defect (59). Patients with variants in STRA6 and RARB-receptors and deletions of RBP1 at chromosome 3q22 (60, 61) in the retinoic acid signaling pathway have ophthalmic symptoms (62, 63). Patients with CDH may have other eye defects as well (64, 65). These occurrences of direct genotype-phenotype correlations stress the importance of genetic diagnostic screening to inform parents and patients about possible co-morbidities.



CDH IS A COMPLEX GENETIC DISORDER

CDH is a multifactorial disease but neither environmental nor genetic contributions have been fully characterized. Maternal morbidities during pregnancy such as pre-gestational hypertension (66) and pre-existent maternal obesity (67–69) are associated with an increased risk for development of CDH in the fetus. Several other environmental factors have been associated with an increased risk: antidepressant medication (70), antibacterial medication (71), exposure to fungicides (72), the immunosuppressant drug mycophenolate mofetil (73), methotrexate use (74), exposure to cadmium (75), pesticides (76), hairspray use (77), alcohol intake (69, 77–79), and smoking (75, 78, 80). However, to what extent these associations impact diaphragm development and the onset of CDH is not known. The mother's nutrient intake during pregnancy is associated as well (81, 82); reduced vitamin A intake during pregnancy has the strongest associations with CDH (83, 84). Vitamin A shortage can be detected postnatally (85). It is hard to determine whether environmental factors explain some of the non-genetic contributions on a population level or to what extent the environment interacts with the processes disturbed by genetic anomalies. Epigenetic differences acquired during the life span can be detected between monozygotic twin pairs (86–88). Evaluating these differences—and the resulting gene expression changes—is an interesting approach. There are methods to overcome cellular heterogeneity and if epigenetic changes are present in blood these can be compared between patient and sibling (89–91).

The exact heritability—the contribution of genetic factors—is difficult to determine, in light of the relatively low disease incidence, the high mortality limiting vertical transmission and the limited numbers of twin pregnancies (92, 93). Heritability can be estimated using twin studies. For CDH, the concordance rates in dizygotic and monozygotic twins are comparable. Fifty-three monozygotic twins have been described, of whom 12 were concordant for CDH (2, 92). In our cohort, 24 twin pairs (15 dizygotic, 8 monozygotic, and one same sex twin pair of whom no genetic material was available to determine zygosity) are described. One dizygotic and one monozygotic twin pair were concordant for CDH. To reduce the effect of technical noise in twin comparisons, we used different alignment techniques, variant callers and statistics (see Supplementary Table S3). Neither the larger CNVs (94) nor SNVs (see Supplementary Table S3) differed between these twin siblings. Differences in phenotype can also be the result of twin-to-twin perfusion differences. Furthermore, single nucleotide changes could be located outside the coding sequence or at very low frequency, and then could not be detected with exome sequencing.

Somatic mosaicism is difficult to determine when the affected tissue or cells are missing. The mutated diaphragmatic cells might not have survived in sufficient quantities and, therefore, be undetectable with sequencing technologies (95). In line with this, whole genome sequencing did not find causative somatic variants in diaphragm biopsies (96, 97). In contrast, germline de novo variants are often present (33, 96–98). Females have a higher burden of de novo variants (98), suggesting a female protective model. Large cohort descriptions about sibling recurrence rate (92) or familial CDH are not available. In our cohort, only a few familial cases are known (<1%). Still, CDH is described to segregate through families (1) and/or present as a monogenetic disorder following autosomal dominant (53, 98–109), autosomal recessive (62, 110), or X-linked (111–113) inheritance patterns.

Depending on the specific family the monogenetic disorder has CDH is either a common or a less prevalent feature. More than 100 (candidate) genes have been described, mostly identified from animal models or monogenetic syndromes (2, 19). Monogenetic syndromes often have distinct phenotypical features and have been reviewed by Longoni et al. and Yu et al. (20, 114). Monogenetic syndromes in which CDH is a frequent feature are, for instance, autosomal recessive Donnai Barrow syndrome (OMIM: #22248, LRP2 gene), syndromic microphthalmia (#601186, #615524, STRA6, RARB), and autosomal dominant cardiac-urogenital syndrome (#3618280, MYRF gene). Associated phenotypes in these syndromes are congenital heart defects, sensorineural hearing loss, microphthalmia, genitourinary malformations, craniosynostosis and myopia with each of these syndromes its distinct features. Detailed phenotyping might be crucial in diagnosing clusters of CDH patients: either “phenotype first” and searching for an overlapping gene or “genotype first” and searching if patients with the same affected gene have an overlapping phenotype. Interestingly, Fryns syndrome and also Pentalogy of Cantrell have CDH as a defining feature; yet the gene or genes responsible for these conditions are not yet known.

CNV studies reported overlapping deletions and duplications, such as duplications of 11q23-qter (115), 16p11.2p duplications (15, 18), 17q12 deletions (15, 18, 116, 117), and 5p15.2 deletions (15). By prioritizing and sequencing the genes within these CNVs in other patients, new disease genes have been discovered. For example, in the 8p23.1 deletions (118–120), GATA4 (50) and SOX7 (121) and in case of 8q23.1 deletions (18), ZFPM2 (122) are the genes likely contributing to CDH. 15q26 deletions (120, 123) and subsequent sequencing implicate NR2F2 as a disease gene (124). For 1q41–1q42 deletions, one duplication disrupting the HLX gene and subsequent HLX gene variants have been described (15, 18, 125–128). Constraint coding regions are enriched for de novo variants (104), and using variant evaluation guidelines of rare de novo changes in these types of constraint genes (129) result in a likely pathogenic or pathogenic classification, especially if variants result in reduced amounts of protein.

Interpretation of genetic results can be hindered by reduced penetrance (18, 122) and variable expressivity (2) that may mask the causal culprit in segregation analysis (see Figure 1). Polygenic inheritance (51), locus heterogeneity (33, 34, 130), and contributions of different kinds of genetic variation (17, 114) mask culprits from innocent bystanders. Therefore, large patient and control samples sizes are required to have enough power to classify variants into “benign,” “causal,” or “contributing.”


[image: Figure 1]
FIGURE 1. Genetic models. Figure created with BioRender.com.




FROM PATHOGENIC ALTERATION TO CDH

Finding a genetic variant predicted to be deleterious is only the first step in proving the functional effect of this DNA alteration. This is especially true for missense changes, in-frame insertion-deletions and copy number variations. Often there is only in-silico evidence regarding the impact of a variant on gene function and the way in which the disturbed gene function affects a biological pathway or mechanism. What is lacking is proof how a specific deleterious variant lead to defective diaphragm formation. Unfortunately, for most likely pathogenic CNVs and SNVs, the assumed functional consequence is based on the genetic alteration itself: i.e., copy number loss or nonsense variant is assumed to result in reduced amounts of mRNA expression and protein. Deleterious de novo missense variants and in-frame insertion-deletions in conserved coding regions are more difficult to relate to a likely functional consequence and is often on in-silico surveys. Improving the in-vitro evaluation of candidate variants is crucial in distinguishing causal variants from non-causal variants. These experiments require tremendous effort and can be complicated by the presence of more than one candidate alteration.

Detecting a deleterious variant in a gene in multiple patients helps prioritizing candidate genes for function evaluation and studies using animal models. In a large cohort (n = 827), seven syndromic and four recurrent CNVs were identified (104). Some of these have already been associated with CDH; e.g., 17q12 deletions, 16p13.1 duplications, 22q11 deletions, and 21q22 duplications. Furthermore, 87 CNVs were de novo, of which 54 were large (>2 Mb) deletions (104). Although non-recurrent, at least a proportion of these large de novo deletions are likely to be related to the patient's phenotype. Ten genes were enriched for de novo variants, of which mitochondrial lon peptidase 1 (LONP1) and Aly/REF export factor (ALYREF) were the most promising candidate disease genes. LONP1, MYRF as well as ZFPM2 reached or approached genome wide significance when a variant burden test was performed for all deleterious changes (i.e., including inherited variants) (104). Combining multiple “omics” and in-vitro translational approaches can potentially bridge the gap between genetic findings and animal models.

In animal models, fewer progenitors reaching the PPF at the proper developmental due to decreased proliferation, increased apoptosis, migration defects or failure to differentiate in their proper cell fates have been proposed as causes for CDH (131–134). Disturbances in specific processes such as retinoic acid signaling or muscle connective tissue formation were initially discovered in animal experiments; genes associated with these pathways or processes were subsequently found altered in patients (132, 135–138). Additionally, disturbed processes can be identified using gene enrichment strategies to find common denominators in the affected genes and loci. Longoni and colleagues described the enrichment of rare, likely deleterious variants in CDH patients of genes derived from mouse PPF embryonic transcriptomes (139), known human disease genes, their protein interaction partners and candidate genes from CNV hotspots (35). Often, these alterations were inherited and implicate non-Mendelian inheritance patterns. On the individual level, these changes can be regarded as risk factors. Combined, these changes may affect a biological pathway to such an extent that they result in CDH. Assigning such a pathway or process—for instance how these gene variants disturb myoblast progenitor cell proliferation or migration—is not easy. Animal models are not perfect, although they provide evidence of involvement of a gene when it is knocked-out and in which cases the animals develop CDH at a certain frequency. However, this procedure hardly ever takes into account that genetic variation is mostly not a complete loss-of-function of a gene. Missense variants, copy number gains and heterozygous changes could—and likely do—differ in impact or mechanism of action. Thus, in these cases, knock-out models either over- or underestimate the effect of a genetic variant.

In some cases, specific variants can be associated with the causative mechanism; e.g., the association of FBN1 variants in Marfan syndrome (53) and defects in the connective tissue. Indeed, our cohort included patients with FBN1 and TGFB3 alterations. In other patients, the affected pathway is known; e.g., patients with deletions of NR2F2 (123) have a defect in a gene that codes for a receptor that is activated by retinoic acid signaling (140). Of other genes, we know that they interact with other disease genes, are expressed in the developing diaphragm and are also associated with retinoic acid signaling (e.g., ZFPM2, GATA4). A small difference in spatial and temporal binding and organ-specific combination of transcription factors have been suggested as links between the different syndromes with CDH (141). Most of the deleterious CNVs and aneuploidies are assumed pathogenic and the most likely cause of the diaphragm defect. However, how these—often continuous gene deletions—in patients impact diaphragm formation and subsequently result in CDH remains unclear.



TEMPORAL SCREENING BIAS

Technologies have a different resolution to detect genomic changes ranging from chromosome arms, several mega-bases to single nucleotide level. Initially, patients were evaluated with karyotyping, MLPA and QF-PCR, with which only aneuploidies or chromosome (band) level changes could be detected. At the Erasmus MC-Sophia Children's Hospital, SNP-array was introduced in 2010 and is standard practice in case of ultrasound abnormalities since 2012. The use of SNP arrays increased the detection resolution to gains and losses of several from mb to kilobases. Many patients in our cohort have retrospectively been re-evaluated with SNP-array. In 10.9% of patients a pathogenic change was. Similarly, 10.4% of patients registered in the EUROCAT registry (1980–2009) have a chromosomal anomaly, genetic syndrome or microdeletion (3). This was before the NGS era, and the findings mostly represent the larger genetic changes with a large phenotypic effect. Whole exome sequencing was introduced in our clinic more recently (2015), and initially only used to evaluate the more complex patients. Restoring the temporal screening bias by screening large historical cohorts of patients and subsequent evaluating potential associations between genetic factors and long-term morbidity can benefit the future and today's patients and parents.



COLLABORATION IS KEY

Combining disease cohorts revealed that damaging de novo alterations are associated with the more severe and complex phenotypes (33, 130). This strategy was pivotal in identifying disease genes (98, 104, 130, 142). The success of this effort stresses the importance of collaborations such as the DHREAMS consortium (http://www.cdhgenetics.com). Trio whole genome-based approaches are recommended, as these enable to simultaneously determine different types of genetic variation. Additionally, this technique is suited for continuous re-analysis. By combining and sequencing these cohorts, the CDH-EURO consortium (143) and Congenital Diaphragmatic Hernia Study Group (144) can add to endeavors of the DHREAMS consortium. This will enable to identify genes that are more often affected in patients than by chance alone, and will allow manageable numbers of required functional tests and animal models. For collaborations to work, samples need to be stored in well-managed biobanks and data should be meticulously archived for later re-analysis or re-evaluation. New challenges for these biobanks and data archiving and sharing are privacy regulations (145). Sharing of patient material and data should consider the privacy of participants and their families but also acknowledge the efforts of stakeholders such as researchers and clinicians (146). An ethical and legal balance should be sought weighing the privacy needs of individual patients against the medical benefits of the patient population.



CONCLUSIONS

Diagnostic yields of up to 37% using next generation sequencing have been proposed. These yields are reached when, in addition to genes from known monogenetic syndromes, heterozygous de novo variants in genes expressed at the proper time-point in relevant tissue in animal models are classified as likely pathogenic (105). Importantly, heritability and diagnostic yield are calculated on a population level. From a patient's or parents' perspective it matters the most to know (1) if they themselves or their children have or do not have genetic changes in their genome explaining the CDH, (2) if subsequent children or patients' offspring are at risk of CDH, and (3) what the consequences of these changes are for the prognosis and/or the probability of complications. CDH is now mostly detected prenatally; consequently, fast, accurate, and predictive genetic diagnostics are increasingly needed. As about a third of patients have a de novo variant in the coding region (104). For parents to make informed choices, it is vital to knowing if a genetic variant detected in their child is causal or benign, and what the predicted consequences are of this variant.
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Recurrence is one of the most common surgical complications in Congenital Diaphragmatic Hernia (CDH). It could remain clinically silent for a long time or present as an acute complication week, months, or even years after the primary surgery. Several risk factors have been identified so far. An extended diaphragmatic defect represents one of the leading independent risk factors, together with indirect signs of large defect such as the liver position related to the diaphragm and the use of the prosthetic patch and with the use of a minimally invasive surgical (MIS) approach. However, the exact contribution of each factor and the overall risk of recurrence during the life span still need to be fully understood. This mini-review aims to give an overview of the current knowledge regarding CDH recurrence, focusing on predisposing factors, clinical presentation, management and follow-up of high-risk patients, and future perspectives.
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INTRODUCTION

Recurrence of Congenital Diaphragmatic Hernia (CDH) represents a common complication in CDH survivors, along with pulmonary, gastrointestinal, neurobehavioral, and developmental anomalies (1–4). It mostly happens at the site of the original hernia, but occasionally hiatal hernia may follow CDH repair due to tension on the diaphragmatic crura. Therefore, we will concentrate on this review over the first entity.

The incidence of recurrence after CDH repair varies considerably, ranging from 5 to 65% in reports with different lengths of follow-up and different follow-up protocols (4–11). The average age at recurrence is 12 months, with 47.6% of cases occurring before 1 year of age, 76.2% before 2 years, and near 100% before 5 years (12–14). Only 3% of cases are reported as an early in-hospital recurrence (2). In older children, the recurrences are rare (15).



PREDISPOSING FACTORS

Many different predisposing factors (PF) have been investigated related to pre- and postnatal life, congenital and acquired diseases, medical and surgical problems, with inconclusive results in different series.


Prenatal

Although there are authors that did not evidence differences in recurrence rate among prenatal patient-related characteristics (16), most studies report a higher recurrence rate in patients with signs likely related to a larger defect size such as lower observed/expected lung to head ratio (O/E LHR%), prenatal diagnosis of CDH (<22 weeks of gestational age), observed/expected total fetal lung volume (O/E TFLV) <30%, thoracic position of the liver (5, 8, 10, 17, 18). A recent study by Amodeo et al. showed that patients prone to recurrence have lower final O/E LHR% during fetal life and could be identified in the early postnatal life by estimating the pulmonary surface at the first Chest X-ray (CXR) control after birth. Indeed, the unit increase in total and ipsilateral area in cm2 was associated with a 14 and 29% reduction in the risk of recurrence, respectively (17). These findings further suggest that recurrence is related to the defect size. In addition, a large defect size has been associated with an early in-hospital recurrence (2). Another prenatal risk factor frequently reported in the literature is the absence of a hernia sac (5, 10, 18–20). There is still contrasting evidence concerning a higher recurrence risk in the right-sided defects (21, 22), while Fetal Endoscopic Tracheal Occlusion (FETO) procedure has not been confirmed as a predisposing factor for recurrence (2, 17, 21).



Postnatal

Many postnatal PFs seem to be associated with recurrence. Some might be indirect signs of larger defects, such as the need for ECMO and the use of diaphragmatic and abdominal patches. Others are generally related to the severity of the disease, such as prolonged invasive respiratory support, need for intensive care, longer duration of mechanical ventilation, post-operative sildenafil requirement, longer length of stay (LOS), age at discharge, supplemental oxygen requirement, persistent pulmonary hypertension. And others still, like thoracotomy and MIS, are related to surgical choice (12, 17, 23–25).

Surgical-related PFs seem to have a major role in recurrence among postnatal variables, especially the use of patches, both diaphragmatic and abdominal (16). Despite this, the use of patches for repair has been increasing in the last decade. Patients who require a diaphragmatic patch repair are reported to have a risk 2.83 times higher of developing a recurrence (26). The inability of the synthetic patch to grow with the patient is the mechanism underlying this strong association (2). But, again, the disease's severity and the defect's size may present an underlying independent role (26). The goal of the patch is to allow closure of the defect without tension on the surrounding structures, despite a large defect size, granting a tension-free suture. This aims to reduce the risk of recurrence and seems effective, as shown by Zahn et al. (27). Another advantage is the possibility to create an “over-sized” cone- or dome-shape for the new diaphragm, allowing for better respiratory physiology. A cone- or dome-shaped prosthetic patch gives the thoracic cavity a more physiologic shape and volume (Figure 1). Moreover, it provides additional abdominal volume during the significant growth of the first year of life, facilitating tissue ingrowth coming from folds of the redundant material sutured to the rims of the diaphragm (28). Nonetheless, some single-center studies do not report any significant difference in hernia recurrence rates between the patch and primary repair, while other authors even described a reduced recurrence rate in patients treated with a patch (6, 27, 29, 30), in contrast with data of large series from high-volume centers (6, 16, 26).


[image: Figure 1]
FIGURE 1. Intraoperative imaging of patch repair. (A,B) Dome-shape patch repair. (C,D) Cone-shape patch repair.


Another open issue is the patch material. In a recent report, the non-absorbable polytetrafluoroethylene (PTFE) patch appears to have a lower recurrence rate than the absorbable intestinal submucosal (SIS) patch. This retrospective and monocentric study assessed the use of patches with a follow-up limited by the bias due to the sequentially timed implementation of the PTFE patch related to the SIS patch (31). Albeit the article by Camila et al. presents some limitations, the future seems promising for using PTFE patches (31).

Alternative methods for diaphragmatic breach closure have been suggested to avoid diaphragmatic patches, such as wall muscle flaps like the reversed latissimus dorsi muscle flap. This is suggested as an alternative to patches in case of significant defects or agenesis of the hemidiaphragm (28). Limited experiences have shown similar or even better outcomes with muscle flaps (32, 33). However, larger studies would be needed to confirm these results, and strong evidence in its favor is still failing. Moreover, the problem in muscle flaps is that innervation is missing, and we could see a marked dysfunction of diaphragm motility overall in massive C- and D-defects (34, 35).

Constant efforts are being made to find the “perfect” graft for diaphragmatic reconstruction, and the future of tissue-engineered diaphragmatic repair is promising (36).

Based on current evidence, major international study groups recommend using non-absorbable prosthetic patches, mainly PTFE, aiming at an oversized/dome shape. PTFE appears safe and is associated with a low recurrence rate (7, 10, 26, 37).

Another surgical PF is the use of an abdominal patch. Even if rapidly removed through staged closure, an abdominal prosthesis can predispose to recurrence by interfering with the integrity of the diaphragm at its connection to the anterior abdominal wall (16, 27).

Most surgeons agree that the recurrence rate also depends on the surgical technique (28). The postero-lateral section of the defect deserves particular attention and is deemed essential to secure the patch with particular care in this part of the defect, passing the stitches around the ribs and intercostal muscles, if necessary. Usually, a non-resorbable suture is used to secure the diaphragmatic patch (28). In addition, some technical expedients have been proposed to minimize the risk of recurrence. For instance, pledged sutures are used to strengthen the hold on the tissue or to tailor the patches in modified shapes such as double-layer patches (18).

The post-operative chest X-ray (CXR) may help evaluate the accuracy of surgery, and a flat-appearing diaphragm could be an indirect sign of a tense repair with a higher risk of recurrence. However, no relationship between post-operative CXR diaphragmatic appearance and recurrence has been observed (38).

Recently, minimally invasive surgery (MIS) has increased its pediatric and neonatal surgery applications, but CDH still represents a challenge for laparoscopic (anterior defects) and thoracoscopic (mostly Bochdalek defect) repairs. The advantages of MIS are mainly represented by less pain, less incisional complications, and reduced surgical stress compared to traditional surgery. In general, TR is not contraindicated in newborns since relative hypercapnia is tolerated (29). At the same time, thoracoscopic repair (TR) of CDH is reported to have a greater risk of recurrence (2–9%) than the classic repair through laparotomy (1–4%) (2). Cioci et al. also observed a significantly higher recurrence in those patients who underwent MIS repair (48%) as compared to open repair (OR) (16%) (23). However, significance was not reached in other series (30), and some recent studies have identified a similar risk of recurrence between TR and OR in selected patients (39–45).

Furthermore, the rate of recurrence in TR decreases with the increase of the surgeon's experience (learning curve) (2). Because the increased risk of recurrence with MIS repair would seem due to surgeon inexperience, several studies proposed that TR should be limited to high-volume centers and experienced surgeons (2). Nevertheless, other factors could be involved in the higher recurrence risk in MIS. Therefore, it has been suggested to limit MIS to the smallest defects, classified as A or B, by the Congenital Diaphragmatic Hernia Study Group (CDHSG) Staging System (23). Additional proposed selection criteria are cardiovascular stability and no pulmonary hypertension, mild symptoms or asymptomatic, liver down, late presentation or postnatal diagnosis, and absence of severe comorbidities (31, 46). However, further studies are needed, especially with a structured long-term follow-up.

At present, no correlation has been reported between time to surgery and risk of recurrence (16). The correlation between ECMO support and recurrence also requires some attention. The need for ECMO could independently increase the risk of recurrence or indicate a more severe clinical presentation with a larger defect size (2). Moreover, the recurrence rate is not associated with the repair timing (before, during, or after ECMO) and the need for the “EXIT to ECMO” procedure (2, 47, 48). However, these results are biased by the lack of standardized long-term follow-up in some series (2, 49).

A recent study observed the impact of hospital volume on CDH recurrence for the first time. Cioci et al. demonstrated as low-volume CDH centers have significantly higher recurrence rates and hospital costs than high-volume CDH hospitals. Therefore, the de-centralization of CDH patients would be a further PF (23). Consequently, through a hub and spoke model, the centralization of CDH delivery is needed to improve care and reduce costs, complications, morbidity, and mortality (50).




MANAGEMENT

The management is based on the severity of the condition. A minor recurrence is defined as a tiny defect in an asymptomatic patient, with minimal herniation of the abdominal content into the thorax, more frequently only the omentum, without worsening during follow-up. Recurrence is defined as major when it allows the stomach and/or bowel loops to re-herniate back up into the thorax or worsens over time (5, 6, 15).

In case of minor recurrences, conservative management may represent a good choice, avoiding re-operation, provided that the patient remains stable at periodic plain CXR and clinical examination for a minimum follow-up of 5 years (5, 6, 15, 27).

A surgical approach is indicated when a major recurrence is detected (Figure 2). At the dorsal costo-abdominal place, the sutures could grow through the ribs or could be torn out, leading to relatively small additional defects in the case of Bochdalek hernia. Nevertheless, a fault at the hiatus could be observed in other patients. Therefore, sometimes, an additional patch could be inserted without replacing the entire patch in both cases. Thoracotomy could be a good alternative in cases where the recurrence was located more ventral. Despite this, adhesions could even affect the thoracic cavity.


[image: Figure 2]
FIGURE 2. Radiological image of the major recurrence of left side CDH after a first patched diaphragmatic closure. (A,B) Chest X-ray image, (C–F) computed tomography image.


There is ultimately no consensus on the optimal surgical approach to CDH recurrence. Some authors suggest approaching a recurrence from a so-called “virgin plane”, meaning the opposite body cavity compared to the first surgery (51). This aims to work in a more accessible surgical field with fewer adhesions and better visibility.

However, a recent survey shows that recurrence is repaired with the same technique (laparotomy, thoracotomy, MIS) as the primary operation in 48% of cases (23). In the open approach, laparotomy is always favored over thoracotomy. On the other hand, thoracoscopy is the preferred approach among MIS surgeons for the first surgery as well as recurrence, except in case of initial thoracotomy. Future prospective studies may help define the optimal approach. Still, in the absence of clear evidence favoring a specific technique, it is preferable to use the most comfortable route to the operator.



RE-RECURRENCE

The incidence of a second recurrence after the first recurrence repair is not well documented in the literature, but it seems to be high, especially in D-defects. Moss et al. reported a second recurrence rate of 25% (52). In another series by Laituri et al., the frequency of a second recurrence was 50% among patients with CDH repaired with the patch (53). Another study showed a second recurrence rate of 19%, and re-repair was performed either by patch or by primary suturing (12).

Considering the risk of subsequent recurrences, a long-term multidisciplinary follow-up plays a key role in the timely detection of complications. Because re-re-operations are very demanding, a subtle technique in order to avoid further complications is needed. The previous patch can be left inside and a second patch added over it to reduce the risk of iatrogenic damage.



CLINICAL PRESENTATION AND FOLLOW-UP FOR TIMELY DIAGNOSIS OF HERNIA RECURRENCE

Clinical presentation of CDH recurrence may include dysphagia, retching, constipation, abdominal pain, failure to thrive, and progressive dyspnea up to respiratory failure. However, upper gastrointestinal symptoms should be carefully assessed to differentiate between reflux disease and possible hiatal hernia from recurrence. Sometimes, an acute bowel obstruction could be the presenting clinical picture of a misdiagnosed hernia recurrence. However, up to two-thirds of the patients are asymptomatic at the detection, and its diagnosis remains extremely difficult when no structured follow-up is offered (5, 27).

Considering the high overall recurrence rate and the insidious clinical presentation, multidisciplinary management and follow-up of CDH patients are recommended, and it is advisable to consider specific follow-up algorithms depending on the patient's risk of recurrence (11). However, it is unclear if active searching with periodic imaging is warranted in all patients for timely recognition of the complication since unnecessary radiation could be avoided in those with low recurrence risk (16).

Since recurrence could occur at any time during the years following primary repair, it would be helpful to promote a remote follow-up that includes a multidisciplinary team of neonatologists, pediatrics, and pediatric surgeons at 3, 6, 12, 18, 24 months of life and then annually until the age of 8 years (12, 47). In addition, standardization of clinical and radiological assessments should be implemented, even for asymptomatic patients (5, 47). CXR should be scheduled at 12 and 24 months and performed anytime as needed, based on the patient's clinical symptoms. Then, it should be planned every 2 years until 8 years old for primary closure, with an additional 18-month CXR for patients undergoing patch repair (47). The preferred diagnostic exams to detect a CDH recurrence are the upper gastrointestinal (UGI) contrast study, barium enema, and computed tomography (CT) scan (54).



CONCLUSIONS AND FUTURE PERSPECTIVES

There is a diffuse agreement that a tension-free diaphragmatic repair with the use of a cone/dome-shaped patch is advisable to reduce the risk of hernia recurrence during the patient's growth (29). However, no specific data definitively show the superiority of biological or synthetic patches (32, 53, 55, 56). The PTFE appears to be associated with a low recurrence rate and is recommended by international groups (10, 57). However, it would be helpful to perform randomized control trials to demonstrate its superiority over absorbable patches (7, 31).

Tissue engineering seems to be the final answer to the search for a perfect diaphragmatic replacement, but many issues still need to be addressed to optimize these techniques for clinical practice (36).

A careful imaging evaluation before patients' discharge is necessary, especially when relevant risk factors for recurrence are present, such as MIS or extensive defect repair (2).

Ultimately, the centralization of CDH patients to referral high-volume centers is pivotal to manage possible complications with an appropriate and customized follow-up plan (23).
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Congenital diaphragmatic hernia (CDH) is a rare developmental defect of the lungs and diaphragm, with substantial morbidity and mortality. Although internationally established treatment guidelines have been developed, most recommendations are still expert opinions. Trials in patients with CDH, more in particular randomized controlled trials, are rare. Only three multicenter trials in patients with CDH have been completed, which focused on fetoscopic tracheal occlusion and ventilation mode. Another four are currently recruiting, two with a focus on perinatal transition and two on the treatment of pulmonary hypertension. Herein, we discuss major challenges and pitfalls when performing a clinical trial in infants with CDH. It is essential to select the correct intervention and dose, select the appropriate population of CDH patients, and also define a relevant endpoint that allows a realistic duration and sample size. New statistical approaches might increase the feasibility of randomized controlled trials in patients with CDH. One should also timely perform the trial when there is still equipoise. But above all, awareness of policymakers for the relevance of investigator-initiated trials is essential for future clinical research in this rare disease.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare developmental defect of the lungs and diaphragm that occurs in 1 per 4,000–4,500 live births (1). Infants with CDH are born with a variable amount of lung hypoplasia and abnormal pulmonary vasculature, causing ventilatory insufficiency and pulmonary hypertension (PH). Nowadays, with the introduction of standardized care, survival is ~73% in well-established centers of expertise (2). Although these centers use internationally established treatment guidelines, most recommendations are still expert opinions (3, 4). Trials in patients with CDH, more in particular randomized controlled trials (RCTs), are rare (2, 5–10). Sometimes, patients with CDH are included in RCTs, with a subanalysis for the patients with CDH, although the trial may not be powered to be informative for the latter (11, 12). More often, CDH is an exclusion criterion for participation in an RCT (13, 14). When trials are successfully completed, extrapolation of the results to clinical practice becomes a matter of debate (15). This way, relevant research questions stay unanswered, or their conclusions remain questioned and hence are not implemented.



TRIALS IN CONGENITAL DIAPHRAGMATIC HERNIA

Over time, the focus of therapy and thus the research questions in CDH have changed. Until the 1980s, CDH was considered a surgical emergency. Thereafter, preoperative stabilization became mainstream, focusing on correcting acidosis and hypoxia (16). The use of aggressive ventilation strategies, however, in the hypoplastic lung caused barotrauma and a high incidence of pneumothorax. Wung et al. (17) reported a respiratory strategy to minimize the risk of iatrogenic lung injury and exacerbation of PH, which focused on the prevention of hyperventilation and hyperinflation. Since then, this strategy has been adopted worldwide, and surgical closure has changed into an elective procedure in “stable” patients. In 2010, the first postnatal management guidelines of the CDH EURO Consortium were published, initiating standardized care throughout Europe (18). Together with the introduction of these guidelines, the VICI trial started the first postnatal RCT exclusively in CDH patients. In this CDH Euro Consortium trial, conventional ventilation and high-frequency oscillatory ventilation were compared (19). The primary outcome was chronic lung disease and/or mortality on day 28. Unfortunately, the calculated number of 400 patients was never included. The study was concluded after the recruitment of 171 patients over a study period of 5 years, because of lower-than-anticipated inclusion rate, logistic issues with recruitment in different centers, lack of financial resources, and increasing fear for trial fatigue. The study showed no significant difference between ventilation modes but was underpowered to make this a firm conclusion. Other outcome parameters, including treatment failure, ventilation time, duration of inotropic support, and need for extracorporeal membrane oxygenation (ECMO), all showed a trend toward a more favorable outcome in the conventional ventilation group 2 (2). In parallel, prenatal interventions were developed, based on the assumption that the diagnosis can be made prenatally, and the severity can be assessed. These were initially based on the anatomical repair by open fetal surgery but later focused on the stimulation of lung development [reviewed in (20)]. The latter can be achieved by temporary tracheal occlusion, via a percutaneous approach. The first, single-center, RCT assessing improvement in survival following tracheal occlusion using a variety of techniques in fetuses with severe and moderate hypoplasia was finalized early because of a higher-than-expected survival in the postnatal management group and a high prematurity rate in the intervention group (10). The European centers that designed the percutaneous fetoscopic occlusion technique with a balloon [fetoscopic endoluminal tracheal occlusion (FETO)] (21), which is maternally more acceptable, moved from a phase I trial to a large cohort study (22, 23). In view of the apparently higher survival rates compared to historical controls (24) but the lack of evidence, they initiated the Tracheal Occlusion To Accelerate Lung growth (TOTAL) randomized clinical trials. The trials were performed in fetuses with severe and moderate hypoplasia born in expert fetoscopy centers that also used the standardized neonatal management protocol as defined by the CDH Euro consortium (3). In severe left-sided CDH, FETO performed between 27 and 29 weeks significantly improved survival at discharge from the neonatal intensive care unit [relative risk (RR): 2.67 (95% CI: 1.22–6.11)], however, with increased risk of prematurity [RR: 2.59 (1.59–4.52)] (5). In patients with moderate CDH, FETO performed between 30 and 32 weeks did not improve survival [RR: 1.27 (0.99–1.63)] or need for oxygen at 6 months of age, at increased risk of prematurity [RR: 2.86 (1.94–4.34)] (6). In a pooled analysis of the data, the overall survival following FETO is increased [RR: 1.78 (1.05–3.01)], and it seems that the difference between both trials may be due to the difference in the time point of balloon insertion (25). In retrospect, there was preclinical and some observational clinical evidence that earlier occlusion yields a more vigorous lung response, but at the same time, it increases prematurity risk; hence, it was debated as being a good strategy (26, 27). The risk of tracheomalacia secondary to tracheal occlusion was low in both trials, with an incidence of 1.9% (5, 6, 28).

While the hypoplastic lung is still a relevant problem, nowadays, the focus has shifted somewhat from the lung toward PH, which remains an important determinant of mortality and morbidity (29). There are currently two trials recruiting that focus on physiological-based cord clamping: the PinC trial (NCT04373902) and the CHIC trial (9). Neonatal resuscitation of infants with CDH remains highly challenging because of the failure of cardiorespiratory adaptation at birth. The baby is frequently cyanotic and bradycardic as soon as the umbilical cord is clamped. Traditionally, the umbilical cord is clamped and cut immediately after birth. Following cord clamping, umbilical venous return is lost, and left ventricular output becomes dependent on pulmonary blood flow. However, in CDH infants, an increase in pulmonary blood flow is delayed because of high pulmonary vascular resistance. Delaying cord clamping while the resuscitation maneuvers are started may (1) facilitate blood transfer from the placenta to the baby to augment circulatory blood volume; (2) avoid the loss of venous return and decrease in left ventricle filling caused by immediate cord clamping; and (3) prevent initial hypoxemia because of sustained uteroplacental gas exchange after birth when the cord is intact. The PINC trial, performed in Europe, focuses on decreasing the incidence of PH, defined as 2 out of the 4 following criteria: (1) right ventricular systolic pressure (RVSP) ≥2/3 systemic systolic pressure, (2) right ventricle (RV) dilatation/septal displacement or RV dysfunction +/– left ventricle dysfunction, (3) pre–post ductal SpO2 difference >10%, and (4) oxygenation index (OI) >20. In this trial, a standardized echocardiogram is implemented. In the CHIC trial conducted in the French Rare Disease Network, the aim is to investigate the efficacy of intact cord resuscitation on cardiorespiratory adaptation directly after birth by comparing APGAR score (9).

In parallel, two RCTs are recruiting CDH neonates in the search for the best initial therapy for PH (7, 8). In the CoDiNOS trial (7), again initiated within the CDH Euro Consortium, intravenous sildenafil is compared with iNO as initial therapy for PH in CDH patients. In this trial, PH is strictly defined, using the same criteria as in the PinC trial. Structural and standardized echocardiograms are performed at set times, with the additional aim of increasing the knowledge of PH and cardiac function in CDH patients. In the Milrinone in CDH trial, a trial performed within the Neonatal Research Network in the United States, milrinone is compared with placebo in CDH patients with mild-to-moderate PH, defined as an OI of 10 or higher (Table 1) (8).


Table 1. Randomized controlled trials in CDH.
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CHALLENGES WHEN PERFORMING TRIALS IN PATIENTS WITH CONGENITAL DIAPHRAGMATIC HERNIA


The Right Intervention at the Right Time for the Right Patient

When performing a trial in patients with CDH, either prenatal or postnatal using a pharmacological intervention, it is essential to first establish an adequate dosing regimen before evaluating efficacy. Although pharmacokinetic drug testing in adults is very common, in infants, dosing regimens are often an extrapolation from adult data, only corrected for body size (30). This assumes that fractioning of the dose will lead to similar plasma drug levels, hence assuming that children have similar renal, gastrointestinal, and hepatic functions as well as body composition as adults. This can result in over- or under-dosing, consequently leading to toxicity or reduced efficacy (31). For sildenafil, a pharmacokinetic model in infants with CDH was built, using a NONMEM approach, before starting a trial (32). With a loading dose of 0.4 mg/kg in 3 h followed by a continuous infusion of 1.6 mg/kg/day, adequate sildenafil plasma levels were achieved, 190 μg/L after the loading dose. The numbers, however, were too low to detect any correlation between these concentrations and the OI. Earlier, Steinhorn et al. tested this dosing regimen in a dose-escalation trial in infants with persistent PH of the newborn (PPHN), defined as signs of PH on echocardiography, an OI > 15, and no other anomalies (33). Again, numbers were too low to detect a strong correlation between the different dosing regimens, plasma concentrations, and clinical effects. But patients with a plasma concentration over 58 μg/L after the loading dose seemed to have a decreased OI 4 h later. Recently, Pierce et al. reported in the same population, newborns with PPHN and no other anomalies, no significant additional effect of sildenafil to iNO in the treatment of PPHN in an RCT (34). The dosing regimen was the second-lowest regimen that improved the OI in the study by Steinhorn et al. (33). Improvement, however, was observed in a combined set of, mostly higher, dosing regimens. Steady-state concentrations of this combined group were 123 ng/ml, but only 73 μg/ml in the group using this lower sildenafil dosing regimen. In the recent trial of Pierce et al. the steady-state concentration was only 52 μg/ml (34). One can assume that the plasma concentration should at least be 123 ng/ml in order to observe clinical effects, underlining the necessity of pharmacokinetic modeling. So the question remains whether sildenafil has an additional effect in patients with PPHN who are already treated with iNO and whether sildenafil was dosed appropriately in the trial by Pierce et al. Samples collected during the CoDiNOS trial will provide more insight into the dose–response correlation of sildenafil in CDH patients as well as its other pharmacodynamic effects.

But is sildenafil the right drug? Although sildenafil could play a role in the treatment of PH in CDH, one could argue that, from a pathophysiological standpoint, it would be more logical to investigate drugs that act on different pathways, instead of comparing drugs that act on the nitric oxide–cGMP pathway such as sildenafil and iNO. Furthermore, no alteration of the nitric oxide–cGMP pathway in CDH patients has been found, decreasing the chance that drugs acting on this pathway will be effective (35). In a clinical retrospective trial, sildenafil seems beneficial in less than half of the patients with CDH (36). Drugs that affect the endothelin pathway, such as bosentan, might be more successful. An increase in endothelin A and B receptor expression and ECE-1 enzyme is found in patients with CDH. This enzyme is responsible for the conversion of endothelin-1 to its active form (35). CDH patients with PH have higher endothelin-1 plasma levels than CDH patients without PH (37). But endothelin receptor antagonists are still only available in oral form, making them unsuitable for the treatment of postnatal PH in CDH patients before surgical correction. The third pathway involved in PH, the prostacyclin pathway, seems to be altered in CDH patients too, with a decrease of prostaglandin-I2 receptor expression. This could explain the negative effect of prostacyclin derivates on PH in CDH patients, although results are conflicting (35, 38, 39). To decrease the incidence of PH, sildenafil has been discredited for its use prenatally, even though preclinical data in animals with CDH are promising. The Dutch STRIDER study, a trial investigating the effect of sildenafil on fetal growth restriction unrelated to CDH, was suspended because of an increased incidence of PPHN and neonatal mortality (40). It is, however, questionable if these negative findings should be extrapolated to other conditions. Antenatal administered sildenafil reduces vascular branching in healthy fetal rabbits but decreases the incidence of PH in animals with CDH by increasing the number of peripheral vessels (41). A phase I–IIb was set up to evaluate in vivo transplacental passage of sildenafil in humans and specifically in infants with CDH (42–44). But despite the preclinical differences, this trial had to be halted unduly after the publication of the results of the STRIDER trial.

PH in CDH is often resistant to pulmonary vasodilators such as iNO. This is possibly due to coexisting right and left ventricular dysfunction (36, 45). Milrinone has both inotropic and lusitropic properties and potentially decreases pulmonary vascular resistance (46). In the trial currently recruiting, infants with CDH and an OI of >10 are randomized for milrinone or placebo. The primary outcome is a change in OI over 24 h. In 2011 and 2012, only 17% of infants born in centers within the NRN, a well-established US research network, received milrinone (8). But currently, it is often common practice, and this could decrease the willingness within the NRN to participate in the trial, decreasing recruitment rates.

The CoDiNOS trial is also suffering from recruiting issues, and this is partly caused by lower-than-anticipated recruitment due to strict inclusion criteria. Although an echocardiogram is often believed to be the best diagnostic tool in newborns, the incidence of PH on echocardiogram on day 1 of life overestimates the incidence of clinically relevant PH. High pulmonary pressures at that time are still part of the physiological transition. Only infants with clinically relevant PH, defined as PH on echocardiogram and clinical signs of PH, are included. This definition decreases the eligible population from 60% to around 30%. Although this negatively affects the inclusion rate, including mild cases dilutes the effect of an intervention. Moreover, the harm of intervention for these mild cases should be taken into account, although the side effects of sildenafil seem to be mild (47). The same problem applies to prenatal and perinatal interventions. Even though ultrasound and MRI have made it possible to identify the severity of lung hypoplasia in infants with CDH, it is still very difficult to predict the severity of PH, due to the difference in pre- and postnatal physiology (48). Better prenatal diagnostic techniques should be able to identify the fetuses and newborns at risk and predict who would benefit from entry in a clinical trial. This would improve the safety and efficacy of a trial. A core outcome set with strictly defined and relevant outcome parameters is currently under development for perinatal interventions (49). A core outcome set for postnatal interventions and long-term outcomes would help to be able to compare postnatal trials and their outcome.



Is Congenital Diaphragmatic Hernia, a Heterogeneous Orphan Disease, a Condition That Is Amenable for a Trial Anyway?

But is an RCT as we know it in its present form, in heterogeneous orphan diseases such as CDH, the only or optimal tool to collect evidence-based information (50–53)? The VICI trial had recruitment problems and lacked adequate financial support. Also, the TOTAL trials were not financially supported apart from the setup of the database. This seriously affected the research infrastructure in participating centers. Currently, lack of financial support has a serious impact on the CoDiNOS trial. Other important limiting factors for recruitment are the delays caused by national drug authorities' approval in participating countries and problems with legislation and insurance. Many centers were so far unable to join the CoDiNOS trial, although the primarily responsible physicians did see the relevance of participating in such a trial. Performing an RCT in pediatric and neonatal critical care is challenging, especially when a high number of centers are needed due to the rarity of the condition or eligible study participants. Collaborating in a research network, such as the CDH EURO Consortium, increases the chance of success. Members of the consortium are often collaborating as one team with a common goal, helping each other to overcome local and national barriers (54). The regulatory framework conduct (Randomized) Clinical Trials in pregnant women and children, especially drug interventions or new medical devices, are increasingly stringent and differ between countries. For example, many countries and healthcare institutions insist researchers use a Clinical Trial Organization or to perform external safety audits, but these organizations and audits are often very expensive, absorbing a major part of the already limited budget of investigator-initiated trials. Interestingly enough, investigator-initiated research is significantly more frequently cited than industry-led trials (55). This demonstrates that investigator-initiated research is essential and has an impact on clinical practice, as data are generated in a real-world setting. Legislation should adjust to facilitate such trials instead of being obstructive, often without any proven benefit or added safety. This was acknowledged in the revision of the Directive of the European Commission in 2014, “getting better legislation in place soon is crucial to enable and encourage life-saving research,” but this did not result in a substantial practice change (56). In January 2022, the new European Clinical Trial Regulation will be implemented, to simplify and accelerate clinical trials within the European Union. By centrally submitting the study protocols for the European Union and synchronizing the leap time for the different medical ethics review processes, study centers in different countries can start recruiting subjects at the same time (57). With this regulation, conducting trials will hopefully become less complex within Europe. But in the TOTAL trial, centers from outside the European Union participated, and also in the CoDiNOS trial, centers from the United Kingdom, Australia, and Canada unsuccessfully intended to join. Worldwide research networks using a uniform approach concerning protocols and outcome measures as well as getting the regulatory bodies to cooperate and agree on uniformity in research procedures would improve the research climate for rare diseases such as CDH tremendously.

As to CDH, which is a rare disease, one would hope that the European Reference Networks, launched in 2017, would facilitate clinical research, which was amongst others one of the goals of ERNs. One of these networks is the European Reference Network for rare Inherited and Congenital (digestive and gastrointestinal) Anomalies (ERNICA). The CDH EURO Consortium, which has been existing longer and has a proven track record, is now affiliated with ERNICA, which may help to increase funding and resources. ERNs include patient organizations, but the latter did not wait and have been and still are involved in the funding and development of investigator-initiated trials. Their participation increases the clinical relevance of trials. For instance, the CoDiNOS trial is funded for an important part by CDH-UK, the CDH patient organization in the United Kingdom.

Another factor is the heterogeneous severity of the condition (from very mild to very severe). A large number of patients as well as stratification based on prenatal markers of severity are required to show statistical differences. For instance, for the CHIC trial, an estimated 600 infants are needed to demonstrate a difference in mortality. That is unrealistic, and thus proxies are being used as the primary outcome. It is likely that physiological-based cord clamping will become standard of care if the PINC or CHIC shows a statistical difference in primary endpoints, even without evidence of a decrease in mortality rate. The same applies to the CoDiNOS trial, in which the initial primary endpoint (incidence of PH at the age of 2 weeks) was changed to change in OI at 12 h. That lowered the patients needed from 330 to 90, without decreasing the relevance of the trial. In many neonatal trials on PPHN, OI is used as primary outcome (13, 14). Not only the severity of the condition is heterogeneous, but also the outcome between centers differs, and centers that treat a low number of patients have a worse outcome than the high-volume centers with both complex neonatal intensive care facilities and expertise in neonatal surgery (58). A benefit of performing trials within, for instance, the CDH Euro Consortium, is that the affiliated centers are expert high-volume centers that offer standardized care, improving the baseline outcome of patients, although differences in outcome still exist (59).

Potentially statistical approaches can increase the feasibility of trials in rare diseases. In an early phase, n = 1 trials can be used to explore causality. Platform trials, often with a long duration, are commonly used in oncology. The major advantage is the ability to evaluate multiple interventions and the possibility to drop treatment arms and add new ones (60). But also new statistical techniques are being developed for controlled trials. For instance, one could decrease the number of included patients needed to achieve statistical significance by adding real-world controls to a trial. These real-world controls consist of patients who were not included in the trial due to logistic and organizational issues or whose parents chose not to participate in the trial. Considering the VICI trial, more than 425 of the 619 CDH patients who were treated in the VICI trial centers were not included in the trial. These real-world controls would be highly comparable to the VICI trial patients, as they share the same treatment period and the same treatment guideline (i.e., the CDH EURO consortium guidelines), and they were treated in the same centers. Most of the patients not participating were initially treated with conventional mechanical ventilation, because this was standard of care at the time. When combining data from the VICI trial with the observational data from the real-world controls, one needs to account for potential differences in baseline patient characteristics and other biases that may arise from the inclusion of nonrandomized data. In the TOTAL trials, for instance, the outcome in the nonparticipating patients differs from that of the participating patients (5, 6). For these issues, different statistical techniques such as dynamic borrowing can be used (61). This approach would lead to revised estimates of the treatment effect of ventilation mode on the primary endpoint with greater statistical power and precision. Using real-world controls could substantially increase the feasibility of RCTs in a rare patient population. To our knowledge, however, it has not been used in clinical research.

One may also need fewer patients by using a more sensitive primary endpoint than a dichotomous or cross-sectional endpoint. One could incorporate repeated measurements or have a more informative scale (e.g., ordinal or continuous), as it increases the statistical power. For instance, CLD was defined in the VICI trial as the need for any respiratory support on day 28. This definition disregards the amount and the duration of respiratory support. Several additional measurements collected from VICI trial patients could be used to define more informative endpoints. This can include continuous variables such as the degree of oxygen support required, ordinal endpoints such as the level of ventilation support, and derived endpoints such as time to discharge or time to the reduction of ventilatory support. Based on these informative endpoints, multiple hypothesis tests with improved statistical properties compared to the original primary analysis can be applied. One can test each endpoint separately but also combine the endpoints in a single composite endpoint, for instance, by defining a score that incorporates information from the different endpoints and accounts for mortality. Specific statistical approaches to account for multiplicity for testing of multiple, repeatedly measured endpoints will be needed, for instance, the multiple marginal generalized estimating equation (GEE) model method (62). This method can incorporate endpoints on different scales (e.g., death and oxygen support), record measurements at a single time point only, and perform repeated measurements while taking the correlation between endpoints into account to maximize the power of statistical tests. Consultation with biostatisticians at an early stage of trial design is increasingly important to prevent frustration and loss of contributing centers by conducting a classical RCT, especially as newer statistical approaches are on the horizon. The equations should be inserted in editable format from the equation editor.




CONCLUSION

So far, only three multicenter clinical trials have been shown to be clinically possible, i.e., two prenatal and one postnatal trials, all with a ventilatory endpoint (2, 5, 6). These trials were very difficult to conduct. New RCTs are recruiting, and those focus on the reduction in PH, a major contributor to mortality in CDH patients. Our experience learns that performing an RCT in CDH patients is challenging. One should timely perform the trial when there is still equipoise. It is essential to select the correct intervention and dose, select the appropriate population of CDH patients, and define a relevant endpoint that also allows a realistic duration and sample size. Also, new statistical approaches might increase the feasibility of RCTs in patients with CDH. But above all, awareness of policymakers for the relevance of investigator-initiated trials should be increased. Possibly European Reference Networks, such as ERNICA, can have a role in improving the climate for these trials. After the implementation of the new European Clinical Trial Regulation, regulators should timely evaluate the effects on investigator-initiated trials, especially in rare diseases such as CDH.
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Objective: In patients with a congenital diaphragmatic hernia (CDH), postoperative small bowel obstruction (SBO) is a life-threatening event. Literature reports an incidence of SBO of 20% and an association with patch repair and ECMO treatment. Adhesions develop due to peritoneal damage and underly various biochemical and cellular processes. This longitudinal cohort study is aimed at identifying the incidence of SBO and the risk factors of surgical, pre-, and postoperative treatment.

Methods: We evaluated all consecutive CDH survivors born between January 2009 and December 2017 participating in our prospective long-term follow-up program with a standardized protocol.

Results: A total of 337 patients were included, with a median follow-up of 4 years. SBO with various underlying causes was observed in 38 patients (11.3%) and significantly more often after open surgery (OS). The majority of SBOs required surgical intervention (92%). Adhesive SBO (ASBO) was detected as the leading cause in 17 of 28 patients, in whom surgical reports were available. Duration of chest tube insertion [odds ratio (OR) 1.22; 95% CI 1.01–1.46, p = 0.04] was identified as an independent predictor for ASBO in multivariate analysis. Beyond the cut-off value of 16 days, the incidence of serous effusion and chylothorax was higher in patients with ASBO (ASBO/non-SBO: 2/10 vs. 3/139 serous effusion, p = 0.04; 2/10 vs. 13/139 chylothorax, p = 0.27). Type of diaphragmatic reconstruction, abdominal wall closure, or ECMO treatment showed no significant association with ASBO. A protective effect of one or more re-operations has been detected (RR 0.16; 95% CI 0.02–1.17; p = 0.049).

Conclusion: Thoracoscopic CDH repair significantly lowers the risk of SBO; however, not every patient is suitable for this approach. GoreTex®-patches do not seem to affect the development of ASBO, while median laparotomy might be more favorable than a subcostal incision. Neonates produce more proinflammatory cytokines and have a reduced anti-inflammatory capacity, which may contribute to the higher incidence of ASBO in patients with a longer duration of chest tube insertion, serous effusion, chylothorax, and to the protective effect of re-operations. In the future, novel therapeutic strategies based on a better understanding of the biochemical and cellular processes involved in the pathophysiology of adhesion formation might contribute to a reduction of peritoneal adhesions and their associated morbidity and mortality.

Keywords: longitudinal follow-up, intestinal complications, congenital diaphragmatic hernia (CDH), adhesions, adhesive small bowel obstruction (SBO), risk factors


INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare malformation of an incompletely formed diaphragm. Depending on the size of the defect and its association with major cardiac anomalies, survival rates vary from 99 to 39% (1). It is assumed that due to advances in treatment and with the application of standardized treatment protocols, the overall survival improved, even in severely diseased infants (2, 3). Therefore, CDH-associated morbidity due to pulmonary hypoplasia, pulmonary hypertension, gastroesophageal reflux, musculoskeletal abnormalities, and impaired neurodevelopment have drawn more attention (2, 4).

Among these long-term sequelae, adhesive small bowel obstruction (ASBO) occurs as a life-threatening event after surgical reconstruction of the diaphragm, but objective data are scarce. In general, the type of surgery and the extent of peritoneal damage are considered the most important risk factors for SBO due to adhesions (5). Also, other triggers for adhesion-related readmissions including peritonitis, previous surgery, or patient age have been described (6). Taken together, reduced fibrinolysis, increased fibrin formation, procoagulatory status, and enhanced inflammation seem to be the most important factors in the pathophysiology of adhesion formation in general (7). In neonates, there are additional factors contributing to the formation of adhesions: a reduced production of anti-inflammatory cytokines and a diminished response to anti-inflammatory stimuli in preterm and post-term infants have been reported (8). Additionally, in neonates with CDH complicated by pulmonary hypertension, increased levels of adhesion molecules that play an important role in the inflammatory and immunologic response were detected (9). Therefore, immaturity of the immune system in the neonatal period and pulmonary hypertension inherent to CDH may support the formation of abdominal adhesions in neonates with CDH due to an imbalance of the humoral and cellular system with proinflammatory tendency.

In adults, postoperative adhesions were found in 93% of patients, who had one or more previous abdominal operations (10). Adhesions can be defined as strands or membranes of fibrous tissue that connect various intra-abdominal organs, which are normally separated (5, 11). However, adhesions can be asymptomatic or cause symptoms, such as abdominal pain, altered bowel habits, bloating, or intestinal obstruction, which may be either partial or complete (12, 13). The ASBO seems to be associated with a substantial risk of morbidity (circulatory disturbances, gangrenous bowel, perforation, need for bowel resection, and septicaemia) (14–18) and mortality in children (14), which is nowadays mainly attributed to overwhelming sepsis or other comorbidities (16).

For children, the reported incidence of postoperative bowel obstruction requiring further laparotomy varies from 3.3 to 8.3% in patients, who had previously undergone laparotomy in the neonatal period (19, 20). In infants undergoing Ladd's procedure for malrotation, which was associated with CDH, duodenal atresia, gastroschisis, or esophageal atresia, ASBO even occurred in 14.9% (20). However, there is a large variation in the incidence of ASBO depending on the procedure, localization within the abdominal cavity, and patient age (21). A higher incidence of up to 4.7% was shown in children younger than 1 year compared to 2.1% for older children (22). The risk of developing ASBO seems even higher in neonates (3.3%), compared to infants (1.9%) or older children (1.7%), but with no statistical significance (19). However, different studies agree that most of the adhesive obstructions developed within 1 year of the previous procedure but were also observed later (20–22).

Regarding patients with CDH, Yokota et al. reported that neonates who underwent subcostal laparotomy for the reconstruction of the diaphragm required re-operation for intestinal adhesion obstruction significantly more often than patients who underwent other neonatal laparotomies (17.6% vs. 6.7%, p = 0.02) (23). A previously performed retrospective study on long-term surgical morbidity in CDH survivors presented an incidence of about 20% for SBO, with a mean follow-up of 7.3 years (24).

Especially in CDH, there are other causes for SBO besides adhesive formations, like duodenal kinking, Ladd's bands, volvulus, or incarceration due to recurrence. At least 45% of patients with CDH have an associated intestinal rotation abnormality (25). This abnormal rotation of the embryological midgut leads to a nonfixation of the right colon, resulting in aberrant attempts of fixation (Ladd's bands) and could cause intestinal passage disruption with the clinical presentation of SBO (25, 26). Also, the sole attachment of the intestine predisposes for volvulus (26). Due to these anatomical characteristics inherent to CDH, patients show a higher risk for volvulus. In 0.3% of CDH survivors, a volvulus occurred within 1.5 years after the reconstruction of the diaphragm (27).

This longitudinal cohort study aimed at identifying the incidence of SBO and ASBO as well as risk factors of surgical, pre-, and postoperative treatment in children with neonatal repair of CDH.



MATERIALS AND METHODS


Study Group

Consecutive neonates with CDH born from 1 January 2009 to 31 December 2017 and treated at our neonatal intensive care unit (NICU) at the Department of Neonatology of the University Children's Hospital Mannheim, University of Heidelberg, were included in this prospective follow-up study. This study was approved by our local ethics committee (2018-592N-MA) and informed consent was obtained from parents. Our standardized long-term follow-up program has been designed to observe the development of CDH survivors from their childhood until adolescence (Table 1).


Table 1. Schedule of our standardized follow-up program.
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Treatment of all infants born with CDH was based on the guidelines of the CDH-Euro-Consortium (28, 29). Surgical repair of all patients has been performed after hemodynamic stabilization. The approach (midline laparotomy vs. minimal-invasive) was chosen depending on the estimated size of the defect and cardiopulmonary stability of the patient. In patients undergoing laparotomy, a cone-shaped GoreTex®-patch was used for larger defects to create a tension-free closure of the diaphragm (30). Also, if the primary closure of the laparotomy would be too tight, a GoreTex®-patch was implanted into the abdominal wall to prevent abdominal compartment syndrome. Also, for patients with a minimal-invasive reconstruction of the diaphragm, GoreTex®-patches were used in cases with a missing lateral diaphragmatic rim.

Patients, who underwent diaphragmatic reconstruction at another institution or received surgical treatment after 28 days of life, were excluded. Since SBO has been reported to develop mainly within 1 year after the previous surgery, another exclusion criterion was the follow-up of <1 year in patients without SBO. Data were collected until October 2019 and analyzed for SBO and possible risk factors of demographics, surgical, and pre- and post-operative treatment (ethics vote 2019-1151R).

Adhesive SBO has been defined as a partial or complete intestinal obstruction depending on the symptomatology and eligibility for conservative treatment to achieve relief of symptoms and re-establishment of enteral nutrition. Conservative treatment comprised abstinence from oral food, placement of a nasogastric tube, repeated enemas, and parenteral rehydration under close clinical re-evaluation. In cases with signs of impaired circulation or suspected perforation, deterioration of symptoms and/or missing improvement under conservative treatment over more than 3 days or in patients with suspected volvulus or CDH-recurrence, the indication for re-operation was made.



Statistical Analysis

All data were entered into a Microsoft Excel database and patients were pseudonymized by numbers. Quantitative values were presented by median, minimum, and maximum as well as qualitative values by number (n) and percentage (%). Therefore, the study cohort was separated into patients with and patients without SBO and ASBO. Differences in the results of these groups were assessed for statistical significance using χ2- and Fisher's exact test for qualitative data, or rather U- and t-test for quantitative data. A p < 0.05 was considered statistically significant. Odds ratio (OR), as a measure of the effect of the characteristics on SBO, and the likelihood were calculated for quantitative data using logistic regression analysis in case of a significant result. For qualitative data, the relative risk (RR) for the occurrence of SBO was described. In addition, we performed a multivariate analysis to demonstrate the independence of possible risk factors. The analysis was performed using SAS v14.2 [Statistical Analysis System, Version 14.2 (SAS Institute Inc., Cary, North Carolina, USA)] with grateful support from the Department of Medical Statistics and Biomathematics, Medical Faculty Mannheim.




RESULTS


Study Cohort

A consort diagram of our study cohort is presented in Figure 1. A total of 516 patients were identified, of which 84 (16.3%) deceased before surgical repair and 12 (2.3%) were late presenting. Therefore, 420 patients were eligible for this study, of whom 26 deceased within the first year of life. Besides 38 patients who developed SBO, 299 patients without SBO completed at least 1 year of follow-up. Thus, 337 neonates were included for further analysis.


[image: Figure 1]
FIGURE 1. Neonates with congenital diaphragmatic hernia (CDH) born from January 2009 to December 2017 and treated at our institution and participation at follow-up until October 2019 with excluded patients in gray boxes [SBO = small bowel obstruction].


Almost every infant received an antibiotic treatment postnatally (96.1%, n = 323). The use of extracorporeal membrane oxygenation (ECMO) was necessary in 139 cases (41.3%) with a median duration of 9.0 days.



Surgical Treatment and Intraoperative Findings

For detailed information on surgical treatment and intraoperative findings, refer to Table 2. Minimally invasive surgery (MIS) was successfully completed in 20.5% of patients, of whom the majority received a primary thoracoscopy (98.6%). A conventional open approach with a midline laparotomy was performed in 79.5%, of which 21 patients were converted from an initial minimal invasive approach. There was a predominance of left-sided CDH (84.3%), CDH without a hernial sac (86.7%), and posterior localization of the diaphragmatic defect (Bochdalek's foramen, 92.8%). Defect size was intraoperatively classified according to the CDH study group (1) in all neonates and mainly large defects were detected in our cohort (C and D: 56.7%). Accordingly, surgical repair of the diaphragm was performed with a GoreTex®-patch in 80.7% of all patients, whereas primary closure was achieved in 19.3%. The difference regarding the type of CDH repair between patients with open surgery (OS) and MIS was significant (patch: 93.7% OS vs. 30.4% MIS; p < 0.0001). To prevent abdominal compartment syndrome, a GoreTex®-patch was implanted in the abdominal wall in 25.4% with midline laparotomy. Intraoperative adhesion prevention was used in 3.4% in OS. Mostly, the initial surgery was performed without contamination (93.2%) as classified by the Centers for Disease Control and Prevention (CDC) (31). A total of 32.1% of patients received additional procedures during the surgical reconstruction of the diaphragm.


Table 2. Surgical characteristics and intraoperative findings of the study cohort.
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Re-operations During Follow-Up

During follow-up, 91 patients (27.0%) underwent secondary surgical procedures in the abdominal or thoracic cavity other than for SBO. In total, 62 CDH survivors (18.4%) had one, 19 (5.6%) had two, and eight (2.4%) had three re-operations. In two complicated cases, one patient received seven and one child received eight re-operations over the years. The median time to the first re-operation was 156 days (range 1-1,972), 402 days (range 39–3,193) to the second, and 691.5 days (185–1,942) to the third. Re-operation due to recurrence occurred in 10.4% (n = 35). During follow-up, the implanted abdominal wall patch was excised in 56 of 68 cases (82.4%) and reduced in size in 7 patients (10.3%). For treatment of gastroesophageal reflux, hiatoplasty and fundoplication were performed in 23 cases (6.8%), and other intestinal procedures like resection of the intestine or Meckel's diverticulum, insertion of a jejunal feeding tube or stoma, or pyloromyotomy in 28 cases (8.3%) were performed. A total of 16 patients (17.6%) underwent miscellaneous procedures (reconstruction of umbilical or incisional abdominal wall hernias, resection of tumorous formations, funicolysis of intraabdominal testes, cholecystostomy, laparostomy formation, and partial lung resection due to CPAM or implantation of ventriculoperitoneal shunts). Intraoperative adhesion prevention barriers were used in 17.6% of patients.



Small Bowel Obstruction

During the observation period from January 2009 to October 2019, SBO was observed in a total of 38 patients (11.3%), with a median time to the presentation of 178 days (range, 23–1018). Most were diagnosed in the first year of life (n = 27; 71.1%), another seven (18.4%) within the second, and four (10.5%) within the third year after the initial intervention (Figure 2). A total of 10 of 38 children showed a partial obstruction (26.3%), of which three could be treated conservatively (30%). There was one child with recurrent SBO, but with incomplete obstruction and conservative treatment, respectively. In total, 26 children were treated at our institution, and the remaining 12 were treated at an outside hospital. The majority of children presenting with SBO needed surgical treatment (n = 35; 92.1%). In seven cases (20%), surgical reports did not reveal a distinct cause, or data are missing due to surgery being performed at an outside hospital. Among those with available surgical reports, adhesive bands were identified as a leading cause (n = 17; 60.7%). Furthermore, one or more of the following underlying conditions for the symptoms of SBO could be detected: volvulus (n = 5; 17.9%), intestinal kinking (n = 5, 17.9%), incarceration due to CDH recurrence (n = 3; 10.7%), inner herniation (n = 3; 10.7%), and Ladd's bands (n = 1; 3.6%).
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FIGURE 2. Kaplan–Meier curve for the occurrence of SBO during follow-up with a maximum of 10 years.


In 13 patients (46.4%), one or more additional procedures were performed: segmental resection of the intestine (n = 7; 25%), antireflux surgery (n = 4; 14.3%), jejunal feeding tube placement (n = 4; 14.3%), insertion of a stoma (n = 2; 7.1%), or laparostomy formation (n = 1; 3.6%). Barriers for adhesion prevention were used five times at re-laparotomy (17.9%).

Median follow-up was 3.7 years (range, 0.4–6.7) for the SBO group, 4.2 years (range, 0.4–6.3) for the ASBO group, and 4.1 years (range, 1.0–10.6) for the non-SBO group. We found no significant differences in demographics, patient characteristics, or preoperative treatment between patients with and without SBO.



Mortality and Morbidity

There was no known mortality associated with the occurrence of SBO or ASBO in our cohort. Bowel resection was necessary in three of 17 patients with ASBO (17.6%).



Surgical Characteristics, Intraoperative Findings, and Postoperative Treatment in SBO

Details of surgical characteristics and intraoperative findings are displayed in Table 3. The only significant difference between patients with SBO and non-SBO was detected for the surgical approach: a higher incidence of SBO was observed after open surgery (OS 13.1% vs. MIS 4.4%; p = 0.04). The type of diaphragmatic reconstruction (primary vs. patch-repair) showed no difference, neither in the total cohort nor in patients after median laparotomy (4/17 (23.5%) primary vs. 31 of 251 (12.4%) patch-repair, p = 0.25). The difference in SBO between patients with and without implantation of an abdominal wall patch (AWP) after laparotomy did not reach significance [4/68 patients with AWP (5.9%) vs. 31/200 patients without AWP (15.5%), p = 0.06].


Table 3. Differences in surgical characteristics and intraoperative findings between patients with SBO and non-SBO.
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Details regarding postoperative treatment are summarized in Table 4. Significant differences between patients with SBO and non-SBO were found for time to full enteral feeding (p = 0.02) and the duration of the chest tube insertion (p = 0.02). We identified a significant correlation between the duration of the chest tube insertion and the corresponding findings (p < 0.0001), whereby chylothorax showed the longest duration with a median of 10 days. Also, the duration of the chest tube insertion among chylothorax was longer in patients with SBO than in patients with non-SBO (median 17 days vs. 10 days; p = 0.23). Chylothorax was found to be predominant (17/24, 70.8%) when focusing on the findings beyond the cut-off value of 16 days. In addition, 4 of 17 (23.5%) patients with SBO compared to 13 of 139 (9.4%) patients without SBO had a chest tube for chylothorax beyond 16 days, but this correlation did not reach statistical significance (p = 0.09).


Table 4. Differences in postoperative treatment and concerning re-operations between SBO- and non-SBO-patients.
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Concerning re-operations during the observation period, SBO occurred in two of 91 patients (2.2%), who underwent one or more surgical procedures other than for SBO. In contrast, 36 of 246 patients (14.6%) without re-operation developed SBO (p = 0.001). No effect of timing on the re-operation could be identified (Table 4).



Logistic Regression and Multivariate Analysis

The statistically significant effects of the surgical approach, the duration of chest tube insertion, and re-operation on SBO could be confirmed by further analysis and proved to be independent predictors (increase duration of chest tube insertion by 3 days: OR 1.33; 95% CI 1.10–1.60; p = 0.003; no re-operation: OR 19.9; 95% CI 2.28–174.24; p = 0.01). Midline laparotomy in comparison to thoracoscopy significantly increased the relative risk of SBO 3-fold (RR 3.00, 95% CI 0.95–9.48; p = 0.04). In contrast, performing one or more re-operations had a protective effect and reduced the risk of SBO by 85% (RR 0.15; 95% CI 0.04–0.61; p = 0.001). The likelihood of SBO was 14.6% in patients without re-operation, decreased to 1.6% with one re-operation, and increased slightly to 5.3% with two re-operations.

In the attempt to identify risk factors for the formation of adhesions, further analysis of 17 ASBO patients in comparison to 299 patients with non-SBO was performed.



Adhesive Small Bowel Obstruction

Focusing on adhesion formation, which caused 17 of 28 SBOs with available surgical reports (60.7%), we found significant predictors for ASBO. No significant difference concerning demographics, patient characteristics, and preoperative treatment could be detected (Table 5). Regarding surgical characteristics and intraoperative findings (Table 6), all 17 patients with ASBO received a midline laparotomy, whereas no child with thoracoscopy developed ASBO. Therefore, we determined that midline laparotomy significantly increased the risk of developing ASBO by 28% (95% CI 1.20–1.36; p = 0.03). Defect size also showed a significant difference with predominantly larger defect sizes in patients with ASBO. In logistic regression analysis, this did not show an effect. With regard to postoperative treatment, the time to full enteral feeding was significantly longer in patients with ASBO but could not be confirmed by logistic regression analysis (Table 7). In accordance with our previous findings concerning SBO in general, there was a correlation between the duration of the chest tube insertion for serous effusion and chylothorax with a longer duration in our ASBO cohort as compared to patients with non-SBO. After a cut-off value of 16 days, this difference was significant for serous effusion (p = 0.04), but not for chylothorax (p = 0.31). Due to the small number of patients, no further statistical analysis could be performed (Table 8). A significantly lower incidence of ASBO was observed in patients, who underwent secondary surgeries during follow-up, with a trend concerning excision of the abdominal wall patch (Table 9). The duration of the chest tube insertion also significantly increased the risk for ASBO (increase duration by 3 days: OR 1.22; 95% CI 1.01–1.46; p = 0.04), while re-operations were associated with a significantly decreased risk of ASBO (one or more re-operations: RR 0.16; 95% CI 0.02–1.17; p = 0.049) (Table 10). Both factors were found to be independent predictors in multivariate analysis (no re-operation: OR 10.05; 95% CI 1.13–89.30; p = 0.04) (Table 11). Also, with the increasing duration of chest tube insertion, the probability of ASBO was higher in patients without re-operation than in patients with one or more re-operations (Table 12).


Table 5. Differences in demographics, patient characteristics, and preoperative treatment between patients with ASBO- and non-SBO.
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Table 6. Differences in surgical characteristics and intraoperative findings between patients with ASBO and non-SBO.
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Table 7. Differences in postoperative treatment between patients with ASBO and non-SBO.
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Table 8. Correlation between findings of pleural effusion and duration of chest tube insertion.
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Table 9. Re-operations during follow-up concerning patients with ASBO and non-SBO.
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Table 10. Predictors of adhesive small bowel obstruction (ASBO) using univariate analysis and logistic regression.
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Table 11. Independent predictors of adhesive small bowel obstruction (ASBO) using multivariate analysis.
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Table 12. Likelihood of adhesive small bowel obstruction (ASBO) as a function of the duration of chest tube insertion and the number of re-operations.
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DISCUSSION

Our study seems to confirm that SBO represents an important cause of morbidity after neonatal repair of CDH. We determined an incidence of 11.3% during a prospective 10-year observation period of 337 CDH survivors and identified many different underlying causes. Furthermore, independent risk factors for developing ASBO could be identified: patients requiring a midline laparotomy for the reconstruction of CDH showed a higher risk than patients after minimally invasive repair. Also, the duration of the chest tube insertion was independently predictive of ASBO. In contrast, subsequent re-operations revealed an unexpected protective effect.

In general, literature reports focussing on SBO in children are scarce and only a few studies mention SBO as a complication after CDH repair. To make interpretation and comparison even more difficult, there is often no differentiation between SBO with a broad spectrum of possible causative conditions and ASBO. Mainly retrospective studies with small numbers of patients are available. These are difficult to compare due to the lack of standardized follow-up and varying length of follow-up and thus the true incidence of ASBO in patients with CDH is still unknown. Identification of risk factors is impaired for the same reasons. Literature reports an incidence of SBO from 3 to 20% in patients with CDH who have a wide range of follow-up periods (32). However, the incidence of postoperative bowel obstruction in this specific population seems to be considerably higher than in neonates undergoing laparotomy other than for CDH (19, 20).

Symptoms of SBO were caused by a variety of underlying conditions in our cohort as follows: adhesive bands > volvulus / duodenal kinking > inner herniation / CDH-recurrence > Ladd's bands. Similar findings were observed by Jancelewicz et al. in a prospective follow-up study of 99 CDH survivors: adhesions in 54%, recurrence in 39%, and volvulus in 8% (33). Literature states that CDH predisposes to volvulus, which was the second most frequent cause of SBO, and it occurred in 1.4% of all participants in our study. This data correlate with other reports that identified an incidence of 0.3–1.0% (27, 33). Interestingly, Ward et al. found that the prophylactic Ladd procedure, which was assumed to prevent developing volvulus, was associated with a 3-fold increased risk of subsequent volvulus (27). Furthermore, a higher incidence of SBO was found following surgical interventions for malrotation and of the upper gastrointestinal tract (15, 16). Even though Ladd's procedure is considered routine during CDH repair in many centers, it might be questionable after these findings.


Adhesion Formation

Adhesions are initially a normal step of the repair mechanisms after peritoneal damage, but an imbalance among fibrinolysis, fibrin formation, coagulation, and inflammation results in persistent fibrous bands (7, 34, 35). The pathophysiological processes behind adhesive formations are still the subject of current research. After a peritoneal injury, a fibrinous exudate is formed as the first step. The formation of fibrin is the result of the coagulation cascade, which can be initiated by tissue factors. On the other hand, fibrinolysis activated by plasmin induces fibrin degradation and is enabled by tissue plasminogen activator (tPA) and urokinase-like plasminogen activator (uPA). Through this cascade, the fibrinous formations should be resorbed within days. Tissue factors as well as tPA, uPA. and their inhibitor, plasminogen activator inhibitors group 1 (PAI-1) are expressed by the mesothelial cells of the peritoneum, while inflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α), cause an imbalance with a tendency to fibrin deposition (7, 35). If it remains for too long, the fibrin becomes organized into fibrous strands or membranes, consisting of collagen, blood vessels, and nerves (35).

In addition to cytokines and other mediators, the cellular response to injury may also play a role. Recruitment of neutrophils, as the main subgroup of leukocytes, is the first response to trauma. Neutrophils form neutrophil extracellular traps (NETs) and their influence has been described in various pathologies (36, 37). The NETs are also able to modulate the immune response to support inflammatory processes. Therefore, high levels of NETs have been found in the adhesive tissue.

Further influencing factors expose neonates and especially those with pulmonary hypertension to a greater risk of developing adhesions after laparotomy (8, 9). Peritonitis has been described as a possible risk factor for the formation of adhesions (6). Accordingly, in patients with neonatal laparotomy due to inflammatory conditions like necrotizing enterocolitis, a predominance of dense adhesions has been discovered during re-laparotomy for SBO (15).

In our cohort, CDH repair was performed with no contamination in the vast majority of patients so an additive effect of peritoneal inflammation on the formation of adhesions seems less likely. The majority received antibiotic treatment directly after birth. Laboratory parameters of infection or inflammation were not collected in our study, only escalation of antibiotic therapy was evaluated, and it did not differ between patients with SBO and non-SBO. However, this parameter is not a sufficient surrogate parameter for a proinflammatory status. So far, there are no further studies in patients with CDH reporting any of these conditions in correlation with ASBO.

The severity of adhesions was not addressed by our data, due to a lack of a standardized classification system. Coccolini et al. suggested a regimented classification system for adhesions - the peritoneal adhesion index (PAI) - in an effort to standardize their definition and subsequent analysis (38). A survey on its feasibility showed a high acceptance among surgeons (39). In a prospective observational study of postoperative ASBO, Sisodia et al. found that PAI is a sensitive and effective tool for the quantitative assessment of intraabdominal adhesions (40). In addition, PAI has already been used as a variable in several studies (41, 42). Its implementation could provide further information on risk factors and their influence by making it easier to compare the results of different centers.

No improvement concerning the incidence of ASBO after laparotomy in childhood can be observed (16). Besides general surgical principles with minimal and careful handling of the bowel, minimizing the blood loss, and avoiding devascularization and desiccation of the bowel during surgery, other therapeutic strategies based on a better understanding of the underlying pathophysiology of the formation of adhesions should be considered. To achieve the separation of damaged surfaces (35), adhesion barriers, such as the hyaluronic acid-carboxymethylcellulose membrane Seprafilm®, showed a reduced severity of adhesions as well as few abdominal complaints in adults (43). Other adjuncts based on the current research may be introduced in the near future. It has been reported that DNases can dissolve NETs. Accordingly, Heuer et al. observed a significantly reduced formation of NETs in mice treated with DNase1 (44). In addition, DNase Knockout-mice with laparotomy-induced adhesions showed higher levels of NETs and increased adhesion formation, based on the experiments from Boettcher et al., suggesting an important role of DNases in this context. Furthermore, treatment with DNases in Wildtype-mice resulted in a significant reduction in laparotomy-induced adhesions without negatively affecting wound healing. The preprint may be found on Research Square (https://doi.org/10.21203/rs.3.rs-1077792/v1).

In the following section, the risk of ASBO in CDH is critically reviewed in the context of the current literature regarding the potential and proven influencing factors and our findings are discussed accordingly.



Minimally Invasive Surgery vs. Open Surgery

A significantly increased rate of ASBO after open abdominal reconstruction of the diaphragm was expectedly replicated in our study with an incidence of 6.8% among patients with midline laparotomy and 0% in patients with a minimally invasive approach. The CDH Study Group revealed similar results already for the initial hospital stay. They showed that patients, who underwent MIS, had a five times lower risk of ASBO requiring an operation until discharge than patients with OS (OR 0.19; 95% CI 0.06–0.60, p = 0.005). Also in defect size A, a significantly lower risk of ASBO in patients who underwent MIS could be detected, while it was not significant for other defect sizes (45). In contrast to the CDH study group, we did not observe any ASBO after minimal-invasive repair in the long term, but in a smaller cohort.

Thoracoscopy for CDH repair has become the more popular minimally invasive approach than laparoscopy. Only very few studies report on long-term data regarding ASBO in relation to the surgical approach and MIS cohorts are often too small to draw any conclusions (24). Similar to our findings, Jancelewicz (2010) noticed symptoms of SBO only in correlation with CDH recurrence in the MIS cohort and there was no SBO due to adhesions detected (46).

However, not every patient is suitable for minimal-invasive CDH repair. Thoracoscopy poses a greater risk of technical difficulties leading to conversion as well as intraoperative hypercapnia and acidosis, which potentially affects neurological development (47). Also, several studies described significantly higher recurrence rates after thoracoscopic repair of the diaphragm (45, 48). In our minimal invasive cohort, only patients with CDH recurrence (4%) presented with signs of SBO and no ASBO was encountered. Even in patients with thoracoscopic implantation of a diaphragmatic GoreTex® patch (30%), no problems due to ASBO were observed. This might be due to the less-invasive access itself and pleural rather than peritoneal trauma in thoracoscopy. Therefore, in the subset of patients with CDH having smaller defect sizes (A and B), the thoracoscopic approach with meticulous surgical technique to reduce the risk of CDH recurrence may be superior to the open approach with regard to the prevention of adhesive SBO.



Defect Size

So far, there is only one study reporting on the incidence of SBO in correlation to defect size. Putnam et al. recognized an increasing incidence of of ASBO with larger defect-size during the initial hospital stay, with a significantly higher incidence after open abdominal surgery. In open surgery, the incidence in correlation to defect size was as follows: A, 2.3%; B, 2.7%; C, 6.6%; and D, 7.9% (45). In our longitudinal follow-up, we found the following incidences of ASBO in open surgery: A, 16.7%; B, 2.9%; C, 8.5%; and D, 0%. The subgroups with defect sizes A and D were small. Within the larger subgroups with defect sizes B and C, the difference was not statistically significant (p = 0.24). Thus, larger observational cohort studies with longitudinal follow-up will have to be awaited to verify, if defect size by itself or other factors like patch material and surgical access have an impact on the development of adhesive SBO.



Patch Repair for Diaphragmatic and Abdominal Wall Reconstruction

A metaanalysis of 10 studies and 1,273 patients reported an about twice higher risk of SBO for patients with patch implantation compared to patients with primary closure of the diaphragm (OR 1.90; 95% CI 1.31–2.76). The incidence of SBO was 6.6% after primary repair and 12% after patch repair. There was no differentiation of ABSO or analysis according to different patch materials, but mainly PTFE was used (32). This makes an interpretation difficult since SBO can have multiple different causes as explained above.

In our cohort, the overall incidence of ASBO was only 6.3% in OS with 11.8% after primary repair and 6% after implantation of a diaphragmatic patch. The difference was not significant due to the small number of patients with primary repair in OS. There was also no difference in the high patch rate in patients with ASBO and non-ASBO (ASBO/non-ASBO: 88.2% vs. 94% patch; p = 0.3). The high number of patients with large defects in OS (C: 57.1%; D: 12.3%) and therefore requiring a diaphragmatic patch reflects disease-severity being an ECMO center. The majority of patients with a primary repair was operated by minimal-invasive access at our center (73.8%), which is a potential bias. No ASBO was observed in our patients with MIS despite a patch rate of 30%. In contrast to the results of the metaanalysis, the GoreTex® patch by itself might not contribute to a higher risk of ASBO, since we were using the same patch material irrespective of surgical access.

There was also no difference regarding the incidence of ASBO in correlation to the implantation of an abdominal wall patch: about 4.4% in patients with and 7% in patients without an abdominal wall patch (AWP). The rate of an AWP did not differ between both subgroups (AWP: 17.6% ASBO vs. 27.5% non-SBO; p = 0.57). To date, there are no further studies explicitly mentioning abdominal wall patches in correlation with ASBO in patients with CDH. It has to be considered that the abdominal wall patch is a surrogate parameter for the severity of CDH. Mostly, severely affected neonates are referred for treatment to ECMO-centers which explains the high rate of AWP implantation in our cohort. Other centers might therefore find a difference concerning this parameter. Nevertheless, we detected a comparatively low incidence of ASBO. Interestingly, a higher incidence of ASBO was shown for neonates with abdominal wall defects (25% in 59 patients with gastroschisis vs. 13% in 111 patients with omphalocele, p = 0.06). Only seven patients received a prosthetic mesh in this cohort. In multivariate analysis, sepsis and fascia dehiscence were identified as independent predictors (18). Thus, the implantation of an AWP (GoreTex®) in severely affected neonates with CDH and a hypoplastic abdominal cavity may be more favorable than only skin closure with iatrogenic fascia dehiscence concerning the development of ASBO.



Patch Material

Even though the lower incidence of ASBO in patients with implantation of a diaphragmatic or abdominal wall GoreTex® patch was not significant, there might still be something about it to be considered. Literature also gives hints to differences in adhesion formation in correlation to patch material. Patients, who received absorbable biosynthethic patches like Surgisis-Gold® (SIS) or AlloDerm® developed a higher rate of SBO than patients with a nonabsorbable mesh like Dacron® or GoreTex® in some studies, but subgroups of patch patients were small (33, 49, 50). Jancelewicz et al. identified SIS as the only significant subtype in univariate logistic regression analysis comparing primary and patch repair (SIS vs. GoreTex® vs. SIS+GoreTex®) with an OR of 8.1 (95% CI 2-28; p = 0.001) (33). On the other hand, no significant difference concerning ASBO between SIS (7%) and GoreTex® (4%) was observed in a retrospective study of 72 patch patients with a minimal follow-up of 30 days (51).

A less adhesive effect of GoreTex® has been reported in 91% of adults, who had undergone laparoscopic ventral incisional hernia repair with GoreTex® mesh implantation. Adhesions were either not present or were filmy and avascular at the timing of re-operation (52).

Furthermore, polytetrafluoroethylene (PTFE), also used for GoreTex®, was studied as a barrier to prevent adhesions in an animal model and was implanted to cover the injured peritoneum after pelvic surgery. The extent of adhesions was significantly less, and fewer animals had adherent intestinal loops compared to a control group, indicating an effective adhesion prevention barrier (53). Therefore, the type of mesh used for the diaphragmatic reconstruction may influence the development of adhesions and consequently ASBO. We hypothesize that the use of GoreTex®-patches may reduce intraabdominal adhesions due to their specific content of expanded PTFE. This would be an added advantage for the use of GoreTex® for diaphragmatic patch repair besides the seemingly lower long-term recurrence rate (54).



Laparotomy

Furthermore, the way of abdominal access may influence the development of ASBO. Recently, Janssen et al. revealed an incidence of SBO after CDH repair of 20% in 112 patients but did not differentiate for ASBO. Compared to our overall SBO rate of 11.3% in 337 patients, this was significantly higher (p = 0.04). The SBO occurred in 19% of 98 patients after subcostal laparotomy and in 21% of 14 patients with either thoracoscopy, thoracotomy, or laparoscopy. The risk of SBO was significantly higher after patch repair in 35 patients (OR 3.5, 95% CI 1.2–10.0) (24). In their study cohort, a higher proportion of open abdominal reconstruction of the diaphragm was performed as compared to our study cohort, but this difference is not statistically significant (87.5% vs. 79.5%; p = 0.07). On the other hand, the patch-rate was significantly lower in their cohort (31% vs. 80.7%; p < 0.00001). Yokota et al. noticed an intestinal adhesion obstruction of 17.6% in 74 CDH survivors with subcostal laparotomy and 6.7% in 240 patients with other neonatal laparotomies than for CDH (p = 0.023) (23). We encountered a lower incidence of 6.3% for ASBO among 268 patients with CDH who underwent midline laparotomy. There is a significant difference between both cohorts: the incidence of ASBO was higher after subcostal laparotomy (p < 0.005) despite a lower rate of patch repair (33.8% vs. 93.7%; p < 0.00001).

Interestingly, both authors reported a similar patch rate of about 30% and an incidence of (A)SBO of nearly 20% after subcostal laparotomy, whereas a significantly higher patch rate was observed with a significantly lower rate of (A)SBO following the median laparotomy in our cohort. We had a comparable patch rate of 30% in our MIS cohort, which was not associated with ASBO. Since in all these cohorts, solely Goretex® was used as a patch material, this might not affect the rate of ASBO by itself. While it is well-known that postoperative intestinal obstruction is reduced after laparoscopy compared to laparotomy (55), possibly the difference in abdominal access (subcostal vs. midline laparotomy) might also play a role in the development of ASBO that has been neither reported nor investigated so far. An explanation for this finding could be that with subcostal incisions, the abdominal wall muscles have to be divided, whereas these are kept intact using the midline laparotomy. The more invasive abdominal access may contribute to a more intense or longer activation of the healing cascade possibly resulting in the development of more adhesions, especially in neonates with pulmonary hypertension as explained in detail above.



ECMO Therapy

To our knowledge, there is only one study explicitly reporting on SBO in correlation to ECMO therapy in patients with CDH. A protective effect of ECMO treatment was described with a significantly reduced rate of SBO of 9% in 22 patients with ECMO compared to 22% in 90 patients without ECMO (OR adjusted 0.2; 95% CI 0.0–1.0; p < 0.05) with no specification of the underlying cause of SBO (24). These findings could not be confirmed in our larger cohort regarding ASBO: a lower incidence was detected irrespective of ECMO therapy (6.9% in 130 patients with ECMO vs. 4.3% in 186 patients without ECMO, p = 0.32). Albeit a significant difference in ECMO treatment between both study cohorts (Janssen 19.6% vs. our cohort 41.1%; p < 0.0001), which may also have attributed to the different results. Possibly, the more relevant difference between both study cohorts is the timing of CDH repair: While Janssen et al. routinely perform CDH repair under ECMO therapy, we prefer to operate after weaning off ECMO. Therefore, alterations of the healing cascade, coagulation, and immune system due to using an ECMO circuit with cannulas, tubes, pumps, and blood from donors as well as specific drug administration and heparinization under ECMO therapy might play a role in the formation of adhesions and thereby explain the different findings in these two cohorts. Further basic research is needed to elucidate the biochemical and cellular processes involved and larger cohort studies with longitudinal follow-up to verify these findings.



Time to Full Enteral Feeding

A correlation between time to enteral feeding and the occurrence of ASBO has been described in the literature. In neonates with spontaneous intestinal perforation, the duration of parenteral nutrition showed a significant effect on developing SBO later in life. However, a causal relationship was not confirmed by the authors but was considered to reflect the initial severity of the bowel disease (56). Regarding postoperative nutrition, neither the type nor the timing of postoperative oral feeding revealed a correlation with SBO in our cohort. Time to full enteral feeding showed a significantly longer time in the ASBO as compared to the non-SBO-group, but further analysis using logistic regression could not confirm these results. Therefore, it cannot be considered predictive of ASBO in our cohort. We started giving glucose on the first and breast milk or formula on the second postoperative day. Time to full enteral nutrition may be prolonged in children with more severe lung hypoplasia and the need for prolonged ventilatory support with consequently a longer time of analgosedation. This medication may also influence intestinal peristalsis with reduced intestinal motility and gastroesophageal reflux delaying enteral feeding and prolonging the need for parenteral nutrition. Reduced intestinal peristalsis might contribute to the formation of more dense or extensive adhesions. In our cohort, we could not detect an influence of any of the above-mentioned parameters, which may be due to the overall CDH severity in our open surgery cohort and different at other centers.



Chest Tube

The duration of the chest tube insertion revealed a significant independent effect on the occurrence of SBO and ASBO. To the best of our knowledge, a correlation between the duration of the chest tube insertion and adhesive intestinal obstruction has not been described before. This circumstance may be explained in context with the specific population of patients with CDH, in which the separation between the thoracic and abdominal cavity is incomplete. Even after reconstruction, the diaphragm cannot be assumed impermeable, neither after primary nor after patch repair. Therefore, intrathoracic processes, such as chest tube insertion, could affect the abdominal environment. On the one hand, irritations of the tube induce a local inflammatory response and on the other hand, the injury of the pleura activates or prolongs physiological tissue repair processes (57).

Considering the correlation between the duration of the chest tube insertion and the type of pleural effusion, the influence of serous effusion or chylothorax or rather their consequences also have to be considered. Loss of chyle and its components, especially chylomicrons, proteins, and lymphocytes, lead to malnutrition, increased risk of thrombosis, and secondary immunodeficiency (58). In addition to the influence on the immune system, a procoagulant effect may also play a role in the formation of adhesions in the presence of chylothorax and substitution with fresh frozen plasma. An impaired flow of abdominal chyle might also be a causative factor for adhesion formation. Also, serous effusion is due to pleural and/or peritoneal injury and contains the so-called “reactive” mesothelial cells, macrophages and blood-derived cells like lymphocytes, and neutrophil granulocytes among others. “Reactive” mesothelial cells also display phagocytic activity. As has been explained above, these cells, tissue-factors, and inflammatory cytokines are involved in the pathogenesis of adhesion formation (7, 44). This might explain the correlation between serous effusion and chylothorax observed in our ASBO cohort, despite lacking significance for chylothorax due to the small patient number.



Re-operations

In general, it is believed that repeated abdominal surgical interventions also trigger the formation of more adhesions. In children, this seems to be supported by a recurrence rate of ASBO from 0–29% (16). In a large study with a long follow-up of 500 adult patients with ASBO and also including those with surgical interventions in childhood, an increasing 10-year risk of obstruction was calculated in correlation with the number of episodes of ASBO: it was 18% after one episode and 63% after 4 episodes (59).

In contrast, re-operation was associated with a decreased rather than an increased risk of subsequent ASBO in our cohort. Yet, long-term follow-up has to be waited for the verification of these preliminary findings and final interpretation. In adults, similar findings were also reported. Patients with one previous surgery had more severe adhesions than patients with two surgeries, measured by the need for surgery for postoperative adhesive intestinal obstruction (40). Another study found that adults treated surgically for ASBO were less likely to have recurrent ASBO and the time to recurrence was longer. The authors indicated that in some of the patients treated surgically, the causative factor for adhesion formation was eliminated at the time of surgery (60). It must also be considered that in patients, who required laparotomy in the neonatal period, the incidence of SBO is higher than compared to older children (19, 22). This may be related to the reduced anti-inflammatory capacity and increased production of proinflammatory cytokines in neonates, which supports the persistence of adhesive formation, as described above (7–9). Our study participants, who underwent re-operation in the abdominal cavity other than for SBO, also received lysis of adhesions, and the timing of re-operation was mostly beyond the neonatal period. Presumably, a more mature immunological status at re-operation may lead to less adhesion formation and fewer sequelae.



Mortality and Morbidity

In a review on adhesions in children and adolescents, mortality resulting from ASBO has been found to be 0% to anecdotal 71%, but nowadays, it is still correlated to septicaemia or the underlying comorbidities (16). In patients with CDH, an overall late mortality of 5% has been observed mainly with gastrointestinal complications (14). Though we did not observe mortality in our patients with SBO, there might be hidden mortality: two patients deceased at an older age due to severe “gastroenteritis”. Since no autopsy was performed, the real cause remains unknown but might as well have been due to either CDH recurrence with bowel incarceration or decompensated ASBO with consecutive septicaemia.

The need for bowel resection due to ASBO has been reported in 16% (17) and as much as 35% of patients after abdominal wall defects (18). In a large study of 414 neonates, intestinal perforation and gangrenous bowel were noted in 12.5 and 16.7%, respectively (15). Thus, the need for bowel resection in 17.6% of our patients is in accordance with the reports from the literature. Lautz et al. determined a delay of surgical intervention of >2 days after admission in patients without clinical improvement predictive of bowel ischemia and necrosis (61).

In children, a failure of conservative treatment of ASBO has been reported in 45–100%, while the majority of symptoms in adulthood resolve spontaneously, resulting in a much higher proportion of patients requiring relaparotomy in childhood (16). Accordingly, only three of our 38 patients with SBO (7.9%) could be managed conservatively in our cohort. These special findings should be considered in patients with CDH presenting with ASBO to reduce morbidity and mortality with a timely approach.




LIMITATIONS AND STRENGTHS

First, this is not a multicentre study, but the follow-up of a large monocentric patient cohort treated with standardized surgical techniques and prospective follow-up may also be considered a strength. The high number of patients participating in our follow-up program after discharge may be another strength allowing for reliable detection of the incidence of SBO and aiming at identifying possible risk factors. Yet, the impact of adhesions is under-reported because symptoms due to adhesions that did not result in SBO were not included. Furthermore, the number of patients with a minimal-invasive repair is lower than the number of patients with an open approach. Neither the comparison of ASBO rate depending on different patch materials was possible due to the sole use of GoreTex® in this cohort nor was the comparison depending on different abdominal approaches because being an ECMO Center, a median laparotomy is the preferred access in our center for severely affected CDH neonates necessitating the implantation of an AWP in a substantial subset of patients.



CONCLUSION

Symptoms of SBO are encountered with several underlying causes. Adhesive SBO was only observed after open CDH repair in our large cohort with prospective follow-up, which seems to underline the protective effect of MIS in a select subset of patients. In comparison to literature reports, a midline laparotomy might be associated with less ASBO than subcostal incisions. Furthermore, the implantation of Goretex® patches seems to be associated with less formation of adhesions, which is reflected by our comparatively low ASBO rate. Multivariate analysis revealed the duration of chest tube insertion as a risk factor and one or more re-operations as a protective factor for the occurrence of ASBO. Chest tube irritation over a prolonged period, possibly in combination with the cellular and immunologic consequences from serous effusion or chylothorax, may influence the occurrence of ASBO in patients with CDH during the neonatal period, reflecting an imbalance between anti- and proinflammatory responses. In the future, novel therapeutic strategies based on a better understanding of the biochemical and cellular processes involved in the pathophysiology of adhesion formation might contribute to a reduction of peritoneal adhesions and their associated morbidity and mortality.
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Congenital diaphragmatic hernia (CDH) is a rare congenital anomaly, whose presentation is complicated by pulmonary hypertension (PH), pulmonary hypoplasia, and myocardial dysfunction, each of which have significant impact on short-term clinical management and long-term outcomes. Despite many advances in therapy and surgical technique, optimal CDH management remains a topic of debate, due to the variable presentation, complex pathophysiology, and continued impact on morbidity and mortality. One of the more recent management strategies is the use of prostaglandin E1 (PGE1) infusion in the management of PH associated with CDH. PGE1 is widely used in the NICU in critical congenital cardiac disease to maintain ductal patency and facilitate pulmonary and systemic blood flow. In a related paradigm, PGE1 infusion has been used in situations of supra-systemic right ventricular pressures, including CDH, with the therapeutic intent to maintain ductal patency as a “pressure relief valve” to reduce the effective afterload on the right ventricle (RV), optimize cardiac function and support pulmonary and systemic blood flow. This paper reviews the current evidence for use of PGE1 in the CDH population and the opportunities for future investigations.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare anomaly, characterized by a defect in the diaphragm causing abdominal contents to protrude into the thoracic cavity. The incidence of CDH is 1 in 2,500 to 1 in 3,500 live births (1). It occurs 70%−75% of the time in the posterolateral aspect of the diaphragm, with over 85% occurring on the left side (2). CDH can also be associated with congenital heart defects (25%−40%), urogenital anomalies (18%), musculoskeletal anomalies (16%) and central nervous system anomalies (10%) (3, 4). Despite medical and surgical advances, CDH continues to have high mortality and morbidity rates (5). Pulmonary hypoplasia and pulmonary hypertension (PH) are hallmarks of CDH presentation, resulting from both pulmonary vasculature and respiratory maldevelopment, the severity of which determine outcomes. In addition to these factors, there is also an increasing appreciation of early postnatal cardiac dysfunction as a determinant of outcome in CDH and use of agents to ameliorate cardiac dysfunction (6, 7).

Prostaglandin E1 (PGE1), a prostaglandin analog administered by intravenous infusion, is typically used to maintain ductal patency in newborn infants in the setting of suspected duct-dependent congenital heart disease. In this setting, PGE1 infusion is used to ensure adequate systemic or pulmonary blood flow or mixing until definitive surgical repair is accomplished. In the setting of pulmonary hypertensive disease, including CDH, PGE1 may have other benefits, the most important being reduction of afterload of a failing right ventricle (RV).

In this review, we will discuss the pathophysiology of CDH, the theoretical benefits of PGE1 therapy in the management of CDH, critically review existing evidence of its use, and identify key questions for future areas of research.



PATHOPHYSIOLOGY OF CDH

Congenital diaphragmatic hernia is associated with pulmonary hypoplasia of varying extent typically affecting both the ipsilateral and contralateral lungs. This abnormal pathophysiology has been hypothesized to begin at ~8th to 10th-week of gestation, after failure of the normal physiological closure of the diaphragm and the establishment of the separation between abdominal and thoracic organs (8). A 2-hit hypothesis has been proposed to explain this spectrum of pulmonary hypoplasia. Following the initial “hit”, possibly genetic or environmental, during the early stages of organ development, bilateral lung hypoplasia occurs. This is followed by the second “hit” - compression of the ipsilateral lung by the hernia itself (9). Accompanying these changes in lung architecture are changes in the pulmonary vasculature, specifically early maturation, underdevelopment and increased muscularization of the pulmonary arterial vessels leading to altered vessel tone and reduced vessel caliber (10). Molecular pathways that are implicated in pulmonary vascular remodeling in CDH, which have been studied in humans and nitrofen rat models (11), include the retinol pathway (12), vascular endothelial growth factor (VEGF) (13), endothelin (14), Bone Morphogenic Protein (BMP) and Apelin (15). Alternations in these pathways may affect endothelial cell function, molecular signaling to the pulmonary arterial smooth muscle cells contributing to pulmonary arterial smooth muscle cell proliferation, and the characteristically hypertrophic pulmonary arterioles found in CDH-associated PH (CDH-PH) (6, 16).

The pulmonary alveolar and vascular maldevelopment results in increased pulmonary vascular resistance and associated PH. Studies have shown that over 70% of CDH infants exhibit CDH-PH (17), which is independently associated with increased mortality risk, oxygen support at 30 days, and utilization of extracorporeal life support (ECLS) (18). PH manifests as hypoxia due to right-to-left shunting across the atria, patent ductus arteriosus and any ventricular septal defect, if present, as well as increased afterload on the RV. In response to the increased afterload, the RV exhibits an initial adaptive dilatory response that may be followed by maladaptive hypertrophy and subsequent failure, which may be exacerbated by a restrictive ductus arteriosus. This RV failure may in turn result in impairment of diastolic filling of the left ventricle (LV) and reduced systemic blood flow. Myocardial ischemia of the RV plays an important role in the pathophysiology of cardiac failure in PH; specifically, through compromised right coronary blood flow. In PH, the right coronary perfusion gradient may be reduced due to the sustained increase in RV pressures and decrease in the aortic pressures (due to reduced LV preload and cardiac output) (19). Decreased RV coronary perfusion in the context of increasing myocardial oxygen consumption may predispose the RV to ischemia and dysfunction (20).

In addition, CDH has been described to be associated with both structural and functional left ventricular abnormalities (7, 21, 22). Fetal LV hypoplasia is well-described and possibly occurs due to mechanical compression, reduced fetal LV blood flow from reduced pulmonary venous return and altered streaming of venous return due to mediastinal shift (23–25). In a LV that may already be relatively hypoplastic due to the aforementioned reasons, the increase in afterload during the transition at birth, combined with the interdependent impacts of RV dilatation and dysfunction, can lead to significant LV dysfunction with adverse cardiopulmonary and hemodynamic outcomes (26). In a recent study, Patel et al. reported that early LV systolic function correlated with prenatal and postnatal markers of clinical disease severity (27). This observation underscores the importance of appropriate management of early PH in order to prevent biventricular dysfunction and associated impairment of systemic blood flow and oxygen delivery.

The combination and spectrum of pulmonary hypoplasia, pulmonary hypertension, and ventricular dysfunction makes CDH a unique clinical management challenge. Historically, PH therapeutic strategies in CDH have focused mainly on pulmonary vasodilation. The main therapeutic targets are cytokine pathways regulating pulmonary artery smooth muscle tone, specifically such the nitric oxide (NO) pathway, prostacyclin pathway and endothelin pathways (28).

Inhaled nitric oxide (iNO), a potent pulmonary vasodilator, acts by stimulating guanylyl cyclase in the vascular smooth muscle cells to produce cyclic guanosine monophosphate (cGMP). Elevated intracellular concentrations of cGMP activate cGMP-dependent protein kinases and lower cytosolic calcium concentrations, which in turn promote vascular smooth muscle cell relaxation (29). Phosphodiesterases (PDEs) are a large family of enzymes that hydrolyze cyclic nucleotides (cGMP and cAMP). Inhibition of PDEs leads to vasodilator effects. PDE5 (a cGMP-specific PDE), PDE3 and 4 (which hydrolyze cAMP) are expressed in the lung (28). Sildenafil, a PDE5 inhibitor that acts via the NO pathway, has been widely used in the management of CDH-PH (30). Milrinone, a PDE3 inhibitor, has also been studied in the CDH population (28, 31). Another important pulmonary vasodilator is prostacyclin; agents targeting this pathway include epoprostenol and inhaled iloprost (28, 32, 33). Inhibition of PDE3 causes lower pulmonary arterial pressures by acting via the PGI2 pathway (28). Endothelin (ET)-1 is a potent vasoconstrictor, and, hence, a target for modulating pulmonary vascular resistance. In a randomized control trial comparing the use of Bosentan, a drug which acts on the ETA and ETB receptors, with placebo as treatment for neonates with persistent pulmonary hypertension (PPHN), Mohamed et al. reported that Bosentan was superior to placebo for the treatment of PPHN (34).



THE RV IN PH DISEASE: ANIMAL MODELS

Among studies in adults with PH, the major cause of mortality of patients with PH was RV failure (35). Experimental animal models to investigate the effect of pressure overload on the RV include the monocrotaline (MCT) and chronic hypoxic mouse models (36) and the pulmonary artery banding (PAB) mouse model (37) which was developed to study the RV-specific effects independent of the pulmonary circulation. RV failure molecular mechanisms involve abnormal metabolism, impaired angiogenesis, mitochondrial dysfunction and increased oxidative stress (38–40). Further, the “sick lung circulation” hypothesis postulates that altered lung vascular cells from the “sick lung”, such as those containing cell fragments, free DNA and microRNA, can be cytotoxic to the RV and can re-program endothelial cell genes, thus contributing to the RV failure (40).

Several important concepts regarding ventricular response to elevated pulmonary pressures investigated in animal models can be translated to clinical medicine. Firstly, as demonstrated by Urashima et al. (41), the RV and LV do not respond identically to pressure overload; thus, treatment strategies that focus individually and specifically to each ventricle are important. Additionally, it has been shown that acute RV pressure overload impairs LV function by altering septal strain and apical rotation (42). The RV's molecular adaptation varies based on the degree of pressure overload as well as the type of pressure overload (proximal type as seen in the PAB model vs peripheral type seen in PH models vs combined pressure and volume overload as in the presence of a shunt) (43, 44). Severe PH can result not only in systolic, but also diastolic dysfunction (45). Hemodynamic measurements of the RV in response to PH have been shown to correlate and predict biomechanical changes in the myocardium (46). Pressure overload on the RV significantly alters the pressure-volume relationship, leading to greater end-diastolic pressures, and concurrently increasing the longitudinal elastic modulus [Elastic modulus (E) or the amount of force required to deform a tissue] in the PAB rat model (46).

Existing studies of RV function in CDH, though limited, indicate similar morphological and functional changes. Echocardiographic studies of early RV function have demonstrated RV systolic and diastolic dysfunction, and evidence of interdependent impairment of LV function (47, 48). Furthermore, early RV dysfunction pre- and post CDH repair have been shown to be associated with adverse outcomes, including increased mortality, ECLS use and length of hospitalization in survivors, in single center cohorts as well as large registry-based analyses (49–51).

An important conclusion that can be drawn from these animal model studies and clinical studies in CDH is the importance of unloading the RV in the setting of elevated pulmonary pressures, and tailoring PH therapy to target both biomechanical and hemodynamic function with the aim of optimizing RV function and improving outcomes.



ROLE OF PGE1 IN CDH

Prostaglandin E1 is a potent dilator of the ductus arteriosus in human neonates (52). The first studies ex-vivo in fetal lambs in 1973 by Coceani and Olley (53) led to clinical trials (54, 55) and approval for use by Food and Drug Administration (FDA) in 1981 (56).

The therapeutic benefits that PGE 1 offers in the setting of elevated pulmonary vascular resistance in CDH are theoretically three-fold. This has been summarized in Figure 1.

1) By acting as pressure “blow-off” valve, reducing the effective afterload on the pressure loaded RV, alleviating RV dilatation and myocardial dysfunction. LV function in turn may also improve by mechanisms of ventricular interdependence. A similar strategy of having a “pop off” conduit in supra-systemic pulmonary pressures has been demonstrated by the use of the Pott's shunt (anastomosis between left pulmonary artery to descending aorta) in pediatric hypertension and in patients with Eisenmenger syndrome (57). Evidence from pediatric patients with pulmonary hypertension have shown that a Pott's shunt improves RV-systolic function and RV-PA coupling, resulting in overall improved functional status and transplant-free survival (58).

2) By augmenting systemic blood flow in the setting of LV failure, by facilitating right-to-left shunting via the ductus arteriosus. The evidence of the benefits of using PGE1 to augment systemic blood flow is best noted in single ventricle pathologies such as hypoplastic left heart syndrome, where there exists an uncertain balance among systemic, pulmonary and coronary blood flows, with the systemic and pulmonary circulations in parallel rather than in series. The use of PGE1 in this situation ensures systemic blood flow to the vital organs, and also balances the systemic and pulmonary cardiac output (59).

3) By its direct pulmonary vasodilating action in pulmonary artery smooth muscle. PGE1 increases intracellular cyclic AMP leading to decreased pulmonary vascular resistance (60), reducing RV afterload and potentially improving coronary perfusion to the RV (20). The pulmonary vasodilator benefits of PGE1 in primary pediatric pulmonary hypertension (61) and in neonatal PPHN have been demonstrated previously (62, 63).


[image: Figure 1]
FIGURE 1. Effect of PGE1 in PH-RV afterload reduction, direct pulmonary vasodilation and augmenting systemic blood flow. RV, right ventricle; LV, left ventricle; PH, pulmonary hypertension.


Animal studies support these potential benefits. Sakuma et al. (64), demonstrated in a monocrotaline rat PH model that PGE1 administration significantly reduced the production of cytokines IL-1, IL-6 and TNF, previously implicated in pulmonary hypertension. In another study by Ono et al. (65), PGE1 had a dose-dependent suppression of RV hypertrophy and pulmonary hypertension in a MCT rat model.

Though the potential benefits of PGE1 use in the cardiopulmonary physiology of CDH appear compelling, there are potential adverse effects. In the short-term, PGE1 may induce apnea, peripheral vasodilation, fever and hypotension (66). With long term use (>5 days), cortical hyperostosis, brown fat necrosis, gastric outlet obstruction and intimal mucosal damage have been reported (66). Worsening hypoxia due to right-to left ductal shunting should also be considered (67).



REVIEW OF CLINICAL STUDIES

To date, the investigation of PGE1 use in CDH has been limited to case reports and retrospective chart reviews. We performed a review of literature using the electronic bibliographic databases PubMed and Embase, and of ongoing trials in www.clinicaltrials.gov. Additionally, we also used PubMed's related citations feature to identify relevant studies. We included chart reviews, case control studies, case series and case reports. Once a list of studies was obtained, we analyzed the studies for methodology and outcomes measures as described below.

A summary of these studies is provided in Table 1.


Table 1. Summary of clinical studies on PGE1 use in CDH.
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Methodology and Indications of PGE1 Use

All but one of the studies of PGE1 use in CDH-PH have been retrospective chart reviews, comparing patients who received PGE1 with those who did not (26, 68–70), one retrospective study compared the combined therapy of PGE+iNO with those only receiving iNO (23). Three studies reported initiating PGE1 based only on echocardiographic parameters. Inamura et al. (68, 69) reported initiating PGE1 infusion when the duration of right-to-left shunting via the DA was longer than that of left-to-right shunting, whereas Shiyanagi et al. (23) reported using PGE1 for PH based on echocardiographic signs: dominant right-to-left shunt through a PDA, decrease in pulmonary arterial blood flow on the affected side, and tricuspid regurgitation velocity (TRV) more than 2.5 m/s. Two of the studies reported using PGE1 based on a specific criterion; Lawrence et al. delineated specific indications for PGE1 initiation based on institutional CDH guidelines, which included (1) echocardiographic findings of PH with a restrictive PDA, (2) persistent metabolic acidosis (pH <7.25 with base deficit or elevation of lactate) without left heart dysfunction on echocardiography, or (3) persistent post-ductal arterial oxygen content <30 mmHg (70). In the study by Le Duc et al. (26), PGE1 was initiated when the maximal right-to-left blood flow velocities were >1.5m/s in CDH infants with acute worsening of the cardiorespiratory status.

As noted, most of the cited studies specified a right-to-left ductal shunting pattern as an indication for initiation of PGE1. One study mentioned a “restrictive PDA” as a criterion, but no specific duct size measurement was reported (70). None of the studies report echocardiographic evidence of abnormal RV size or function as a marker for PGE1 initiation, although clinical signs of RV/LV failure were used as criteria in two of the cited studies (26, 70). One study used plasma BNP before and after PGE1 initiation as a measure of PH and RV strain, and demonstrated decline in BNP measurements and improvement in echocardiographic measures PH (70). Plasma BNP peptides are secreted in response to wall stress by both the ventricles. However, a study by Koch et al. demonstrated the rapid decrease in plasma BNP levels during the first week of life, and the use of plasma BNP as a marker of clinical improvement may not necessarily reflect the effect of PGE1 use (71).



Outcome Measures to Assess Response to PGE1

Echocardiographic markers have been used to assess the effect of PGE1: two studies used LV size and function (measuring LV diastolic diameter, total pulmonary artery index (TPAI), left ventricular end-diastolic diameter and LV-Tei index (a composite measure of LV function based on systolic and diastolic time intervals) (68, 69). One study used echocardiographic markers of PH (estimated RV systolic pressure using tricuspid regurgitation jet velocity, direction of flow across a patent ductus arteriosus, and ventricular septal position) (70), and one study reported ductal flow direction and velocities (26).

In the studies by Inamura et al. (68, 69), the authors concluded that in instances of severe PH keeping the ductus open plays an important role in the circulatory management of these patients by improving LV function (as indicated by a higher LV Tei index in infants receiving PGE1). Lawrence et al. (70) observed that use of PGE1 significantly reduced B-Natriuretic peptide levels (BNP, a plasma biomarker of pulmonary hypertension and associated cardiac strain) and echocardiographic indices of PH, as assessed by tricuspid regurgitation jet velocity, ductus arteriosus direction, and ventricular septum position. Le Duc et al. (26) concluded that use of PGE1 in CDH decreased FiO2 requirements (median FiO2 decreased from 80% to 34% to target preductal SpO2 between 88 and 96%), and improved circulatory function, thus preventing cardiorespiratory failure in this population. Echocardiographic markers for PH used in this study include ductal flow velocities and flow patterns and mean pulmonary arterial pressures in relation to systemic blood pressures and classified as suprasystemic when mean PAP > systemic blood pressure +10 mm Hg (26). An observational study conducted by Hofmann et al. (72) reported that use of PGE1 in addition to circulatory management with catecholamines in two of their patients with CDH-PH relieved and stabilized right ventricular function. Although these studies reported on common echocardiographic markers of PH and LV dysfunction parameters, it is notable that none of the cited studies assessed RV function.

Most of the studies report improvement in cardiopulmonary outcomes with the use of PGE1 in CDH. However, a retrospective study by Shiyanagi et al. (23) demonstrated no significant clinical effects with the use of PGE1 combined with iNO, and concluded that use of iNO alone would simplify the management of PH due to CDH. The study reported no significant difference in survival to discharge, however, a shorter duration of hospitalization and earlier dates of repair were observed for those receiving iNO alone (23). Interestingly, this was also the only study to report PDA diameter, timing of spontaneous PDA closure and other long-term outcomes such as length of stay and survival to discharge (23).

In terms of adverse effects of PGE1, Shiyanagi et al. (23) reported lower systemic BP in the group that received PGE1 in comparison to those that did not. Lawrence et al. (70) reported seven patients with side-effects due to PGE1 which included pulmonary overcirculation due to L–R shunting (2%), cortical proliferation of their long bones (5%), temperature elevation (1.8%) and GI bleed (1.8%). However, none of the studies reported any life-threatening adverse effects or mortality attributed to the use of the medication.

In addition to the above studies, case reports describing improvement of cardio-respiratory function following use of PGE1 infusion are summarized in Table 2 (73–76).


Table 2. Summary of case reports on PGE1 use in CDH.
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The above-described retrospective clinical studies and case reports indicate a potential cardio-respiratory benefit in using PGE1 in the managing PH in the CDH population. Why then is PGE1 not a routine component of the management of patients with CDH? (77, 78). Likely factors include uncertainty in identifying the appropriate subset of patients with CDH-PH, who might potentially benefit from this approach, and possibly the concerns relating to the short-term adverse effects and/or long-term adverse effects of having the ductus open. Possible ways to address these relevant concerns are two-fold:

1) Advocating for a more pronounced pathophysiology-based approach using serial echocardiograms.

2) Promoting further research on the use of PGE1 in this patient population to address these clinical concerns.

To our knowledge, there have not been any prospective studies investigating the effect of PGE1 on cardiorespiratory outcomes in CDH. Studies on significant and/or long-term outcomes, such as need for ECMO, duration of ventilation, length of stay, need for oxygen at discharge, need for additional PH medications and neurodevelopmental outcomes, are lacking. Use of PGE1 infusion either alone or in combination with other PH management strategies is a potential area for future research, which may further open the doors to other aspects of research such as the long-term effects of the presence of a ductus in patients with congenital diaphragmatic hernia.




FUTURE INVESTIGATIONS OF PGE1 INFUSION IN CDH

Ongoing areas of uncertainty about the use of PGE1 in CDH which require further investigation include:

1) Appropriate timing of the PGE1 infusion in CDH (e.g., earlier prophylactic administration vs. later after echocardiographic evidence of PH).

2) Dosing regimens of PGE1 for PH (e.g., fixed dosing or dose titration based on clinical and echocardiographic response). The studies described above have used variable dosing patterns for PGE1 use in CDH. Although this area may need to be further investigated, higher doses of PGE1 may have utility in situations of acute severe PH with RV failure with duct closure, analogous to those used in resuscitation of infants presenting with duct closure in critical congenital heart disease.

3) Potential side effects of its use in this population (both short- and long-term).

4) Duration of therapy (e.g., fixed or based on clinical and echocardiographic response).

5) Use of PGE1 in relation to ECLS.

6) Impact of concomitant use of other pulmonary vasodilators, such as iNO, Sildenafil and/or Bosentan.

7) Impact on LV/RV performance.

8) The specific subset of CDH that might best benefit from it use, which may require a pathophysiology-based, targeted approach to PH management in CDH.

In terms of “long-term” effects, areas of uncertainty ripe for further investigation include:

1) Impact on short- and long-term outcomes, including survival, need for ECLS, duration of ventilation, duration of hospital stay, need for oxygen at discharge, and neurodevelopmental outcome.

2) Timing and need for additional PH medications, such as Sildenafil and/or Bosentan at discharge.

3) Impact on intervention for ductal management due to the potential effect from L–R shunting.

With the evidence from a recent study that the severity of early postnatal PH has a significant impact on long-term outcome, an important question to be answered is the timing of the first echocardiogram in this population (18). This study stressed the importance of an early echocardiogram as a valuable prognostic tool that could potentially provide information that can impact the clinical course and management of PH.

Theoretically a well-designed clinical trial of PGE1 in CDH may help to address the current evidence gap. Ideally this would be a randomized double-blinded placebo trial of PGE1 in a priori risk-stratified subgroups of CDH patients with echocardiographic and clinical evidence of elevated PAP, biventricular dysfunction and a restrictive ductus and with outcome measures that include cardiopulmonary outcomes such as RV and LV performance, need for ECLS, effect of ventilatory needs, vasopressor needs, survival at discharge and mortality, managed using standardized management guidelines. Risk stratification should include prenatal imaging markers of severity, such as percent liver herniation (%LH), observed to expected Total Fetal Lung Volume (O/E TFLV), observed to expected Lung-Head Ratio (O/E LHR) (79), location of birth (in-born vs. out-born patients), etc.

Previous milestone trials in CDH include Ventilation in Infants with Congenital diaphragmatic hernia (VICI), the TOTAL trial of fetal tracheal occlusion, and the Neonatal Inhaled Nitric Oxide Study (NINOS) (80–82). Others are in progress include Congenital Diaphragmatic hernia Nitric Oxide vs. Sildenafil (CoDiNOS) trial and a randomized pilot trial of milrinone in congenital diaphragmatic hernia (31, 83). However, study recruitment for well-powered trials is a common challenge, which unfortunately can lead to smaller pilot studies without adequate power (84). Research in the CDH population is challenging due to small number of patients with isolated CDH and lack of evidence-based treatment strategies. Registry-based studies may be useful, but the wide variability in CDH management amongst institutions within the registry limit researchers' ability to draw meaningful conclusions or extrapolate the results to clinical practice (84). Investigating a therapeutic strategy of the use of PGE1 in patients with CDH, based on their clinical markers and echocardiographic indices of RV/LV dysfunction, could be thought of as a “pathophysiology-based approach” toward promoting precision medicine in this population. Such trials are sorely needed and will likely require multi-center collaboration to be completed in a timely fashion.



CONCLUSION

In conclusion, with continuing research to improve cardio-pulmonary and long-term outcomes in CDH, new management strategies are being proposed and studied. Supra-systemic RV pressures are associated with poor clinical outcomes in this population. There is a pathophysiological rationale for the use of PGE1 in CDH to maintain ductal patency and promote right-to-left shunting, thereby reducing effective RV afterload and supporting systemic blood flow. In addition, PGE1 may have direct pulmonary vasodilating actions. Although existing, single-center retrospective studies and case reports suggest benefit from the use of PGE1 in terms of reducing severity of PH and improving short-term cardiopulmonary stability, uncertainties remain around its optimal pragmatic clinical use in CDH, and current evidence from these studies may not strongly support clinical recommendations. Conducting pharmacological trials in neonates can be challenging due to physiological changes, variable pharmacokinetics in the early newborn period and the ethical considerations involved. However, a well-designed a-priori prospective study as outlined above should be considered to definitively understand the implications of the use of PGE1 in CDH and its impact on meaningful outcomes.



AUTHOR CONTRIBUTIONS

SH: conceptualization, design, methodology, and drafting and revising. NP: design, methodology, and reviewing and revising. CF: conceptualization, design, reviewing and revising, and supervision. All authors contributed to manuscript revision, read, approved the submitted version and agreed to be accountable for all aspects of the work.



ACKNOWLEDGMENTS

We thank Amaryllis Fernandes for assistance with editing Figure 1 (Effect of PGE1 in PH-RV afterload reduction, direct pulmonary vasodilation and augmenting systemic blood flow) included in this paper.



REFERENCES

 1. McHoney M. Congenital diaphragmatic hernia. Early Hum Dev. (2014) 90:941–6. doi: 10.1016/j.earlhumdev.2014.09.013

 2. Chandrasekharan PK, Rawat M, Madappa R, Rothstein DH, Lakshminrusimha S. Congenital diaphragmatic hernia–a review. Matern Health Neonatol Perinatol. (2017) 3:1–6. doi: 10.1186/s40748-017-0045-1

 3. Scott DA, Gofin Y, Berry AM, Adams AD. Underlying genetic etiologies of congenital diaphragmatic hernia. Prenat Diagn. (2022) 42:373–86. doi: 10.1002/pd.6099

 4. Stoll C, Alembik Y, Dott B, Roth MP. Associated malformations in patients with esophageal atresia. Eur J Med Genet. (2009) 52:287–90. doi: 10.1016/j.ejmg.2009.04.004

 5. Brandt JB, Werther T, Groth E, Küng E, Golej J, Berger A. Risk factors for mortality in infants with congenital diaphragmatic hernia: a single center experience. Wien Klin Wochenschr. (2021) 133:674–9. doi: 10.1007/s00508-021-01843-w

 6. Gupta VS, Harting MT. Congenital diaphragmatic hernia-associated pulmonary hypertension. Semin Perinatol. (2020) 44:151167. doi: 10.1053/j.semperi.2019.07.006

 7. Kinsella JP, Steinhorn RH, Mullen MP, Hopper RK, Keller RL, Ivy DD, et al. The left ventricle in congenital diaphragmatic hernia: implications for the management of pulmonary hypertension. J Pediatr. (2018) 197:17–22. doi: 10.1016/j.jpeds.2018.02.040

 8. Kluth D, Tenbrinck R, von Ekesparre M, Kangah R, Reich P, Brandsma A, et al. The natural history of congenital diaphragmatic hernia and pulmonary hypoplasia in the embryo. J Pediatr Surg. (1993) 28:456–63. doi: 10.1016/0022-3468(93)90248-J

 9. Keijzer R, Liu J, Deimling J, Tibboel D, Post M. Dual-hit hypothesis explains pulmonary hypoplasia in the nitrofen model of congenital diaphragmatic hernia. Am J Pathol. (2000) 156:1299–306. doi: 10.1016/S0002-9440(10)65000-6

 10. Sluiter I, van der Horst I, van der Voorn P., Boerema-de Munck A, Buscop-van Kempen M, de Krijger R, et al. Premature differentiation of vascular smooth muscle cells in human congenital diaphragmatic hernia. Exp Mol Pathol. (2013) 94:195–202. doi: 10.1016/j.yexmp.2012.09.010

 11. Kluth D, Kangah R, Reich P, Tenbrinck R, Tibboel D, Lambrecht W. Nitrofen-induced diaphragmatic hernias in rats: an animal model. J Pediatr Surg. (1990) 25:850–4. doi: 10.1016/0022-3468(90)90190-K

 12. Thébaud B, Tibboel D, Rambaud C, Mercier JC, Bourbon JR, Dinh-Xuan AT, et al. Vitamin A decreases the incidence and severity of nitrofen-induced congenital diaphragmatic hernia in rats. Am J Physiol Lung Cell Mol Physiol. (1999) 277:L423–9. doi: 10.1152/ajplung.1999.277.2.L423

 13. Oue T, Yoneda A, Shima H, Taira Y, Puri P. Increased vascular endothelial growth factor peptide and gene expression in hypoplastic lung in nitrofen induced congenital diaphragmatic hernia in rats. Pediatr Surg Int. (2002) 18:221–6. doi: 10.1007/s003830100625

 14. Galié N, Manes A, Branzi A. The endothelin system in pulmonary arterial hypertension. Cardiovasc Res. (2004) 61:227–37. doi: 10.1016/j.cardiores.2003.11.026

 15. Hofmann AD, Friedmacher F, Takahashi H, Hunziker M, Gosemann JH, Puri P. Decreased apelin and apelin-receptor expression in the pulmonary vasculature of nitrofen-induced congenital diaphragmatic hernia. Pediatr Surg Int. (2014) 30:197–203. doi: 10.1007/s00383-013-3450-1

 16. Montalva L, Antounians L, Zani A. Pulmonary hypertension secondary to congenital diaphragmatic hernia: factors and pathways involved in pulmonary vascular remodeling. Pediatr Res. (2019) 85:754–68. doi: 10.1038/s41390-019-0345-4

 17. Putnam LR, Tsao K, Morini F, Lally PA, Miller CC, Lally KP, et al. Evaluation of variability in inhaled nitric oxide use and pulmonary hypertension in patients with congenital diaphragmatic hernia. JAMA Pediatr. (2016) 170:1188–94. doi: 10.1001/jamapediatrics.2016.2023

 18. Ferguson DM, Gupta VS, Lally PA, Luco M, Tsao K, Lally KP, et al. Early, postnatal pulmonary hypertension severity predicts inpatient outcomes in congenital diaphragmatic hernia. Neonatology. (2021) 118:147–54. doi: 10.1159/000512966

 19. Brooks H, Kirk ES, Vokonas PS, Urschel CW, Sonnenblick EH. Performance of the right ventricle under stress: relation to right coronary flow. J Clin Invest. (1971) 50:2176–83. doi: 10.1172/JCI106712

 20. Jain A, Giesinger RE, Dakshinamurti S, ElSayed Y, Jankov RP, Weisz DE, et al. Care of the critically ill neonate with hypoxemic respiratory failure and acute pulmonary hypertension: framework for practice based on consensus opinion of neonatal hemodynamics working group. J Perinatol. (2022) 42:3–13. doi: 10.1038/s41372-021-01296-z

 21. Byrne FA, Keller RL, Meadows J, Miniati D, Brook MM, Silverman NH, et al. Severe left diaphragmatic hernia limits size of fetal left heart more than does right diaphragmatic hernia. Ultrasound Obstet Gynecol. (2015) 46:688–94. doi: 10.1002/uog.14790

 22. Mandell EW, Kinsella JP. Left ventricular dysfunction and persistent perfusion abnormalities in infants with congenital diaphragmatic hernia. J Pediatr. (2020) 219:7–8. doi: 10.1016/j.jpeds.2019.11.013

 23. Shiyanagi S, Okazaki T, Shoji H, Shimizu T, Tanaka T, Takeda S, et al. Management of pulmonary hypertension in congenital diaphragmatic hernia: nitric oxide with prostaglandin-E1 versus nitric oxide alone. Pediatr Surg Int. (2008) 24:1101–4. doi: 10.1007/s00383-008-2225-6

 24. Schwartz SM, Vermilion RP, Hirschl RB. Evaluation of left ventricular mass in children with left-sided congenital diaphragmatic hernia. J Pediatr. (1994) 125:447–51. doi: 10.1016/S0022-3476(05)83293-7

 25. Siebert JR, Haas JE, Beckwith JB. Left ventricular hypoplasia in congenital diaphragmatic hernia. J Pediatr Surg. (1984) 19:567–71. doi: 10.1016/S0022-3468(84)80105-0

 26. Le Duc K, Mur S, Sharma D, Aubry E, Recher M, Rakza T, et al. Prostaglandin E1 in infants with congenital diaphragmatic hernia (CDH) and life-threatening pulmonary hypertension. J Pediatr Surg. (2020) 55:1872–8. doi: 10.1016/j.jpedsurg.2020.01.008

 27. Patel N, Massolo AC, Paria A, Stenhouse EJ, Hunter L, Finlay E, et al. Early postnatal ventricular dysfunction is associated with disease severity in patients with congenital diaphragmatic hernia. J Pediatr. (2018) 203:400–7. doi: 10.1016/j.jpeds.2018.07.062

 28. Van Der Horst IW, Reiss I, Tibboel D. Therapeutic targets in neonatal pulmonary hypertension: linking pathophysiology to clinical medicine. Expert Rev Respir Med. (2008) 2:85–96. doi: 10.1586/17476348.2.1.85

 29. Nair J, Lakshminrusimha S. Update on PPHN: mechanisms and treatment. Semin Perinatol. (2014) 38:78–91. doi: 10.1053/j.semperi.2013.11.004

 30. Bialkowski A, Moenkemeyer F, Patel N. Intravenous sildenafil in the management of pulmonary hypertension associated with congenital diaphragmatic hernia. Eur J Pediatr Surg. (2015) 3:171–6. doi: 10.1055/s-0033-1357757

 31. Lakshminrusimha S, Keszler M, Kirpalani H, Van Meurs K, Chess P, Ambalavanan N, et al. Milrinone in congenital diaphragmatic hernia–a randomized pilot trial: study protocol, review of literature and survey of current practices. Matern Health Neonatol Perinatol. (2017) 3:1–5. doi: 10.1186/s40748-017-0066-9

 32. Skarda DE, Yoder BA, Anstadt EE, Lally PA, Greene T, McFadden M, et al. Epoprostenol does not affect mortality in neonates with congenital diaphragmatic hernia. Eur J Pediatr Surg. (2014) 25:454–9. doi: 10.1055/s-0034-1389096

 33. Max M, Rossaint R. Inhaled prostacyclin in the treatment of pulmonary hypertension. Eur J Pediatr. (1999) 158:S23–6. doi: 10.1007/PL00014316

 34. Mohamed WA, Ismail M. A randomized, double-blind, placebo-controlled, prospective study of bosentan for the treatment of persistent pulmonary hypertension of the newborn. J Perinatol. (2012) 32:608–13. doi: 10.1038/jp.2011.157

 35. Tonelli AR, Arelli V, Minai OA, Newman J, Bair N, Heresi GA, et al. Causes and circumstances of death in pulmonary arterial hypertension. Am J Respir Crit Care Med. (2013) 188:365–9. doi: 10.1164/rccm.201209-1640OC

 36. Guihaire J, Bogaard H, Flécher E, Noly PE, Mercier O, Haddad F, et al. Experimental models of right heart failure: a window for translational research in pulmonary hypertension. Semin Respir Crit Care Med. (2013) 34:689–99. doi: 10.1055/s-0033-1355444

 37. Julian FJ, Morgan DL, Moss RL, Gonzalez M, Dwivedi P. Myocyte growth without physiological impairment in gradually induced rat cardiac hypertrophy. Circ Res. (1981) 49:1300–10. doi: 10.1161/01.RES.49.6.1300

 38. Gomez-Arroyo J, Mizuno S, Szczepanek K, van Tassell B, Natarajan R, dos Remedios CG, et al. Metabolic gene remodeling and mitochondrial dysfunction in failing right ventricular hypertrophy secondary to pulmonary arterial hypertension. Circ Heart Fail. (2013) 6:136–44. doi: 10.1161/CIRCHEARTFAILURE.111.966127

 39. Drake JI, Bogaard HJ, Mizuno S, Clifton B, Xie B, Gao Y, et al. Molecular signature of a right heart failure program in chronic severe pulmonary hypertension. Am J Respir Cell Mol Biol. (2011) 45:1239–47. doi: 10.1165/rcmb.2010-0412OC

 40. Voelkel NF, Bogaard HJ, Gomez-Arroyo J. The need to recognize the pulmonary circulation and the right ventricle as an integrated functional unit: facts and hypotheses (2013 Grover Conference series). Pulm Circ. (2015) 5:81–9. doi: 10.1086/679702

 41. Urashima T, Zhao M, Wagner R, Fajardo G, Farahani S, Quertermous T, et al. Molecular and physiological characterization of RV remodeling in a murine model of pulmonary stenosis. Am J Physiol Heart Circ Physiol. (2008) 295:H1351–68. doi: 10.1152/ajpheart.91526.2007

 42. Chua J, Zhou W, Ho JK, Patel NA, Mackensen GB, Mahajan A. Acute right ventricular pressure overload compromises left ventricular function by altering septal strain and rotation. J Appl Physiol. (2013) 115:186–93. doi: 10.1152/japplphysiol.01208.2012

 43. Mendes-Ferreira P, Santos-Ribeiro D, Adão R, Maia-Rocha C, Mendes-Ferreira M, Sousa-Mendes C, et al. Distinct right ventricle remodeling in response to pressure overload in the rat. Am J Physiol Heart Circ Physiol. (2016) 311:H85–95. doi: 10.1152/ajpheart.00089.2016

 44. Borgdorff MA, Bartelds B, Dickinson MG, Steendijk P, de Vroomen M, Berger RM. Distinct loading conditions reveal various patterns of right ventricular adaptation. Am J Physiol Heart Circ Physiol. (2013) 305:H354–64. doi: 10.1152/ajpheart.00180.2013

 45. Rain S, Handoko ML, Trip P, Gan CTJ, Westerhof N, Stienen GJ, et al. Right ventricular diastolic impairment in patients with pulmonary arterial hypertension. Circulation. (2013) 128:2016–25. doi: 10.1161/CIRCULATIONAHA.113.001873

 46. Jang S, Vanderpool RR, Avazmohammadi R, Lapshin E, Bachman TN, Sacks M, et al. Biomechanical and hemodynamic measures of right ventricular diastolic function: Translating tissue biomechanics to clinical relevance. J Am Heart Assoc. (2017) 6:e006084. doi: 10.1161/JAHA.117.006084

 47. Aggarwal S, Stockman PT, Klein MD, Natarajan G. The right ventricular systolic to diastolic duration ratio: a simple prognostic marker in congenital diaphragmatic hernia? Acta Paediatr. (2011) 100:1315–8. doi: 10.1111/j.1651-2227.2011.02302.x

 48. Patel N, Mills JF, Cheung MMH. Assessment of right ventricular function using tissue Doppler imaging in infants with pulmonary hypertension. Neonatology. (2009) 96:193–9. doi: 10.1159/000215585

 49. Patel N, Lally PA, Kipfmueller F, Massolo AC, Luco M, van Meurs KP, et al. Ventricular dysfunction is a critical determinant of mortality in congenital diaphragmatic hernia. Am J Respir Crit Care Med. (2019) 200:1522–30. doi: 10.1164/rccm.201904-0731OC

 50. Moenkemeyer F, Patel N. Right ventricular diastolic function measured by tissue Doppler imaging predicts early outcome in congenital diaphragmatic hernia. Pediatr Critical Care Med. (2014) 15:49–55. doi: 10.1097/PCC.0b013e31829b1e7a

 51. Avitabile CM, Wang Y, Zhang X, Griffis H, Saavedra S, Adams S, et al. Right ventricular strain, brain natriuretic peptide, and mortality in congenital diaphragmatic hernia. Ann Am Thorac Soc. (2020) 17:1431–9. doi: 10.1513/AnnalsATS.201910-767OC

 52. Reese J, Veldman A, Shah L, Vucovich M, Cotton RB. Inadvertent relaxation of the ductus arteriosus by pharmacologic agents that are commonly used in the neonatal period. Semin Perinatol. (2010) 34:222–30. doi: 10.1053/j.semperi.2010.02.007

 53. Coceani F, Olley PM. The response of the ductus arteriosus to prostaglandins. Can J Physiol Pharmacol. (1973) 51:220–5. doi: 10.1139/y73-031

 54. Elliott RB, Starling MB, Neutze JM. Medical manipulation of the ductus arteriosus. Lancet. (1975) 305:140–2. doi: 10.1016/S0140-6736(75)91432-4

 55. Olley PM, Coceani F, Bodach E. E-type prostaglandins: a new emergency therapy for certain cyanotic congenital heart malformations. Circulation. (1976) 53:728–31. doi: 10.1161/01.CIR.53.4.728

 56. Roehl SL, Townsend RJ. Alprostadil (Prostin VR pediatric sterile solution, the Upjohn Company). Drug Intell Clin Pharm. (1982) 16:823–32. doi: 10.1177/106002808201601103

 57. Blanc J, Vouhé P, Bonnet D. Potts shunt in patients with pulmonary hypertension. N Engl J Med. (2004) 350:623. doi: 10.1056/NEJM200402053500623

 58. Aggarwal M, Grady RM, Choudhry S, Anwar S, Eghtesady P, Singh GK. Potts shunt improves right ventricular function and coupling with pulmonary circulation in children with suprasystemic pulmonary arterial hypertension. Circ Cardiovasc Imaging. (2018) 11:e007964. doi: 10.1161/CIRCIMAGING.118.007964

 59. Graham EM, Bradley SM, Atz AM. Preoperative management of hypoplastic left heart syndrome. Expert Opin Pharmacother. (2005) 6:687–93. doi: 10.1517/14656566.6.5.687

 60. Naka Y, Roy DK, Liao H, Chowdhury NC, Michler RE, Oz MC, et al. cAMP-mediated vascular protection in an orthotopic rat lung transplant model: Insights into the mechanism of action of prostaglandin E1 to improve lung preservation. Circ Res. (1996) 79:773–83. doi: 10.1161/01.RES.79.4.773

 61. SWAN PK TIBBALLS J, DUNCAN AW. Prostaglandin E1 in primary pulmonary hypertension. Crit Care Med. (1986) 14:72–3. doi: 10.1097/00003246-198601000-00019

 62. Fortas F, Di Nardo M, Yousef N, Humbert M, De Luca D. Life-threatening PPHN refractory to nitric oxide: proposal for a rational therapeutic algorithm. Eur J Pediatr. (2021) 180:2379–87. doi: 10.1007/s00431-021-04138-4

 63. Gupta N, Kamlin CO, Cheung M, Stewart M, Patel N. Prostaglandin E1 use during neonatal transfer: potential beneficial role in persistent pulmonary hypertension of the newborn. Arch Dis Child Fetal Neonatal Ed. (2013) 98:F186–8. doi: 10.1136/archdischild-2012-303294

 64. Sakuma F, Miyata M, Kasukawa R. Suppressive effect of prostaglandin E1 on pulmonary hypertension induced by monocrotaline in rats. Lung. (1999) 177:77–88. doi: 10.1007/PL00007632

 65. Ono S, Tanita T, Hoshikawa Y, Song C, Maeda S, Tabata T, et al. Effects of prostaglandin E1 (PGE1) on pulmonary hypertension and lung vascular remodeling in a rat monocrotaline model of human pulmonary hypertension. Jpn J Thorac Dis. (1995) 33:862–7. doi: 10.1097/00024382-199512001-00182

 66. Akkinapally S, Hundalani SG, Kulkarni M, Fernandes CJ, Cabrera AG, Shivanna B, et al. Prostaglandin E1 for maintaining ductal patency in neonates with ductal-dependent cardiac lesions. Cochrane Database Syst Rev. (2018) CD011417. doi: 10.1002/14651858.CD011417.pub2

 67. Pierro M, Thebaud B. Understanding and treating pulmonary hypertension in congenital diaphragmatic hernia. Semin Fetal Neonat Med. (2014) 19:357–63. doi: 10.1016/j.siny.2014.09.008

 68. Inamura N, Kubota A, Nakajima T, Kayatani F, Okuyama H, Oue T, et al. A proposal of new therapeutic strategy for antenatally diagnosed congenital diaphragmatic hernia. J Pediatr Surg. (2005) 40:1315–9. doi: 10.1016/j.jpedsurg.2005.05.018

 69. Inamura N, Kubota A, Ishii R, Ishii Y, Kawazu Y, Hamamichi Y, et al. Efficacy of the circulatory management of an antenatally diagnosed congenital diaphragmatic hernia: outcomes of the proposed strategy. Pediatr Surg Int. (2014) 30:889–94. doi: 10.1007/s00383-014-3574-y

 70. Lawrence KM, Berger K, Herkert L, Franciscovich C, O'Dea CLH, Waqar LN, et al. Use of prostaglandin E1 to treat pulmonary hypertension in congenital diaphragmatic hernia. J Pediatr Surg. (2019) 54:55–9. doi: 10.1016/j.jpedsurg.2018.10.039

 71. Koch A, Singer H. Normal values of B type natriuretic peptide in infants, children, and adolescents. Heart. (2003) 89:875–8. doi: 10.1136/heart.89.8.875

 72. Hofmann SR, Stadler K, Heilmann A, Häusler HJ, Fitze G, Kamin G, et al. Stabilisation of cardiopulmonary function in newborns with congenital diaphragmatic hernia using lung function parameters and hemodynamic management. Klin Padiatr. (2012) 224:e1-0. doi: 10.1055/s-0031-1299731

 73. Buss M, Williams G, Dilley A, Jones O. Prevention of heart failure in the management of congenital diaphragmatic hernia by maintaining ductal patency. A case report. J Pediatr Surg. (2006) 41:e9-11. doi: 10.1016/j.jpedsurg.2006.01.003

 74. Filan PM, McDougall PN, Shekerdemian LS. Combination pharmacotherapy for severe neonatal pulmonary hypertension. J Paediatr Child Health. (2006) 42:219–20. doi: 10.1111/j.1440-1754.2006.00835.x

 75. Divekar A, Seshia MM, Kesselman M. Non-restrictive ductal patency in management of cardiac failure in congenital diaphragmatic hernia-non-invasive biventricular assist. J Neonat Biol. (2015) 4:171. doi: 10.4172/2167-0897.1000171 

 76. Aljohani OA, Rao R, Mackie D, Haldeman S, Karamlou T. Combination of PGE1 and pulmonary vasodilator therapy in managing a challenging case of severe PAH secondary to CDH. World J Pediatr Congenit Heart Surg. (2020) 11:525–7. doi: 10.1177/2150135120912678

 77. Snoek KG, Reiss IKM, Greenough A, Capolupo I, Urlesberger B, Wessel L, 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. doi: 10.1159/000444210

 78. Puligandla PS, Skarsgard ED, Offringa M, Adatia I, Baird R, Bailey JM, et al. Diagnosis and management of congenital diaphragmatic hernia: a clinical practice guideline. CMAJ. (2018) 190:E103–12. doi: 10.1503/cmaj.170206

 79. Ruano R, Lazar DA, Cass DL, Zamora IJ, Lee TC, Cassady CI, et al. Fetal lung volume and quantification of liver herniation by magnetic resonance imaging in isolated congenital diaphragmatic hernia. Ultrasound Obstet Gynecol. (2014) 43:662–9. doi: 10.1002/uog.13223

 80. van den Hout L, Tibboel D, Vijfhuize S. te Beest H, Hop W, Reiss I. The VICI-trial: high frequency oscillation versus conventional mechanical ventilation in newborns with congenital diaphragmatic hernia: an international multicentre randomized controlled trial. BMC Pediatr. (2011) 11:1–7. doi: 10.1186/1471-2431-11-98

 81. Deprest JA, Benachi A, Gratacos E, Nicolaides KH, Berg C, Persico N, et al. Randomized trial of fetal surgery for moderate left diaphragmatic hernia. N Engl J Med. (2021) 385:119–29. doi: 10.1056/NEJMoa2026983

 82. Neonatal Inhaled Nitric Oxide Study Group. Inhaled nitric oxide and hypoxic respiratory failure in infants with congenital diaphragmatic hernia. Pediatrics. (1997) 99:838–45. doi: 10.1542/peds.99.6.838

 83. Cochius-Den Otter S, Schaible T, Greenough A, van Heijst A, Patel N, Allegaert K, Van Rosmalen J, Tibboel D. The CoDiNOS trial protocol: an international randomised controlled trial of intravenous sildenafil versus inhaled nitric oxide for the treatment of pulmonary hypertension in neonates with congenital diaphragmatic hernia. BMJ Open. (2019) 9:e032122. doi: 10.1136/bmjopen-2019-032122

 84. Wright JCE, Budd JLS, Field DJ, Draper ES. Epidemiology and outcome of congenital diaphragmatic hernia: a 9-year experience. Paediatr Perinat Epidemiol. (2011) 25:144–9. doi: 10.1111/j.1365-3016.2010.01172.x

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Hari Gopal, Patel and Fernandes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.













	 
	

	TYPE Review
PUBLISHED 16 August 2022
DOI 10.3389/fped.2022.890422





The heart in congenital diaphragmatic hernia: Knowns, unknowns, and future priorities

Neil Patel1*, Anna C. Massolo2, Ulrike S. Kraemer3 and Florian Kipfmueller4

1Department of Neonatology, Royal Hospital for Children, Glasgow, United Kingdom

2Ospedale San Filippo Neri, Rome, Italy

3Intensive Care Unit, Department of Pediatric Surgery, Erasmus MC-Sophia Children’s Hospital, Rotterdam, Netherlands

4Department of Neonatology and Pediatric Intensive Care, Children’s Hospital, University of Bonn, Bonn, Germany

[image: image]

OPEN ACCESS

EDITED BY
Hannes Sallmon, Deutsches Herzzentrum Berlin, Germany

REVIEWED BY
Jason Gien, University of Colorado Anschutz Medical Campus, United States
Neysan Rafat, University of Heidelberg, Germany
Paul D. Losty, University of Liverpool, United Kingdom
Christe Weiss, University of Heidelberg, Germany

*CORRESPONDENCE
Neil Patel, neil.patel@ggc.scot.nhs.uk

SPECIALTY SECTION
This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

RECEIVED 05 March 2022
ACCEPTED 25 July 2022
PUBLISHED 16 August 2022

CITATION
Patel N, Massolo AC, Kraemer US and Kipfmueller F (2022) The heart in congenital diaphragmatic hernia: Knowns, unknowns, and future priorities.
Front. Pediatr. 10:890422.
doi: 10.3389/fped.2022.890422

COPYRIGHT
© 2022 Patel, Massolo, Kraemer and Kipfmueller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

There is growing recognition that the heart is a key contributor to the pathophysiology of congenital diaphragmatic hernia (CDH), in conjunction with developmental abnormalities of the lung and pulmonary vasculature. Investigations to date have demonstrated altered fetal cardiac morphology, notably relative hypoplasia of the fetal left heart, as well as early postnatal right and left ventricular dysfunction which appears to be independently associated with adverse outcomes. However, many more unknowns remain, not least an understanding of the genetic and cellular basis for cardiac dysplasia and dysfunction in CDH, the relationship between fetal, postnatal and long-term cardiac function, and the impact on other parts of the body especially the developing brain. Consensus on how to measure and classify cardiac function and pulmonary hypertension in CDH is also required, potentially using both non-invasive imaging and biomarkers. This may allow routine assessment of the relative contribution of cardiac dysfunction to individual patient pathophysiological phenotype and enable better, individualized therapeutic strategies incorporating targeted use of fetal therapies, cardiac pharmacotherapies, and extra-corporeal membrane oxygenation (ECMO). Collaborative, multi-model approaches are now required to explore these unknowns and fully appreciate the role of the heart in CDH.
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Introduction

The past decade has seen growing appreciation of the heart as a key component of disease pathophysiology in congenital diaphragmatic hernia (CDH) (1). The application of advanced imaging modalities combined with multi-center registry analysis has shone new light on fetal cardiac development and the role of postnatal cardiac function, alongside pulmonary hypertension and pulmonary hypoplasia, in determining clinical phenotypes and outcomes in CDH. However, there is much more to understand in relation to cardiac development, mechanisms of dysfunction, and their clinical significance throughout life. Addressing these uncertainties may lead to new therapeutic strategies and improved outcomes in CDH.

This review aims to provide a current “state of the art,” comprehensively reviewing what is known of the heart from fetal life to adulthood in CDH, highlighting the major areas of ongoing uncertainty, and identifying key priorities for further investigation.



The fetal heart in congenital diaphragmatic hernia

Cardiac abnormalities in CDH, as with those in the lungs and pulmonary circulation, undoubtably have their origins in the fetus.


Congenital heart disease in fetal congenital diaphragmatic hernia

Congenital diaphragmatic hernia and congenital heart disease (CHD) are frequently associated. In recent systematic review up to 15% of live born CDH patients also have CHD, though rates may be as high as 28% when stillborn and terminated CDH cases are included (2). Conversely, 0.3% of infants requiring surgery for CHD have associated CDH (3).

Forty-two percent of infants with CDH and CHD are considered to have critical lesions, rather than simple shunts (ventricular and atrial septal defects, patent ductus arteriosus). The commonest associated cardiac lesions are, in order of frequency, ventricular and atrial septal defects, hypoplastic left heart syndrome (HLHS), coarctation of the aorta or aortic hypoplasia, tetralogy of Fallot and double outlet right ventricle (2, 4).

The relationship between measures of CDH severity (e.g., defect size, abdominal organ position, fetal lung size) and CHD incidence is as not yet understood. Similarly, the potential shared mechanisms, including genetic and environmental factors, contributing to CDH and associated CHD remain unclear, but may involve disruption of common pathways in cardiac and diaphragmatic development (5, 6). An increasing number of genetic mutations have been identified in CDH, however, the frequency of these is not affected by the presence or absence of associated anomalies including CHD (7, 8). Of note, HLHS and aortic anomalies may represent one end of a spectrum of left heart hypoplasia in CDH that is distinct from other mechanisms of CHD, as discussed in more detail below.

The presence of any CHD significantly affects surgical management of the diaphragmatic hernia. Systematic review indicates that CDH repair rates are lower (72% vs. 85%), patch repair more frequent (45% vs. 30%), and minimally invasive approaches are employed less often (5% vs. 17%). CDH repair typically precedes any cardiac intervention, and notably only 10% of affected cases received a cardiac intervention during the neonatal period (2). ECMO use is similar between CHD and non-CHD groups (9). The commonest cardiac surgeries performed in CDH cases are hybrid procedures, coarctation and aortic arch repair, VSD repair and pulmonary artery banding (3).

Importantly, any CHD confers lower survival rates in CDH, which approach 50% overall and as low as 30% for infants with critical cardiac lesions, and 1–5% for infants with CDH and HLHS (2, 3, 9, 10). Conversely, the presence of CDH also confers higher overall and peri-operative mortality when compared to all CHD, as well as increased rates of post-op complications and longer length of stay after cardiac surgery in both high and low risk cardiac lesions (3, 4).

Though no formal guidelines exist for management of CHD in CDH, an algorithmic, team approach has been advocated to assist in complex decision-making for critical lesions (11).

The remainder of this review will now focus on abnormalities of cardiac structure and function distinct from classical CHD, and which appear to be specific to CDH pathophysiology.



Cardiac hypoplasia in congenital diaphragmatic hernia

Hypoplasia of the developing heart in CDH is an established finding, observed first in post-mortem studies and confirmed by echocardiography analyses, Table 1 (12–14).


TABLE 1    Echocardiographic studies of fetal and early postnatal cardiac dimensions and fetal cardiac function in CDH.
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In fetuses with left-sided CDH ventricular hypoplasia appears to predominantly affect the left ventricle (LV), characterized by reduced ventricular width and associated reductions in LV area and mass, together with reduced aortic valve diameter (14, 15). Right ventricular (RV) dimensions may also be reduced at earlier gestation but appear to increase, along with pulmonary artery diameter, at later gestation (16, 17). Accordingly, ratios of left to right cardiac dimensions in left-sided CDH are lowest at later gestations (18–20). Conversely, in right-sided CDH the limited available data indicate reduced fetal right ventricular and pulmonary arterial dimensions combined and less severe LV hypoplasia than in left-sided CDH (14, 21).

Multiple mechanisms of fetal cardiac hypoplasia have been proposed, though the relative contribution and timing of these remains uncertain (Figure 1):
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FIGURE 1
The heart and circulation in CDH during the fetal and transitional period. In the fetal CDH circulation LV hypoplasia may be related to redirection of ductus venosus flow to the right heart and reduced pulmonary blood flow, together with lateral compression by the herniating abdominal contents. In the transitional period removal of the placenta increases afterload on the ventricles. The right ventricle dilates and becomes dysfunctional in the face of sustained postnatal increase in PVR. LV function is at risk due to pre-existent hypoplasia, septal displacement and the acute increase in afterload. RV, right ventricle; LV, left ventricle; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.



1.Mechanical compression of the developing heart by herniating abdominal contents. Consistent with this hypothesis ventricular hypoplasia is greatest on the ipsilateral side and appears to disproportionately affects ventricular width rather than length (14, 18). Analogous reductions in fetal mitral valve and AV diameter are observed in fetuses with large, compressive left-sided congenital lung masses (22).

2.Reduced pulmonary blood flow in CDH compared to normal fetuses, due to the primary structural changes in the pulmonary vasculature characteristic of CDH. This in turn leads to reduced pulmonary venous return, LV filling and growth. In support of this flow-based mechanism reduced LV dimensions are similarly observed in fetuses with anomalous pulmonary venous drainage (23). This mechanism would in theory have greatest impact later in gestation when, in the normal fetus, increases in fetal pulmonary blood flow and LV size are usually observed.

3.An additional flow-based mechanism of LV hypoplasia in CDH may be due to mediastinal shift and liver herniation resulting in re-direction of ductus venosus (DV) and inferior vena cava (IVC) streaming away from the foramen ovale and resulting in reduced LV filling and growth (24). Oxygenated venous return is instead re-directed to the right heart and thereafter the majority will pass across the patent ductus and a minority to the pulmonary arteries. Increased oxygenation of the fetal pulmonary blood flow, as a secondary consequence of this mechanism, has also been hypothesized as a possible cause of the excessive muscularization of the pulmonary arterioles in CDH.





Fetal cardiac function in congenital diaphragmatic hernia

Prenatal cohort studies of myocardial function have not to date demonstrated significant fetal cardiac dysfunction (25–29). Theoretically, the fetal circulation may mitigate against cardiac dysfunction in utero; the presence of a patent ductus and low resistance placenta protecting the RV from excessive afterload (despite increased resistance in the pulmonary vasculature) and ensure that the non-dominant, hypoplastic LV remains untaxed by excessive preload or afterload, Figure 1. Prospective studies throughout gestation are needed to understand the natural history and clinical significance of fetal cardiac function.



Clinical significance of fetal cardiac hypoplasia in congenital diaphragmatic hernia

The relationship between fetal cardiac hypoplasia and clinical outcome remains unresolved. In single center cohorts of left-sided CDH left heart dimensions, notably LV width, mitral and aortic valve diameters, and ratios of left to right-sided dimensions have been associated with adverse outcome including higher neonatal mortality, higher ECMO use, increased inhaled nitric oxide use, and prolonged length of stay (18, 19, 30–33).

However, these findings have not been replicated in other series. VanderWall did not observe any association between fetal ventricular dimensions and outcome, though small cohort size may have been a factor (17). Vogel et al. observed mild to moderate fetal LV hypoplasia in a cohort of 125 CDH cases. LV fetal dimensions, expressed as z-scores, were not associated with postnatal survival when analyzed as continuous data, but were on categorical analysis (15). In the same cohort, there was a trend toward normalization of LV dimensions on paired postnatal, post-CDH repair, echocardiograms. This may suggest that reduced LV volumes are recruitable in response to postnatal hemodynamics.

Further investigation is a priority to determine which, if any, fetal cardiac dimensions have the greatest prognostic utility, when and how these should be measured, and the mechanisms by which these might directly influence postnatal LV dimensions, function, and outcome.



Cellular and metabolic function in the fetal heart in congenital diaphragmatic hernia

Whether structural changes in the fetal heart in CDH are associated with primary or secondary abnormalities at a genetic, epigenetic, cellular or metabolic level remains largely unknown. Cardiac hypoplasia in nitrofen rat models of CDH is associated with reduced expression of insulin-like growth factor-1, epidermal growth factor, basic fibroblast growth factor and platelet derived growth factor, Table 2 (34, 35). Zhaourigetu et al. also recently observed abnormal cardiomyocyte structure associated with reduced expression of mitochondrial and fatty acid biogenesis genes in this CDH model (36).


TABLE 2    Studies of fetal cardiac cellular structure and metabolism in CDH.
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A single post-mortem study of hearts from human CDH fetuses also demonstrated dis-homogenous growth factor expression (37). In the same study fetal CDH hearts had abnormal thickening and proliferation of intra-myocardial vessels, particularly in the inter-ventricular septum. This raises the hypothesis that intra-cardiac vasculature in CDH might demonstrate developmental abnormalities analogous to those in the pulmonary vasculature (18).

In fetal rabbit models of CDH, though not lamb models, cardiac hypoplasia is associated with decreased ventricular wall thickness and increased septal thickness (38, 39). Ventricular wall thickening, due to cardiomyocyte hyperplasia, is also observed in hypoplastic left heart syndrome (HLHS), potentially pointing to common mechanisms of cardiac dysgenesis in these two conditions (40).



Fetal therapies and the developing heart in congenital diaphragmatic hernia

In limited cohort studies fetal tracheal occlusion (FETO), the principal prenatal therapy attempted for CDH, does not appear to significantly affect fetal cardiac dimensions or function in CDH (16, 18). Of note, the recent larger multicenter TOTAL trials of FETO did not include assessment of cardiac dimensions or function FETO (41).

A variety of pre-natal pharmacotherapies aimed at modulating pulmonary vascular development have been investigated in pre-clinical CDH models (42). Sildenafil, a phosphodiesterase 5 inhibitor partially reverses pulmonary vascular abnormalities and lowering pulmonary vascular resistance and reducing RV hypertrophy in animal models (43–45). However, adverse events associated with of prenatal administration in non-CDH patients have prevented clinical trials in diaphragmatic hernia (46). Maternal hyperoxygenation may be an alternative therapeutic approach which in congenital heart disease has been observed to increase pulmonary blood flow, and could potentially increase left ventricular flow and size in turn (47, 48). Further investigation is required of the impact of prenatal therapies on cardiac development and postnatal function in CDH.




The heart in early postnatal life in congenital diaphragmatic hernia

Changes in the fetal heart in CDH may be important precedents of postnatal cardiac function. Recent investigation using functional echocardiography and multi-center registry analysis have led to new, but still incomplete, understanding of the heart’s unsteady transition from pre-natal to post-natal environment in CDH, Table 3. Figure 1 provides a visual overview of these changes in loading conditions, cardiac morphology and function from fetal to postnatal life.


TABLE 3    Early postnatal cardiac function in CDH.
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Right ventricle dysfunction in congenital diaphragmatic hernia

Dysfunction in the RV, in conjunction with ventricular dilatation and hypertrophy, has been demonstrated from the first days of life in CDH (49). These are considered to result from pathological increases in RV afterload as a result of the structural and functional pulmonary vascular abnormalities characteristic of CDH (50). Increased RV pressure, and a concomitant reduced systemic pressure, may also reduce coronary artery flow gradient, leading to RV ischemia and dysfunction. Whilst recognized in other pulmonary hypertensive disease this mechanism has not been studied directly in CDH (51).

Early RV dysfunction in CDH is characterized by both impaired systolic function and, notably early diastolic dysfunction, demonstrated by reduced diastolic myocardial velocities and shortened diastolic duration in the RV (52–55).

Right ventricle dysfunction, when present, likely contributes to early clinical instability via a number of mechanisms. First, the failing RV may become “uncoupled” from the pulmonary circulation, unable to maintain adequate pulmonary blood flow, contributing to impaired oxygenation, and reduced LV filling and output (56). Second, RV dysfunction negatively impacts LV performance via mechanisms of ventricular interdependence including shared myocardial fibers, disruption of normal systolic and diastolic time intervals, and septal displacement reducing LV volume (40). Through these mechanisms RV dysfunction may be a key mediator of adverse effects of pulmonary hypertension in CDH (57, 58).

In cohort studies early RV dysfunction is associated with prolonged duration of respiratory support, increased mortality and ECMO use (49, 59–61). In a recent large multi-center registry analysis of cardiac function in the first 48 h of life RV dysfunction was present in 34% of CDH cases either in isolation in combination with LV dysfunction, and was associated with increased mortality and ECMO use (62).



Left ventricular dysfunction in congenital diaphragmatic hernia

The potential for postnatal left ventricular dysfunction in newborns with CDH has been long-recognized by experienced clinicians, and more recently quantified using functional echocardiographic techniques (52, 55, 63). Its importance as a component of CDH pathophysiology was highlighted by recent multi-center analysis demonstrating that LV dysfunction, in isolation or combined with RV dysfunction, independently predicted death and ECMO use (62).

Early postnatal LV dysfunction is frequent. In registry analysis of over 1100 CDH cases from 59 centers LV dysfunction was reported in 24% of CDH cases (62). However, this may be an underestimate; In smaller cohort studies utilizing sensitive, quantitative strain analysis of myocardial function LV dysfunction was observed in 56% of cases (63).

Postnatal LV dysfunction is characterized by both global systolic and diastolic dysfunction affecting longitudinal, circumferential and radial function, and dyssynchrony of myocardial segments (60, 63, 64). Postnatal LV volumes may also be reduced possibly due to compressive actions of a dilated RV and the herniated organs, combined with the legacy of fetal LV hypoplasia.

Left ventricle dysfunction is frequently observed in combination with RV dysfunction and may therefore be a secondary consequence via mechanisms of ventricular interdependence, as discussed above (64). However primary LV dysfunction may occur in the absence of, or disproportionate to, RV dysfunction (62). Multiple factors are hypothesized to contribute to primary postnatal LV dysfunction in the transitional period (1, 65):


I.Fetal LV dysfunction

II.Fetal LV hypoplasia

III.Changes in LV loading conditions: reduced preload, due to failure of normal increases in pulmonary blood flow at birth, and increased afterload due to removal of the low-resistance placenta from the systemic circulation

IV.Hypoxia and acidosis contributing to worsening ventricular function



Left ventricle dysfunction likely contributes to adverse clinical outcome via reduced LV output and systemic blood flow, resulting in impaired tissue oxygenation and a viscous cycle of worsening hypoxia and acidosis (66). Accordingly, the systemic hypotension frequently observed in early CDH is likely to be a consequence of impaired cardiac function and cardiac output, rather than hypovolemia or low systemic vascular resistance.

Early LV dysfunction is associated with other markers of CDH severity, including smaller fetal lung volumes, larger diaphragmatic defect size, and liver herniation (62, 63). However, Dao et al. have observed that LV dysfunction may also occur in “lower risk” CDH cases with smaller defects (67).

Of note, LV dysfunction appears to be a transitional phenomenon, apparently present from soon after birth but with the potential to improve rapidly over the first week of life (68, 69). This may have important consequences for individualized management strategies, including ECMO, as discussed below.



Left ventricle dysfunction as a mechanism of pulmonary hypertension

Left ventricle dysfunction leading to increased end diastolic, left atrial and pulmonary venous pressures is well-recognized as a mechanism of increased pulmonary vascular resistance in adult heart disease (70). There is increasing recognition that similar mechanisms may occur in CDH in the setting of early, transition LV dysfunction, contributing to a post-capillary increase in pulmonary venous resistance, distinct from pre-capillary changes in pulmonary arterial resistance (1). This may have important implications for targeted management strategies in CDH, including the suitability of pulmonary vasodilators, as discussed below.



Hemodynamic phenotypes in congenital diaphragmatic hernia

The complex interplay of ventriculo-arterial, inter-ventricular, and cardio-respiratory interactions in CDH results in dynamic hemodynamic phenotypes with variable RV and LV function and dysfunction. As discussed later, this concept may be important in targeted, individualized therapeutic strategies.

Atrial shunting patterns may help define these phenotypes in the clinical setting. As recently highlighted by Wehrmann et al., the frequent presence of left-to-right atrial shunting in CDH, despite elevated pulmonary artery pressures, should prompt a closer examination of the left ventricular size and function (71).



Variability in cardiac dysfunction and clinical phenotypes

Current models of CDH are based on three key inter-related pathophysiologies; pulmonary hypertension, pulmonary hypoplasia, and cardiac dysfunction (65). However, the severity of each of these may be variable and disproportionate. Although severe cardiac dysfunction is associated with larger diaphragmatic defects, smaller lung volumes, and more severe pulmonary hypertension, it may also be observed in patients with smaller diaphragmatic defects and milder respiratory compromise (62, 63, 67). Improved recognition and characterization of individual clinical phenotypes may be an important concept in CDH, and potentially inform more effective, targeted therapies.




Echocardiographic assessment of cardiac function and hemodynamics in congenital diaphragmatic hernia

The absence of standardized definitions and measurement tools are a major ongoing barrier to hemodynamic research and clinical management in CDH.

A variety of functional echocardiographic parameters have been used to assess cardiac function and pulmonary hypertension in CDH, as listed in Tables 1, 4. However, each has practical and technical limitations and there is no single “gold standard” measure (72). Though useful definitions of cardiac dysfunction and pulmonary hypertension have been employed in individual studies, there is no established consensus agreement on these (58, 73).


TABLE 4    Investigations of biomarkers of cardiac function and pulmonary hypertension in CDH.
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To enable consistent multi-center hemodynamic data collection four actions are required:


1.Recommendations for routine use of functional echocardiography in acute CDH care

2.International consensus on measurement parameters, definitions and classification of cardiac function and pulmonary hypertension based on existing international guidance and adapted specifically for CDH (74–78).

3.Exploration of multi-modal measures of hemodynamic performance in CDH, including systemic oxygen delivery, cardiac output and microcirculatory function.





Bedside assessment of hemodynamic function in congenital diaphragmatic hernia

Echocardiographic assessment should be accompanied by wider multi-modal physiological assessment, as in any infant with hemodynamic instability. Where possible, near infrared spectroscopy enables monitoring of systemic oxygen delivery and may precede (79) changes in plasma lactate or end organ injury (80, 81). Exploratory studies are combining cerebral NIRS with EEG to investigate neuro-cardiovascular coupling (82).

Invasive arterial monitoring is a requisite during hemodynamic instability for monitoring of blood pressure and arterial gas sampling. However, line position and the impact of intra and extracardiac shunts must be considered. Right to left ductal shunting will decrease pH, PaO2 and increase PaCO2 of post-ductal measurements, whereas a right-to-left atrial shunt, whilst uncommon in CDH, will also reduce pre-ductal oxygenation (71, 83).



Biomarkers of cardiac function in congenital diaphragmatic hernia

Plasma biomarkers may be useful in CDH to assess cardiac performance and pulmonary hypertension. These may be produced in response to hemodynamic compromise, or contribute to the primary pathways mediating CDH pathophysiology.

Natriuretic peptides brain natriuretic peptide (BNP) and its precursor N-terminal (NT) proBNP are established biomarkers in other pulmonary hypertensive diseases. BNP has a short half-life complicating measurement, but in CDH has been shown to be associated with pulmonary hypertension, need for ECMO, predictive of adverse outcome at 1 month of age, Table 4 (84, 85). Recently Avitabile et al. also demonstrated that BNP was associated with impaired RV strain after CDH repair, though not in the pre-operative period (61).

NT-proBNP has a longer half-life making clinical measurement more reliable, and has been observed to correlate with cardiac dysfunction, pulmonary hypertension, and ECMO use in case series and large registry analysis (86–88). However, neither NT-proBNP, nor high sensitivity troponin (hsTnT) correlated with outcomes in a recent RCT of ventilation modalities in CDH (89).

Other potential biomarkers include the vascular endothelial growth factor-A (VEGFA) and placental growth factor (PLGF), the ratio of which correlated with RV diastolic dysfunction in a pilot investigation (90). Also, the soluble receptor of advanced glycation end products (sRAGE) is a new potential mediator of endothelial dysfunction in CDH, associated with mortality, severity of PH, and adverse outcome in CDH (91). MicroRNA’s, a group of small non-coding RNA, are involved in the development and function of the lungs and the pulmonary vasculature in CDH, though to date their relationship to cardiac dysfunction in CDH remains unstudied (92–94).



The heart and the brain in congenital diaphragmatic hernia

Congenital diaphragmatic hernia is associated with neurodevelopmental impairment in a significant minority of affected people (95). Altered fetal brain development and postnatal brain injury may be contributing factors, and neuro-cardiovascular interactions may be central to these (82, 96).

Abnormalities in ventricular size and function may plausibly lead to alterations in cerebral blood flow, as is also suspected in infants with hypoplastic left heart syndrome (97).

This is itself a major topic for further discussion and investigation in CDH, beyond the scope of this review.



Management of cardiac dysfunction in congenital diaphragmatic hernia


Physiological approaches to managing the transition at birth

Recent animal and human feasibility studies have explored the use of physiologically based strategies for managing the transition at birth, combining lung recruitment with delayed cord clamping. These have demonstrated short-term improvements in pulmonary blood flow, pulmonary artery pressure and systemic blood pressure, though the impact on cardiac function per se has not been directly investigated (98–100). Randomized trials are in progress, but do not include cardiac function as a key outcome measure (101, 102).



Pharmacological therapies

Hemodynamic pharmacotherapy in CDH remains a challenging and unresolved issue. Historical approaches focused on maintaining systemic blood pressure and promoting pulmonary arterial vasodilation. The list of possible pharmacological therapies is ever-increasing, but with limited and often contradictory evidence leading to clinical confusion and risk of inappropriate use (103).

The current use of pulmonary vasodilators exemplifies this. Inhaled nitric oxide and sildenafil (in oral and intravenous formulations) are widely used in CDH patients with the intention of reducing pulmonary vascular resistance via endogenous nitric oxide pathways (104). However, only a minority of recipients demonstrate improved oxygenation, historic RCTs did not demonstrate improved outcomes, and recent registry analysis has suggested that iNO may be associated with increased mortality (105, 106).

Improved understanding of cardiac dysfunction may help address the uncertainty and anxiety around the use of these agents. The presence of LV dysfunction appears to be associated with non-response to iNO and sildenafil (107, 108). Possible mechanisms may be post-capillary hypertension secondary to LV dysfunction unresponsive to pre-capillary vasodilatation, or increased pulmonary blood flow exacerbating LV dysfunction (109).

The actions of other cardiovascular therapies which have been directly investigated in CDH are summarized in Table 5. Milrinone, a phospho-diesterase 3 inhibitor acting on the endogenous prostacyclin pathway appears well suited to treat both RV and LV dysfunction in CDH, for its inotropic, lusitropic and pulmonary vasodilating effects (110). In a case series of infants with pre-existent RV dysfunction milrinone use was associated with improved oxygenation and RV diastolic function (111). However, a recent retrospective analysis in mild to moderate CDH observed no effect on oxygenation or LV dimensions (112). An RCT of early milrinone use in CDH is ongoing but does not include cardiac dysfunction as an enrollment parameter (113).


TABLE 5    Hemodynamic therapies investigated in CDH.
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Levosimendan a calcium-sensitizing drug is commonly used in infants with congenital heart defects in the setting of low cardiac output syndrome (114). There is preliminary evidence that levosimendan is also associated with improvement of right and left ventricular dysfunction and a decrease in the Vasopressor-Inotropic Score in CDH (115).

Vasopressin use in CDH has also been associated with improved blood pressure, and reduced pulmonary:systemic blood pressure ratio, though the specific impact on LV function remains unstudied (116). The utility of systemic vasoconstrictors in CDH is unclear, and may depend on individual patient pathophysiology. In the setting of severe LV dysfunction increasing afterload may exacerbate ventricular failure (117). However, if LV function is preserved and RV function impaired there may be theoretical benefits to increasing systemic vascular resistance; to improve RV coronary blood flow, augment LV function via the eponymous Anrep effect, and restore septal positioning (51, 118, 119). Further investigation is required to understand which patient phenotypes are likely to benefit, and which of these potential mechanisms are beneficial in the clinical setting.

Prostaglandin E1 (PGE1) use been proposed in early cardiovascular management in CDH to maintain ductal patency, as well as for its pulmonary vasodilating properties. In the setting of supra-systemic pulmonary hypertension a patent ductus permits right-to-left shunting, reducing the effective afterload on the RV, and supporting systemic blood flow, with theoretical benefits in the setting of both RV and/or LV dysfunction. Case series have demonstrated improvements in pulmonary artery pressure, oxygenation and LV function with PGE1 use, however the optimal timing, dosing and duration remains undefined (120–122).

From the investigations described here it has become clear that there is no universally effective single agent for treating cardiac function and pulmonary hypertension in CDH. However, that does not necessarily mean that current therapies are ineffective. Instead new therapeutic strategies may be required, based on characterization of individual patient phenotype, including the relative contributions of RV and LV dysfunction, pre and postcapillary PVR, and ductal patency. This will allow investigation of the efficacy of targeted, pathophysiology-based therapeutic approaches, rather than indiscriminate use of single agents.

Hydrocortisone is also frequently used in the management of infants with CDH as an adjunct treatment for hypotensive cardiovascular compromise, and appears to elicit useful increases in both systemic vascular resistance and cardiac output (123, 124). Up to two thirds of CDH cases may have biochemical evidence of adrenal insufficiency in the immediate pre and post-operative periods, as observed by Kamath et al. (125). Low cortisol levels were associated with need for higher levels of cardio-respiratory support including ECMO, but not survival.



Extra-corporeal membrane oxygenation and cardiac function in congenital diaphragmatic hernia

Early ventricular dysfunction is predictive of extra-corporeal membrane oxygenation (ECMO) use in CDH, and ECMO may be an important means of mechanically supporting the failing heart (62). However, there is minimal published data on longitudinal changes of ventricular function during the ECMO therapy. Additionally, decision-making regarding the relative benefits of venoarterial or venovenous ECMO based on the severity of concomitant ventricular dysfunction is at present supported only by clinician experience and opinion and not by published data (126). Bo et al. recently observed that ventricular function improves rapidly over the first days of life on ECMO support and may be monitored using biomarkers including NT-pro BNP (69).

Although cardiac dysfunction is commonly observed before and immediately after commencement of ECMO, it is rarely the cause of failure to wean support. As discussed above, severe LV dysfunction is a transient phenomenon and typically resolves in a matter of days. Nevertheless, ongoing right ventricular dysfunction after ECMO has been described, associated with persistent elevation of pulmonary artery pressure (61).

The two principal phenotypes responsible for ECMO weaning failure are first severe ventilation failure secondary to pulmonary hypoplasia, and second severe ongoing pulmonary hypertension. The latter may be due to irreversible developmental anomalies of pulmonary vasculature structure and function, decruitment of lung, or other factors such as ongoing infection.

Improved understanding of the relative contribution of cardiac dysfunction to individual pathophysiology before and during ECMO may be important for improved ECMO management strategies and help resolve ongoing uncertainties and controversies (127, 128).



Future priorities in congenital diaphragmatic hernia cardiac function therapy

To achieve effective use of these and other cardiovascular therapies in CDH future priorities should include:


•Standardized hemodynamic assessment parameters in CDH, incorporating routine functional echocardiography. Consensus definitions of pulmonary hypertension and cardiac function and dysfunction based on standardized measures.

•Pathophysiology-based treatment strategies rather than “one-size fits all” approach to use of single agents (1).

•Routine assessment of cardiac function in studies of hemodynamic therapies, as in the recent CoDiNOS trial of IV sildenafil (73).

•Investigation of the relationship between LV performance and response to pulmonary vasodilator therapies.

•Improved understanding of cardiac function to guide individualized ECMO strategies including improved patient selection and timing of repair.

•Investigation of whether improvement in cardiac function translates to improved short and long-term clinical outcomes.






Surgical repair and cardiac function in congenital diaphragmatic hernia

Current international guidelines recommend delaying CDH repair until physiological stability including normalized blood pressure and lactate have been achieved, but do not specifically reference cardiac function (129). RV function may deteriorate within 72 h of surgical repair (49). In a recent cohort Avitabile et al. observed that RV strain improved in the recovery phase after surgery, though over 50% of cases had ongoing reduction in RV strain (61). Chronic elevation of PVR, exacerbated by surgery, may contribute to this ongoing RV dysfunction. Conversely in the LV, Tanaka et al. have observed improved LV diastolic wall strain following early CDH repair, potentially as a result of removing the compressive action of the hernia (130). Further investigation is required to fully understand the impacts of the herniating abdominal contents, anesthesia and the surgical techniques on cardiac function and hemodynamics in CDH.

Cardiac loading conditions may also be altered in the post-operative period. Chylothorax occurs in 5% of CDH cases after repair or ECMO cannulation, possibly resulting from superior vena cava obstruction (131, 132). The associated reduction in preload may in turn affect ventricular function and cardiac output.



Long-term cardiac function in congenital diaphragmatic hernia

The natural history of long-term cardiac function in CDH is not well understood.

Kraemer et al. observed that pulmonary hypertension largely resolves in childhood in CDH survivors (133). Similarly, a recent literature review identified highly variable rates of pulmonary hypertension (4.5–38%) in CDH survivors over 2 years old, and diminishing rates by 5 years of age (134). However, the limitations of echocardiographic techniques make accurate non-invasive assessment of pulmonary artery pressure challenging. Ventricular function may be a more sensitive measure of ongoing changes in RV loading conditions and the systemic circulation, as demonstrated in non-CDH pulmonary hypertensive diseases (135–137).

Analysis in our own center demonstrated abnormal RV and LV strain in 70% and 44% of CDH patients respectively at the time of neonatal discharge (Massolo et al., unpublished data). Furthermore, Egan et al. observed abnormal RV strain in CDH survivors at a median of age of 6 years (138). Altered cardiac function, in conjunction with ongoing respiratory compromise, may conceivably contribute to functional exercise restriction in a minority of CDH patients (139).

In survivors of preterm birth there is increasing evidence that altered ventriculo-arterial interactions may contribute to adult cardiovascular dysfunction, raising potential concerns that similar pathologies might occur in CDH (140–142). Prospective, longitudinal studies are now required to understand lifelong patterns and functional significance of cardiac function in CDH.

Cardiac catheterization may be an important adjunct for longitudinal hemodynamic assessment in CDH. Limited case series have demonstrated the ability to directly assess pulmonary artery and intra-cardiac pressures, including in the left heart, ventricular outputs, occult shunts, additional congenital lesions, and responsiveness to therapies including pulmonary vasodilators in CDH (143, 144). Earlier, standardized use of cardiac catheterization in cases of CDH with ongoing hemodynamic compromise, is an important future consideration.

In young adults who have been born prematurely and have low adaptive capacity during exercise cardiac catheterization has revealed evidence of pulmonary hypertension (145). This raises the question of whether catheterization may also be indicated in CDH survivors who have ongoing evidence of cardio-respiratory exercise intolerance (146, 147).



Discussion

There is increasing evidence and recognition of the heart’s contribution to disease pathophysiology in CDH (68). However, the “knowns” are outweighed by ongoing uncertainties or “unknowns,” as summarized in Table 6. Addressing these may be critical to developing new therapeutic approaches and improved outcomes.


TABLE 6    The heart in CDH: Knowns, unknowns and future research priorities.
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Beginning with the fetus, further investigation is required to investigate the nature and mechanisms of fetal LV hypoplasia at a cellular, metabolic, genetic and morphometric level, as well as the functional significance for fetal hemodynamics including cerebral perfusion. The relationship between fetal cardiac dimensions and function, early postnatal function and outcomes is also a priority that may identify improved prenatal predictors and postnatal therapeutic strategies. Assessment of any fetal therapies should include the impact on the heart, as well as the lungs and pulmonary vasculature.

Though RV and LV function have been characterized in early postnatal life, a deeper physiological understanding of underlying ventricular interdependence, ventriculo-arterial and cardio-respiratory interactions at this time will enable more informed, physiology-based therapeutic approaches.

Use of cardiovascular pharmacotherapies in CDH remains a challenging area. Ongoing trials of milrinone and pulmonary vasodilators may shed some light (73, 113). Hemodynamic assessment should be incorporated in all future interventional studies in CDH. To do so requires urgent consensus on what to measure, how, and when, as well as standardized definitions of cardiac function and pulmonary hypertension. This will enable the robust, multi-center data collection and analysis required in this rare disease.

Investigating new therapeutic paradigms may also be important. Rather than a “one size fits all” approach, improved assessment of individual patient pathophysiological phenotype and the relative contributions of cardiac function, alongside pulmonary hypertension and ventilatory function, may lead to improved, targeted use of therapies including pulmonary vasodilators, cardiotropes, and vasopressors. This approach may also improve ECMO strategies addressing thorny uncertainties around patient selection and timing of repair both on and off ECMO.

The relationship between the heart and the brain in CDH is also a critical area for research, to understand the neuro-cardiovascular coupling mechanisms contributing to fetal brain development and postnatal injury in CDH, and their relationship to long-term neurodevelopment.

Finally, the long-term nature of cardiovascular function in CDH survivors is another priority, to determine whether longer-term changes in cardiac morphology and function, or abnormalities of the systemic or pulmonary circulation, impact functional status later in life.

Addressing each of these uncertainties will require innovative approaches. First, in terms of methodology combining human clinical investigation, animal studies, and novel cellular and organoid models, as well as new imaging modalities including advanced functional echocardiography and MR (148–150). Second, by applying learning from other related conditions, including congenital heart disease and non-CDH pulmonary hypertensive disease. Third, and above all, collaboration is required to share knowledge, consolidate expertise and capabilities between researchers, clinicians and people with CDH themselves.

We hope that this review can act as a call to action, highlighting the importance of the heart and the next steps to progress our understanding, develop new therapies, and improve outcomes in CDH.
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In patients affected by CDH, survival beyond the neonatal period continues to increase thanks to technological and pharmacological improvements. Conversely, patients, families and caregivers are more and more frequently facing “new” complex late comorbidities, including chronic pulmonary and cardiac dysfunctions, neurodevelopmental challenges, and specific nutritional requirements, that often require ongoing long-term medical or surgical care. Therefore, late morbidity is now a key focus in clinical care of CDH. The aims of this paper are to stress some of the most important “unsolved problems” for CDH patients at long-term follow-up.
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Introduction

For patients affected by severe CDH survival beyond the neonatal period is continuously improving due to technological and pharmacological improvements in care. A consequence of this are the complex constellation of unique comorbidities, including chronic pulmonary dysfunction, abnormal reactivity of the pulmonary vascular bed, neurodevelopmental challenges, hearing impairment, and nutritional challenges, became more and more frequent, and contributing to long-term medical and surgical care needs.

These longterm challenges may have an important impact on the quality of life (QoL) in CDH, which must be understood by clinicians who treat these children and their families (1).

Therefore, the worldwide focus of interest in CDH care is shifting to late morbidity; including the requirements for standardization of multicenter long-term follow-up programs, comparison of outcomes between centers, and evaluation of the long-term effects of interventions (2).

The aim of this paper is to stress some of the most compelling “unsolved problems” on CDH patients at long-term follow-up (LTFU).



Prenatal assessments, fetal interventions, and long-term outcome

Prenatal unsolved problems focus:

- Prenatal predictors of long-term sequelae.

- Late outcomes of patients underwent prenatal intervention.

- Role of prenatal intervention on right sided CDH.

Prenatal diagnosis and advancements in prenatal and neonatal care have led to improved survival, but the risk of late morbidity remains high (3, 4).

The development and application of prenatal predictors aimed to estimate postnatal outcomes in CDH patients are well established (5). To date, the most widely used are the lung area to head circumference ratio (LHR), and the observed to expected LHR (O/E LHR) obtained using two-dimensional ultrasound (6, 7). Additional predictors have been proposed and investigated including mediastinal shift angle (5). These indices were initially developed with the goal of prenatally predicting postnatal CDH severity and its related mortality risk. With time, technological advancement, and increased standardization, this initial goal progressively shifted toward identification and selection of those most severely affected fetuses to offer fetal intervention (fetal tracheal occlusion, FETO), with the intention to modify post-natal outcomes. Recently, two multicentre randomized studies reported on the results of FETO in different severity-defined groups (8, 9). Despite the time and the efforts of these significant investigations, there is still uncertainty about real benefits of prenatal interventions, as highlighted by different authors (10).

In addition to these short-term two aims, a new ambitious goal has evolved: the ability to prenatally predict long term outcomes in CDH patients surviving the neonatal period.

However, to date, many controversies exist on the ability to prenatally predict long-term morbidity outcomes. In recent papers, prenatal risk stratification based on O/E LHR does not appear to predict a worse outcome in LTFU (11). Specifically, there is no clear association between a lower O/E LHR and a reduction in receptive expressive emergent language test, 3rd Ed. (REEL-3) or Bayley score, nor ventilation/perfusion (V/Q) mismatch. Neonates born with isolated CDH have similar measures of long-term morbidity, including neurological development and growth in height and weight, regardless of their O/E LHR (11).

Similarly, the impact of prenatal intervention on longterm follow-up remains unclear. Intrauterine tracheal occlusion appears to ameliorate and even reverse impaired lung growth in experimental models and in the human condition (8, 9). The technique appears to work by preventing the egress of liquid from the lung, increasing airway pressure, causing cellular proliferation, and increasing alveolar airspace and maturation of pulmonary vasculature.

One recently recognized complication of infants with CDH treated with FETO is tracheomegaly. Recently, McHugh et al. (12) and Zani et al. (13) reported cases of FETO-treated CDH fetuses presenting with respiratory distress shortly after birth, in whom marked tracheomegaly was identified, highlighting potential mechanical airway damage induced by in utero balloon occlusion.

Although FETO has a significant impact on tracheal size in CDH infants, the degree of tracheomegaly does not appear to impact survival or need for respiratory support in these infants. Further, the proportion of children with long-term respiratory infections appears to be similar between CDH survivors prenatally treated with FETO, and those who were not (12, 13).

Moreover, role of FETO in right sided CDH (RCDH) infants is poorly characterized: although a greater morbidity in RCDH infants is generally reported, similar mortality was reported in comparison to left CDH patients. Furthermore, considering fetoscopic procedures, in both left and right-sided CDH patients no significant differences in either mortality or short- or longer-term outcomes were reported (14).



CDH, pulmonary hypertension and follow-up

Pulmonary hypertension (PH) unsolved problems focus:

- Natural history of PH beyond neonatal life

- Risk factors for PH at follow-up

- Plasma biomarkers to improve PH assessment

- Impact of new pre- and post-natal therapies

Pulmonary hypertension (PH) is a key component of disease pathophysiology in CDH. Excessive muscularisation and thickening of the pulmonary arterial vessels result in increased pulmonary vascular resistance and pulmonary artery pressure (PAP), and in turn to clinical instability by promoting hypoxic pulmonary-to-systemic shunting, and right (RV) and left (LV) dysfunction (15, 16).

CDH-related PH (CDH-PH) typically resolves in the first weeks of life, persistence beyond this time is associated with increased mortality, ongoing respiratory support and supplemental oxygen in the neonatal period (17–19).

There is limited understanding of the natural history and mechanisms of PH beyond neonatal discharge however, due to the rarity of CDH and challenges of PH assessment.

Longitudinal echocardiographic cohorts have demonstrated PH at discharge in 2–11% of cases, with a trend of ongoing resolution in the first 12 months (17, 20). However, cross sectional studies using echocardiography and cardiac catheterization have observed PH and RV dysfunction in the second decade of life in some CDH survivors (21–24).

Furthermore, up to 17% CDH cases are discharged on pulmonary vasodilator therapies (25). In the most severe cases chronic or progressive pulmonary vascular disease may contribute to functional restrictions and death in later life (26, 27). For all these reasons CDH-PH follow-up is therefore indicated to monitor PH resolution or progression, guide therapies, and minimize the potential impact on growth, development, functional status and survival.

No reliable risk factors for post-discharge PH have been identified to guide patient selection for follow-up. Wong et al. observed a correlation of fetal lung volumes and PH at 2–5 years, but no such relationship was observed by Fingeret et al. (28) and Wong et al. (29). Empirically, cases with clinical or echocardiographic evidence of PH at discharge or receiving pulmonary vasodilator or oxygen therapy should be routinely followed up from discharge until PH resolution (20).

PH follow-up should be a component of a standardized, multi-disciplinary service, including access to specialist cardiology/PH expertise, and with careful attention to associated factors including nutrition and gastro-oesphageal reflux (30). Assessment and treatment of PH should be in accordance with international guidelines (31–33). Additional investigation, including cardiac catheterization should be guided by cardiology and PH experts in the team.

Many unknowns remain in post-discharge CDH-PH. Prospective multi-center, multi-model studies are needed to understand the pathophysiological mechanisms, risk factors, explore the roles of ventricular function, MRI, and plasma biomarkers for improved assessment, and the impact of new pre- and post-natal therapies (34–36).



Respiratory outcomes

Respiratory unsolved problems focus:

- Natural history of pulmonary function during the long term.

- Predictors of late pulmonary function status in CDH survivors.

- Standardized strategies to reduce late respiratory problems (including RSV immunization to physical activities).

A standardized, multidisciplinary approach to CDH patients is essential to optimize respiratory outcomes at early and late follow-up (37–40).

CDH survivors may present with variable degrees of pulmonary hypoplasia, most often manifesting as recurrent respiratory tract infections (RTI) and/or obstructive symptoms (wheezing/asthma) (41–43). In recent series, the prevalence of RTI in CDH survivors ranges from 10% to over 50%: with an increasing trend of RTI during childhood from 10% at 6 months of age to 23% at 24 months of age. However, there is no evidence of a direct correlation between CDH severity and risk of developing RTI (44).

A recent large retrospective cohort study in CDH survivors observed a progressive decline of average pulmonary function in comparison to normative population standards (9): those with more severe CDH (defined as those with larger type C and D diaphragmatic defects) are at higher risk of deteriorating pulmonary function tests and may benefit from early recognition and monitoring for possible complications. Oxygen requirement at initial hospital discharge also correlated with decreased force expiratory volume by an average of 8.0% (45).

CDH survivors reaching adolescence and early adulthood often present with obstructive pulmonary symptoms, confirmed at spirometry testing (46). Some authors have observed that obstructive respiratory patterns can be detected early in life among CDH survivors and may be used to predict late respiratory outcomes (47). Finally, correlations between late pulmonary obstructive symptoms, neonatal pulmonary hypoplasia, and neonatal pulmonary hypertension have been reported. These findings reflect the intimate relationship between alveolar growth and maturation of the pulmonary vascular bed, both reduced in surviving patients with CDH (22, 46, 47).

Nevertheless, there are no definitive means of stratifying the risk of late pulmonary dysfunction in CDH survivors. This has led to a lack of standardized interventional strategies to reduce late respiratory problems in these patients. This includes a lack of quality evidence in relation to rates of RSV bronchiolitis and appropriate use of palivizumab viral prophylaxis in CDH patients (48).



Gastroesophageal reflux

Gastroesophageal reflux (GER) unsolved problems focus:

- Late consequences of GER in CDH survivors.

- Timing and type of investigations to define GER.

- Treatment options for GER (pharmacological and surgical).

Approximately 60% of congenital diaphragmatic hernia (CDH) survivors present with long term sequelae, including pulmonary, neurological, and gastrointestinal morbidity. One of the most frequently reported disorders is gastroesophageal reflux (GER), which can lead to complications such as esophagitis and Barret esophagus, worsen or contribute to pulmonary morbidity, and is related to failure to thrive (30, 49).

A meta-analysis on patients with CDH performed by Machancoses and collaborators reported an overall prevalence of gastroesophageal reflux disease (GERD) of 53% in neonates and 35% in infants older than 1 year; a surgical anti-reflux procedure was required in 8–21% of cases. This meta-analysis highlighted a variability in the reported incidence, maybe due to the diagnostic method used. Current follow-up protocols suggest investigating GER only in presence of symptoms, but it may be underdiagnosed in asymptomatic patients if systematic esophageal monitoring is not performed (50–52). Therefore, in relation to the possible consequences of GERD in CDH survivors, Morandi et al. warranted a close follow-up even for asymptomatic patients, but the right timing and type of investigations (endoscopy, pH-impedance monitoring) for asymptomatic patients still needs to be defined (52).

In CDH patients, different mechanisms may contribute to the pathogenesis of GER: esophagogastric junction (EGJ) alteration, weakness of the crura, shortening of the esophagus, abnormal enteric innervation, impaired peristalsis, intestinal malrotation and increased post-surgery abdominal pressure (50, 51, 53). Rayyan et al. hypothesized that EGJ alteration may result from the diaphragmatic defect itself and its surgical treatment (54). Investigating esophageal motility and EGJ function with high-resolution manometry and impedance in CDH patients with and without patch repair, they found that peristaltic motor patterns in patients with CDH were comparable to controls demonstrating that the neural innervation of the esophageal body is preserved. On the other hand, EGJ end-exhalation pressure and inhalation-exhalation pressure difference were lower in patients with CDH primary repaired, suggesting that the activity of the crural diaphragm is reduced and that patch repair tightens the EGJ increasing flow resistance (54).

An optimal management of GERD requires reliable predictors that allow early preventative measures. Different variables were investigated as predictive of GER, both prenatal and postnatal.

Verla observed that larger defects and intrathoracic stomach displacement on prenatal MRI were significantly associated with the diagnosis of GERD, but an intrathoracic liver was not. On the other hand, these variables were not associated with the need of anti-reflux surgery (55). Cordier et al. found that stomach position on prenatal ultrasound was independently associated with GER. A correlation with the duration of parenteral nutrition and the persistence of oral aversion at 2 year was also mentioned (56). Therefore, in addition to predicting overall CDH severity in terms of postnatal mortality, need for prosthetic patch repair and use of extracorporeal membrane oxygenation (ECMO), stomach grading classification is a promising prenatal imaging factor predicting the postnatal occurrence of GER (56).

Fetal endoscopic tracheal occlusion (FETO) was mentioned as a possible factor increasing the risk of GER occurrence, but retrospective multi-center studies performed by Cordier and Leva revealed that the procedure does not impact on global gastrointestinal morbidity at 2 years of age (56, 57).

Several post-natal factors are associated with an increased risk of GER, including right-sided CDH, management with non-conventional mechanical ventilation such as high frequency oscillatory ventilation, need for nitric oxide (NO) and ECMO, the need for patch closure and liver within the chest (55, 58). On multiple variable analysis, however, Diamond et colleagues demonstrated that only liver in the chest and patch repair were significant predictors of GER. Patch repair seemed to be as well an independent predictive of anti-reflux surgery for patient with left-sided CDH (30, 55, 58). On the other hand, Meier and coworkers found no correlation between the incidence of GER and anatomical variations or between the preoperative herniation of the stomach and GER symptoms (51).

Therefore, despite several promising predictors for GERD, both prenatal and postnatal, no definitive and evidence-based predictor exist so far to drive GERD prophylaxis with certainty.

Treatment of GERD is based on pharmacological management with proton pump inhibitors (PPI) (59) and is recommended in CDH survivors during the first year of life. Oral PPI administration, however, presents some issues in infants: considering challenge in oral intake, granules are often crushed with subsequent variable degree of systemic drug exposure and administering suspending formula by gastric tube may lead to tube blockage. To overcome these limitations, Bestebreurtje suggested rectal administration of omeprazole (1 mg/kg), demonstrating results comparable to oral dosing in terms of increasing intra-esophageal and gastric pH (60). This therefore provides a promising alternative administration route for CDH infants with pathological GERD, but further studies are needed to introduce this method in clinical practice.

Despite medical treatment, symptoms of GERD often do not improve, therefore different additional approaches are required including use of nasogastric tubes (in ~25% of patients), enteral access procedures (gastrostomy or jejunostomy) or anti-reflux surgery (in 6–25% of cases) (50, 58, 61). Nasogastric tubes often complicate the establishment of eventual oral feeding; thus, their use is recommended for a limited period only. Prieto et al. identified characteristics of neonates with CDH independently associated with enteral access procedures during their initial hospitalization: oxygen requirement at 30 days, chromosomal abnormalities, gastroesophageal reflux, major cardiac anomalies, ECMO requirement, liver herniation and increased defect size. Based on these variables the authors established a clinical scoring system which may be considered in counseling and clinical decision making to better predicting the need for enteral access (53).

For patient with intra-thoracic liver and who received patch repair, anti-reflux procedures seem to be the management of choice for GERD and they are most commonly performed in the year after CDH repair (62). Performing fundoplication at a later stage for recalcitrant symptoms is often difficult due to adhesions, the presence of a synthetic patch and abnormal positioning of the spleen and liver (61), thus some authors have suggested one-step procedure with CDH repair. Few studies have analyzed the impact of preventive fundoplication at the time of CDH repair, suggesting that the procedure is safe and effective in preventing GER and growth disorders in patients with the intermediate or severe anatomical form of CDH and appears to improve post-operative oral feeding (61–63). Conversely, in patients with milder CDH, this approach would appear to prove more challenge than any benefits justify (61–63). Additionally, Meier et al. reported that infants benefit from fundoplication at the time of CDH repair only within the first year of life, while later the difference in GERD symptoms is not statistically significant compared to patients who did not undergo “preventative” anti-reflux surgery (51). Therefore, while intriguing, the role of preventative anti-reflux surgery in CDH patients remains unresolved.



CDH neurodevelopmental outcome

Neurodevelopmental unsolved problems focus:

- Domain and methods to assess neurodevelopmental outcomes.

- Risk factors for neurodevelopmental impairment.

Neurodevelopmental impairment is recognized to be one of the most important sequalae in children born with CDH. Nevertheless, studies had provided only general understanding about neurodevelopmental morbidity and report variable incidence rates. The majority of studies focused on the first 3 years of life, indicating that CDH survivors are at risk for cognitive and motor dysfunction in between 16 and 80% of cases (64). However, there is no consensus regarding the different domains tested, as well as the different methods to test these domains (e.g., time frame, definitions of severity delays, etc.). This variation in testing has prevented a clear definition of possible neurodevelopmental impairment, and its correlation with different potential risk factors.

Nevertheless, despite this ambiguity, many authors agree that gross motor skills domain is the most impaired and least likely to improve (2, 65). Intrathoracic liver position, preterm delivery, 5-min APGAR, prolonged supplemental oxygen requirement, the use of ECMO, prolonged hospitalization, periventricular leukomalacia, initial neuromuscular hypotonicity as well as presence of associated anomalies are the most frequently reported risk factors for late motor impairment (65, 66).

Similar uncertainty is present in studies in preschool and school age CDH survivors. Neurocognitive impairment has been described in percentages varying from 0 to 40% of children (67, 68), while motor abilities appear to remain the most commonly impaired, in particular fine motor coordination, motor planning, and visual processing. Moreover, CDH survivors seem to be at increased risk for developing emotionally reactive and pervasive developmental problems, and higher risk of autism (68, 69).

When considering LTFU, a significantly higher proportion of CDH survivors will not achieve a school degree in comparison with general population. However, among those able to achieve a school degree, school achievements, educational level, and socioeconomic perspective are similar to age and sex-matched healthy controls (70, 71).

Finally, it must be considered that advances in neonatal intensive care, use of extracorporeal membrane oxygenation, and fetal interventions while increasing the chance to survive neonatal period, may contribute to increased burden of late neurodevelopmental morbidities.



Sensorineural hearing loss

SNHL unsolved problems focus:

- Risk factors for SNHL (early and late onset).

- Length of appropriate follow-up.

In patients with CDH, SNHL has been reported with a variable prevalence, ranging from 0 (72) to 100% (73). Earlier studies tend to present a higher prevalence of SNHL, Amoils et al. (74) report a prevalence of SNHL over 50% and Alenazi et al. (75) found SNHL in 7 out of 38 (18%) CDH survivors. Controversies exist on the impact of the diagnosis of CDH per se on the risk of SNHL development. In a study on 111 ECMO graduates, Fligor et al. reported a 26% overall prevalence of SNHL in neonates with severe respiratory distress and described CDH as an independent risk factor (76). Conversely, a more recent study of 136 ECMO survivors observed a prevalence of 9% of SNHL, irrespective of the underlying diagnosis (77). As far as the natural history is concerned, in CDH patients, SNHL tends to present as late-onset and progressive. Most studies with data from neonatal hearing screening, report normal findings (73, 74, 78–82). Therefore, the extreme variability in length of follow-up in available reports, precludes firm conclusions on the actual prevalence.

The most frequently reported factors associated with SNHL are ECMO treatment (74, 76, 83, 84), length of mechanical ventilation and/or stay in the NICU or in hospital (74, 79, 80, 84–86), need for inhaled nitric oxide (85), patch repair (74), and dose and duration of specified drugs: loop diuretics (74, 79, 83–85), aminoglycosides (76, 84, 85), and pancuronium bromide (79, 85). Overall, these factors suggest that the most critically ill CDH patients are at greatest risk. On the other hand, Alenazi et al. found no association between CDH disease severity and risk of developing SNHL (75), suggesting that congenital factors may contribute to its development in CDH patients. It is possible that patients with CDH may be congenitally predisposed to a higher sensitivity to risk factors for SNHL. Identifying definite factors that place CDH patients at high risk for SNHL will permit their modification and may aid prognostication.



Thoracoscopic vs. laparotomic surgery and long-term outcome

Surgical unsolved problems focus:

- Role of minimally invasive surgery.

- Timing of surgical repair in ECMO patients.

- Late surgical sequelae (minimally invasive surgery and open surgery).

Optimal surgical repair of CDH is still highly debated. Minimally invasive surgeries (thoracoscopic and laparoscopic) and open laparotomic approaches were used mostly based on surgeons' beliefs and experiences.

Although the choice between surgical options is poorly evidence-based, there is wide agreement that surgery should be delayed until physiological stability has been achieved and should be performed in elective circumstances (87, 88). Nonetheless, examining ECMO patients, international debate is still ongoing on the uncertainty surrounding optimal timing of CDH repair in infants on ECMO (89): the CDH Euro Consortium admits possible advantage to surgical repair during ECMO, while the Canadian CDH Collaborative and Congenital Diaphragmatic Hernia Study Group (CDHSG) advise delaying surgery until after ECMO weaning (87, 88).

Generally, minimal invasive surgery (MIS) is used in more stable patients, while more severe infants (e.g., those requiring HFOV or ECMO) are treated by open surgical procedures.

No definitive answer has been achieved on optimal surgical treatment, when considering the wide range of surgery-related morbidities reported after CDH repair. These include postoperative small bowel obstruction, feeding difficulties (requiring gastrostomy or fundoplication), and diaphragmatic hernia recurrence (90).

In general, surgical morbidity is directly linked to the method of repair. The major and most frequently reported downside of MIS in CDH repair is the higher risk of recurrence (91–93), reported three- to four-fold higher with the MIS approach. However, there is ongoing no definitive answer on poorer surgical outcomes for MIS, with some recent studies reporting similar recurrence rate between MIS and open repair (94). Furthermore, some authors reported an inverse correlation between risk of recurrence and surgeon's experience, proposing MIS to be limited to high-volume centers and experienced surgeons (95). Finally, the other single risk factor associated with higher recurrence rate is the defect size: it has been suggested to limit MIS to the smallest defects, classified as A or B by the Congenital Diaphragmatic Hernia Study Group (CDHSG) Staging System (93).

Conversely, a large CDHSG data series reported a five-fold increased risk of postoperative adhesive bowel obstruction in open CDH repair, when compared to MIS repair (95), although MIS patients had significantly less severe CDH.

Other Authors reported that up to 20% of CDH survivors may require operative intervention for a small bowel obstruction, regardless of the type of initial surgery, and those patients at increased risk include those who required patch repair (96).

In conclusion, both MIS and open surgery appear to be associated with benefits and weaknesses with no definitive advantages of one over the other.

In conclusion, all the efforts made to improve early survival in CDH patients have progressively shifted substantial attention to late sequelae. Long-term evidence-based data are still lacking, mostly due to the paucity of prospective multicentre studies.

The main unsolved problems in CDH follow-up can be summarized into four main groups:

1. Identification of risk factors (either prenatal or early perinatal) for late pulmonary function, PH, GERD and SNHL.

2. Correlation between prenatal predictors of late outcomes.

3. Characterization of neurodevelopmental outcomes.

4. Optimization of surgical approaches based on patients' clinical characteristics and needed.

The development of different international study groups may help to fill these knowledge gaps, further refining the quality of care offered, and improving patients' longterm quality of life.

Therefore, a possible programme for the next 3–5 years should be focused on optimization LTFU programs by:

- Creating standardized follow-up schedules at different time points, utilizing defined testing, to limit variation between centers.

- Implementing a LTFU international registry.

- Further promoting international multi-center studies.

- Planning a consensus statement on transitional care for CDH patients to adulthood.

To date, there are different international multi-institutional groups focusing their attention on the different topics of the above-mentioned agenda. Specifically, CDH Study Group and CDH Euroconsortium are promoting collaborative studies, implementing treatment guidelines, and exploring new treatments opportunities to improve CDH survival and late quality of life. More recently the European Commission pushed forward the creation of the European Reference Networks (ERNs). The ERNs are virtual networks involving health care providers throughout Europe with the task is to foster discussion about rare or complex conditions and diseases that require highly specialized care and concentrated knowledge and resources. CDH, a recognized rare and complex disease, is included into the European Reference Network for rare Inherited and Congenital Anomalies (ERNICA). ERNICA is a network (lunched in March 2017) of expert multi-disciplinary healthcare professionals from specialized healthcare providers across Europe aiming to pool together disease-specific expertise, knowledge, and resources otherwise unachievable in a single country. ERNICA aims to reduce health inequalities across Europe, standardizing practices and making high-quality care, by disseminating information and resources to healthcare providers, patients and their families across Europe, regardless of where their geographical localization. To achieve these aims, ERNICA promotes virtual discussion on complex cases, promotes development of “standards of care” (including clinical guidelines and consensus statements), conduction of multi-center high-quality disease-specific research, while developing standardized outcomes measures and data collection.
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Background: Congenital Diaphragmatic Hernia is a malformation of the diaphragm resulting in ongoing clinical symptoms and problems. Mortality remains high, particularly where there are other issues involved. Tracking a patient throughout their lifetime to understand the full impact on health and function is challenging. CDH UK is a registered charity supporting anyone affected by CDH. It has over 25 years of experience and a broad range of patient experience and knowledge.



Aims: To develop a patient journey with timepoints of significance.



Methods: We studied our own data and looked at what we already knew from publications and medical advisors. We recruited a focus group, plotted out stages and timepoints through their “lived” experiences using the Team Idea Mapping method. We then compared these experiences to our own data, to identify the common issues in daily life and care.



Outcome: We have developed a patient journey through the eyes of the patient and turned it into a patient friendly infographic. This can be used as a tool to help understand the CDH Journey throughout a patient's lifetime. CDH UK has already used this to create a first prototype of a mobile application. It has also further helped to recognize areas of patient concern and to improve services and resources.



Discussion: This can be used as a basis for care and research, including standards, benchmarking, transition and helping improvements in healthcare, education, family life and social settings. Potentially holding clues as to the etiology and pathology of the condition and an opportunity to further explore theories and unanswered questions. It may help improve counselling and bereavement care, resulting in better general and mental health outcomes.
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Introduction

Congenital Diaphragmatic Hernia is a malformation of the diaphragm resulting in long lasting clinical symptoms and problems, that is still poorly understood in terms of long-term outcome (1, 2).

One of the main difficulties of the care of patients with this condition is tracking their progress throughout their lifetime to understand the pathology, to preserve, prevent, and improve health, with the aim of effecting a good quality of life. Transition of care from the pediatric care setting to an adult care setting can be problematic, with little or no planning in the pediatric setting. This often results in poor health outcomes later in life due in part to a lack of knowledge and experience of the condition, particularly in the General Practice healthcare setting.

CDH UK is a registered UK charity that supports anyone affected by CDH, or who has an interest in Congenital Diaphragmatic Hernia. It was founded in 1994 as an informal support group and registered as a charity with the Charity Commission for England and Wales in 2004 (registration number 1106065) and in Scotland in 2011 (registration number SC042410). The services and resources of CDH UK are accessed by thousands of individuals meaning that the charity has access to a large cohort of patients and carers, which results in a good overview and understanding of patient experiences, needs and priorities. This is mainly acquired due to voluntary patient reported outcomes.

In 2014 CDH UK began thinking about developing a mobile application for patients and families to facilitate patient reported outcomes and to enable them to input and retrieve day to day data. This culminated in approaching developers specializing in mobile applications for patient use. In 2016 we were asked to provide a patient journey by a chosen developer to plot out the relevant time points for the basis of the mobile application, but we realized that there was no published patient journey for CDH and certainly not from the perspective of the patient.

It became clear that not only did we need to know the journey for our mobile application development, but for other reasons such as improving our support services and resources and for research and study too: particularly with the advancement of data collection and technology. Research will most likely benefit from understanding the whole lifespan of a patient journey. Healthcare professionals often do not have information on their patient for a lifetime, as they either discharge in early life, or lose track of the patient during transition, or for other reasons. Neither do they have “lived” experience of Congenital Diaphragmatic Hernia. Therefore, information on a patient's journey will be beneficial for planning transition of care and understanding any potential future health problems that their patient may experience.

This poses the question “What does the CDH patient perspective Journey look like?”

We aimed to develop a patient perspective Journey, mapping out timepoints of significance in a patient's lifetime referencing points of care, wellbeing and social aspects that depicts what happens; what we know happens, what we think we know happens and what we would like to see happen, and at what timepoints in life.



Methods

The CDH Patient Perspective journey was created using a mixed method of Qualitative and Quantitative research carried out in 4 stages.


Stage 1

We studied our own historical data that was less than 10 years old and that was collected through various means as follows:


	1.Online surveys using Survey Monkey™.

	2.Posts and comments on our Social Media accounts and groups

	3.Face to face conversations at Get Together meetings

	4.Online events

	5.Support line calls

	6.Emails into the support inbox



The data analyzed was derived from various ages of individuals falling in to three categories:


	1.Parents (biological or non-biological)

	2.Carers (Any person involved in the care of the patient or their family other than parents)

	3.Patients (the person suffering with a Congenital Diaphragmatic Hernia or eventration)



The aim was to look for problems reported, or common requests for support, to enable us to understand common themes in care, health, or quality of life issues.

We also considered what we already knew from publications, attending conferences and from discussions with our medical advisors and Patrons.

The example below is of data captured and analyzed from twenty-three adult respondents of one question within a survey regarding transition of care (Figure 1).


[image: Figure 1]
FIGURE 1
Analyzed data from CDH UK transition from child to adult services survey question 19.




Stage 2

A focus group of thirteen parents and other family members of mixed sex and ages was recruited by approaching our members. Nine members of the group met face to face (two virtually) for a full afternoon workshop to plot out the various stages and timepoints through their “lived” experiences using the Team Idea Mapping Method (3), which allowed us to create a flow map of different scenarios (Figure 2). This included Antenatal diagnosis, postnatal diagnosis before discharge, after birth, bereavement, and post discharge. We also added a list of data capture points at the end of the flow map.


[image: Figure 2]
FIGURE 2
Flow Map.




Stage 3

We compared the flow map to experiences of the patients and families that we have supported over the years using data derived from Stage 1. We considered examples of patient reported outcomes of care that were below what the patients or parents expected and examples of good practices and good care according to patients and parents, but not necessarily according to literature, or local healthcare guidelines.

We created a visual using a paid creative license titled “Components of a CDH Patient Journey” (Figure 3). This visual was presented at our Great Get Together online event in June 2020, but feedback proved that this visual is too complex to follow and could not be used as an infographic for lay persons.


[image: Figure 3]
FIGURE 3
Components of a CDH patient journey.


We asked a group of over twenty families, patients and caregivers to carry out a further review of the first visual (Figure 3) to help to reduce the text and simplify the visual. The group provided a table of amendments (Figure 4).


[image: Figure 4]
FIGURE 4
Table of amendments.




Stage 4

An infographic chart (Figure 5) and patient friendly infographic (Figure 6) was developed using the feedback from this further group review. The consensus was reached by the described four stages that involved patients, family members, experts in CDH and graphic designers. The patient friendly infographic is depicted as “A rollercoaster journey” as this is often how parents and patients describe it. This is simpler in its form than the earlier version depicted in The Components of a CDH Patient Journey (Figure 3).


[image: Figure 5]
FIGURE 5
CDH Patient Journey chart.



[image: Figure 6]
FIGURE 6
CDH Patient Journey V1 infographic.





Ethical considerations

We considered all ethical issues during our research. No ethical approvals were sought as no personally identifiable data is used in our data or reporting. All focus groups were created voluntarily and all participants in our surveys and focus groups were free to withdraw at any time without having to give a reason. There were no payments or recompense given for face-to-face focus group meetings as these took place alongside other meetings and so require no additional out of pocket expense to the group members.



Results

We have identified what the CDH patient Journey looks like for the parents and patient in terms of their lived experience with an antenatal or postnatal diagnosis of CDH, or a diagnosis in later life. Using the information derived from the research stages, we have developed a visual infographic of the patient perspective journey that can be used by patients, caregivers, and researchers (for example), due to the various formats that can be produced from the flow chart. This will provide an insight and help the reader to better understand the CDH Patient Journey throughout a patient's lifetime and to make them aware of the potential health, social, economic, and logistical issues that may impact the patient or family. We recognize that the journey has some limitations; there are a spectrum of case presentations seen with Congenital Diaphragmatic Hernia, with not all cases presented or diagnosed during pregnancy, at birth, or soon after, and so ongoing issues may not be diagnosed early enough to impact on outcomes. Also, with new management strategies and treatments this journey may change, and so periodic review is necessary to reflect up to date patient experiences. In addition, the data is derived from personal experiences which may have been influenced by various other factors.



Discussion

The developed patient journey chart can be used as a basis for care in the UK and beyond, including developing standards, benchmarking, and improvements in care. We also hope that it can be useful for research and will be an instigator for new translational research (4).

The Patient Journey is an ever evolving one, due in part to advances in treatments, care, support, and technology. We therefore realize that the CDH Patient Perspective journey must be reviewed regularly and suggest every two years to ensure it is as accurate and as relevant as possible. We have developed a strategy to ensure that the information that CDH UK produces is of a certain standard and quality and that its lifecycle is maintained.

This CDH Patient Perspective journey may also hold clues as to the etiology and pathology of the condition and could harness an opportunity to further explore theories and unanswered questions. There is also evidence of improved survival rates in severe Congenital Diaphragmatic Hernia (5) and left sided cases (6), which will impact on health services. It may also serve as a basis for the improvement in counselling and bereavement care, resulting in better mental health outcomes for both patients and families.

We have used this patient journey already in its raw form, to create a prototype for a mobile application. We hope in the short term the current Patient Journey Version 1 will serve as a useful support resource for patients, families, and caregivers and in the long term will help with research.
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27 (24-29) weeks

27 (21-32) weeks

Control 32 (17-39)
CDH 32 (21-40) weeks
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Increased LV strain in
CDH, no correlation with
O:E LHR

Cardiothoracic area
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Author Year of Study n Indications for PGE1 ~ Age at Dosing Duration  Echocardiographic Outcome Results/outcome

publication design use of PGE of assessment measures of the study
& therapy
country (Days)
Inamuraetal. (68) 2005 Retrospective  Total-19;  Duration of the R-L - 35 - 1. LV diastolic Echocardiographic 1. LVDI and TPAI
(Japan) review PGE(+)  shuntthrough the DA ng/kg/min diameterindex  markers of LV of day 0 in
9 was longer than that of 1Dy dysfunction PG (+) were
L-R shunt 2. Total pulmonary significantly
artery index smaller
[TPAI] 2. LV Teiindex on
3. LV-Tei index postnatal day 0
Measured on in PG (+) was.
DOLO&2 significantly
higher
Shiyanagi et al. 2008 Retrospective  PG+NO-  Echo signs of PH - 0.05- - 1. Dominant R-L 1. Survival 1. No significant
©3) (Japan) review 19, 020 shunt through a rate difference
iNO-30 wg/kg/min PDA 2. Length of between
2. Decrease in hospital stay sunvival  rates
pulmonary 3. Timing of between  the
arterial blood surgicalrepair  groups
flow on the 4. Timing of 2. Hospital
affected side. spontaneous stay was
3. Trcuspid close of DA significantly
regurgitation shorter in the
velocity (TRV) iNO group
>25ms. 3. Earlier surgery
in iNO group
4. Spontaneous
closure of PDA
was early in
iNO group
Inamura et al. (69) 2014 Retrospective Total-61 Duration of the R-L. - 36 - 1. The LV Echocardiographic 1. Improved LV
(Japan) review PGE shunt through the DA ng/kg/min end-diastolic markers of LV function shown
(+)39 was longer than that of diameter, dysfunction by significant
PGE LR shunt corrected for increase in
22 body surface VDD and
area LV-Tei indeex
(LVDD/BSA)
2. Ejection
fraction (EF),
3. Teiindex-LV
Lawrence 2019 Retrospective  PGE 1) Echo findingsof PH ~ DOL 9 001~ 172 1. TRjet velocity 1.BNPlevels 1. BNP  levels
etal. (70) wusA review (+)57 with a restrictive PDA (oR 005 2. DA direction 2. Echo declined  after
2) Persistent metabolic 2-13) g/kg/min 3. Septal position markers of 1.4 % 02 days
acidosis (H< 7.25 severe PH and again at
with base deficit or 52 + 0.6 days
lactate elevation) after treatment
without LV dysfunction 2. Echo markers
on echo, or of severe PH
3) Post ductal arterial improved
oxygen content <30 significantly,
mmHg. after 6 £ 08
days
of treatment
Le Ducetal. 2020 Retrospective  PGE Maximal R-L blood flow ~ DOL 0025~ 3 1. Maximalblood 1. Decrease 1. Significant
(6) (France) review +)18 velocities are > 1.5m/s 11 (QR 005 flow veloities in FiO, decrease  in
with acute worsening 5-16) ng/kg/min and flow 2. Ductal flow FiO, at hour 6
of the cardiorespiratory patterns direction (median  FiO,
status through the DA and decreased from
2. Mean PAP velocities 80% to 34% to
compared to target preductal
the systolic SpO, between
blood pressure 88% and 96%)
measured on 2. Significant
echo and decrease in
classified as maximal blood
supra-systemic flow velocities.
when mean in the DA
PAPis =
systemic blood
pressure +
10 mmHg

PGET, Prostaglandin E1; R-L, Right to left; L-R, Left to Right; DA, Ductus Arteriosus; RV-right ventricle; LV, Left Ventricle; iNO, Inhaled Nitric Oxidle; PDA, Patent Ductus Arteriosus; PH, Pulmonary Hypertension; PAP-Pulmonary Arterial
Pressure; BNP, Brain Natriuretic Peptide; DOL, Day of Life.
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Author

Buss

etal. (73)

Filan
etal. (74)

Divekar
etal. (75)

Aljohani
etal. (76)

Year of
publication
& country

2006
(Australia)

2008
(Australia)

2015
(UsA)

2020
usA

Patient
description

GA-41 weeks
BW-3,004g

GA-34 weeks
BW-1,907g

GA- Full term
BW-4,000g

GA-full term
BW-3,280 g
Prenatal markers-
O/E TFLV 25%

Indications Age at Dosing Duration
use of PGE of
(DoL) therapy

DOL8 Echo- 8 10 20 days
1) Suprasystemic PAP ng/kg/min

2) Severe TR with a

pressure gradient in

excess of 100mm

Hg and

3) Near complete

closure of DA

4) Clinical signs of

RV failure

DOL 12- Echo- 12 10 8 days
1) Severe PH (based on ng/kg/min
TRjet) and right

heart failure,

2) Systolic RV

pressures equal to

twice systemic,

3) Ventricular septum

was bowing into

LV cavity,

4) Closed DA

DOL1- Echo- 1 0.05

1) Restrictive PDA with meg/kg/min
R-L shunt,

2) Severe TR predicting

supra-systemic PAP

(TR 95 mm Hg, SBP

55/40 mm Hg),

3) Severe right

ventricular (RV) dilation

with septal bulge into

the left ventricle

(L), and

4) Moderately reduced

RV systolic function

DOL-Echo- 9 - 41 days
1) RV pressure >2x

systemic pressure

based on TRjet

2) Septal motion,

3) Small PDA with

R-L shunt,

4) Diminished

RV function

32 hours

Echocardiographic
assessment after PGE1 use
and at discharge

After PGE1-Good RV function
with only mild tricuspid valve
regurgitation and reversion to
bidirectional shunting across

the PDA

At Discharge- spontaneous
closure of the duct and a fall of
PAP to half systemic levels, mild
tricuspid valve regurgtation.
Good RV function

After PGE1-Ductal patency,
reduction of RV pressures and
improved RV function

At Discharge-Good right
ventricular function, a closed
duct, and L-R interatrial shunting

After PGE1-Non-restrictive PDA
with right to left shunting,
improved RV systolic function,
reduction in severity of TR,
reduction in PAP from
supra-systemic to systemic (TR
65mm Hg, SBP 65/45 mm Hg),
decreased septal shift (less

LV compression)

At Discharge-

sub-systemic PAP

After PGE1- Reduction in RV
systolic pressures

At Discharge-Normal septal
position and RV size

Discharge
(ooL)

69

54

14

78

PH
therapy
at
discharge

None

Sildenafil

Sildenafil
Bosentan

GA, gestational age; BW, birth weight; DOL, day of Ife; TR, tricuspid regurgitation; PAP, pulmonary arterial pressure; PGET, prostaglandin E1; R-L, right to left; L-R, Left to Right; DA, Ductus Arteriosus; RV-right ventricle; LV, Let Ventricle;
INO, Inhaled Nitric Oxide; PDA-Patent Ductus Arteriosus; PH-Pulmonary Hypertension; PAP-Pulmonary Arterial Pressure; O/E TFLV-Observed to Expected Total Fetal Lung Volume.
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OR (95% Cl) p-value

No re-operation vs. =1 10.05 (1.13-89.30) 0.04
re-operations
duration of chest tube 1.29 (1.06-1.58) 001

insertion in days (+3)

ASBO, adhesive small bowel obstruction; OR, odds ratio; Cl, confidence interval. Bold
values are significant.
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Likelihood in %, Likelihood in %,

no re-operation =1 re-operation
Duration of chest tube

insertion in days

0 439 046
2 517 0.54
4 608 064
6 744 076
8 837 090
10 978 1.07
12 11.41 127
14 13.26 1.50
16 15.37 177
18 17.74 210
20 2038 2.48
22 23.31 294
24 26.52 3.47
26 30.00 4.09
28 33.73 482
30 37.67 567

ASBO, adhesive small bowel obstruction.
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Patient A Patient B Patient C Patient D Goos etal. (29) Lessel et al. (28) Punwani et al. Longoni et al.

(E:dI-1) (27) (30) (T45)
Nucleotide ©.2000G>A CAT44G>A .2018C>G .1265C>T c7C>A ©.2421C>G .1323T>G ¢.C1048T
change*
Protein change P.(GIy667Glu) p.(Gly582Ser) P.(Pro673Arg) p.(Prod22Lev) p.(Arg3ser) P.(ASnBO7Lys) p.(AsnddiLys) p.(Arg350Cys)
Exon 4 4 4 4 1 4 4 4
CADD score* 18.89 3.944 227 226 245 255 248 31
Type of variant Missense™* Missense™* Missense Missense Missense Missense Missense Missense
Mode of Materal Paternal Maternal Maternal De novo Denovo De novo De novo
inheritance
Phenotype
Gastro-Intestinal
CDH Left-sided - - - - - - -+, complex
Feeding difficulties + ~ = = = e NR NR
Pyloric stenosis + - - - - + NR NR
Gastroesophageal -+ - - - = 4 NR NR
reflux
Skeletal
Craniosynostosis Sagittal Sagittal, lambdoid Coronal, left Sagittal Coronal, right - - NR
(bilateral)
Cognition, behavior, and motor development
Intellectual - s &= - = e HE NR
disabilty
Speech + Speech therapy - - - + + NR
impairment required
Delay in motor + Physical therapy - - - + + NR
development required
Dysmorphic features
Myopathic facial + - - - - + NR NR
appearance
Eyebrow Arched - - - Narrow - NR NR
anomalies
Small palpebral - - - - - + + NR
fissures
Hypertelorism + - - . = + + NR
Hypotelorism - + - - - - - NR
Prominent nose - Asymmetric nose - Thick alae nasi Short nose +, uptumed NR NR
Long philtrum L = + = + = NR NR
Lip anomalies Full lower lip Incomplete Fulllower ip - - Thinupperlpand  NR NR
unilateral cleft ip vermilion;
and alveolar arch down-turned
comners, small
mouth
Ptosis + + - - - NR NR NR
Downstant of the + + - upslant - - - upslant NR NR
eyes
Eversion of the + + = - = NR NR NR
lower eyelids
Vertical orbital - - + - + NR NR NR
dystopia
Retrognathia - +, mild +, mild +, mid - Micrognathia Micrognathia NR
Dysmorphic features
Dermatological Eczematous skin Hirsutism - - - Severe congenital  Erythematous NR
anomalies erosive dermatiis psoriaform
dermatitis
hirsutism
Ear anomalies Low-set ears Low-set ears, - - - Posteriorly rotated ~ Ear tag NR
fleshy upturned ears
earlobes
Other Deep-set eyes Deep-set eyes Midasymmetry of  Deep-set eyes - Bitemporal Abnormal nasal NR
the eyes; deep-set hollowing, creases, loose
eyes; periorbital hypoplastic skin folds
fullness midface
Extremities
Anormalies of the Brachydactyly Short fifth digits - - - Non-congerital NR NR
hands (bilateral) (bilateral syndactyly
Anomalies of the Syndactyly of the Syndactyly of the - - - Non-congerital NR NR
feet second and third second and third syndactyly
toes (bilateral) toes (oilateral)
Neurological
Hypotonia + - - - - + + NR
Unstable gait + - - - - + NR NR
Ophthalmological
Refractive error Hypermetropia, Myopia, +(type unknown)  Not tested Hyperopia - NR NR
astigmatism astigmatism
Strabismus - - - Not tested - NR NR NR
Other Nystagmus - = = - NR NR Abnormal optic
nerve, increased
intraocular
pressure
Dental
Dental anomalies - - - Overbite - Atypical teeth Neonatal teeth NR
Immune system function
Frequentinfection  + - - - - LowTRECatbith  No TREC at bitth NR
Allergy/asthma Asthma (ight), - - - - + NR NR
allergy for HOM
and grass pollen
Other
Other features Hypothyroidism Proportionate = - One epileptic Midly dilated Wormian skull Scoliosis
Bicornate uterus short stature with episode aorta, severe bones, multiple
delayed bone age obstructive sleep brain anomalies on
apnea due to MR (e.g., absent
micrognathia corpus callosum),

umbilical hernia,
mild pumonary
artery stenosis
spastic
quadriplegia and
seizures

Description of phenotypical and genetic information regarding our patients as wel as previously reported patients. The patients reported by Goos et al. (32), Lessel et al. (28), and Punwani et al. (27) carried variants
NM_138576.3(BCL11B):c.7C>A, p.(Arg3Ser), NM_138576.3(BCL11B): ¢.2421C>G, p.(AsnB07Lys), and NM_138576.3(BCL11B): c.1323T>G, p.(AsnddLys), respectively. The patient reported by Longoni et al. (30) carried a variant
of BCL118 (BCL118:NM_138576:ex0nd:c.C1048T: p.(Arg350Cys).

*, According to NM_138576; **, expression of variant verified in RNA extracted from perioheral blood lymphocyte; HDM, house dust mite, TREC, T-cel-receptor excision circle; NR, not reported; ¢, Combined Annotation Dependent
Depletion, GRCh37-V1.6 (33, 34).
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Non-ECMO (n = 30) 55% ECMO (n = 25) 45% p-value Non-ECMO n = 30 (55)

Boys 17 ) 18 2 024 6 7
Birthweight, grams 3,000 (1,805-4,900) 3,200 (2,000-3,810) 0.12 3,000 (2,400-3,600)
Gestational age, weeks 39 (85.6-41.4) 393 (85.6-41.4) 024 395 (38.3-39.5)
Inborn 20 ©7) 9 @6) 0.02 6 ©7)
Prenatal diagnosis 20 (©9) 10 (40) 0.03 6 ©7)
Left sided defect 24 ©0) 24 (96) 008 8 ©9)
Age at surgery, days. 4 (1-14) 1 (1-42) <0.001 5 (1-20)
Primarlly closed 12 (40) 4 (18 005 3 ©3)
Initial ventilation, days 1056 (3-53) 28 (8-146) <0.001 14 (2-64)
Initial PICU stay, days 19 (9-100) 44 (15-153) <0.001 31 (8-99)
Initial hospital stay, days 325 (9-113) 77 (22-187) <0.001 31 (15-127)
Cardiac malformations 1 <) 3 12 022 0 ©
Inhaled nitric oxide treatment 16 (65) 24 (96) <0.001 7 (78)
Chronic lung disease 7 3) 15 (©0) 0.01 3 ©@8)
Sepsis during initial hospital stay 3 (10) 9 @6) 0.02 3 ©@8)
Need for ECMO - 2 (100) 3 ©@3)

VA - 25 (100) 3 (100)
Age at start ECMO, hours - 14 (2-251) 40 5-75)
Time on ECMO, hours = 161 (63-369) 236 (83-237)
ISCED level mother

Low (ISCED 0-2) 3 (10) 2 ® 086 0

Middle (ISCED 3-4) 11 36.7) 8 @2 085 0

High (ISCED 5-8) 12 (40) 11 (44) 077 1 (11.1)
Not avaiable 4 (18.3) 4 (18 8 83.9)

Data presented as median (range), or n (%). Non-participants: patients lost to follow up or unable to perform M-ABC. ECMO, extracorporeal membrane oxygenation; VA, venoarterial;
PICU, pediatric intensive care unit; ISCED, Intemational Standard Classification of Education (15). p-value represents comparison between non-ECMO and ECMO-treated CDH;
participants and non-participants were not signiicantly different and p-values were not shown. #1 missing data. Bold values indicate significant cifference between non-ECMO and
[ECMO-treated CDH patients.
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5yearsn =51 8yearsn =55 12years n = 45

Non-ECMO ECMO Non-ECMO ECMO Non-ECMO ECMO
n =27 (53) 24 (47) n =30 (55) n =25 (45) n=21(47) =24(53)
Boys, (n) 15 (56) 17.(71) 17 (56) 18(72) 12(57) 17 (71)
Weight-for-height, z-score -073 ~1.60 -050 —1.44 -0.30 -070
(-2.96 (-8.69 (-2.53 (-386 (-2.43 (837
t01.55) 100.01) t01.20) t01.28) t01.8) 02.17)
Sports participation, () 16 (59) 14 (58) 26 (87) 17 (68) 16 (76) 14 (58)
M-ABC total impairment score
normal - borderiine, > p5 (n) 24 (89) 18 (75)" 27 (90) 19 (76)" 20(95) 18 (75)"
definite motor problem, p<5 (n) 3(11) 6(25) 3(10) 6(24) 1) 6(25)
M-ABC manual dexterity
normal - borderine, > p5 () 26 (96) 21(87.5) 28/(93) 21 @4y 19(90.5) 18 (75)"
definite motor problem, p<5 (n) 1¢4) 3(12.5) 2 4(16) 2(95) 6(25)
M-ABC ball skills
normal-borderine, > pS () 25(93) 21(87.5) 28(93) 22(88) 17 81y 22(92)
definite motor problem, p < 5 (n) 2() 3(12.5) 2() 3(12) 4(19) 28
M-ABC balance skills
normal - borderine, > p5 (n) 24.(89) 18 (75)" 28(93) 21 @4y 19.(90.5) 22(92)
definite motor problem, p < 5 (n) 3(11) 6(25) 2(7) 4(16) 2(95) 2@

R, percentile. Data shown n (%) or median (range). ECMO, extracorporeal membrane oxygenation. M-ABC, Movement assessment battery for chidren. “p < 0.01 Chi-square test in
comparison with norm values. “p < 0.05 Chi-square test in comparison with norm values.
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Independent variables

B
Birthweight (kg) 036
CLD (yes/no) ~0.45

Initial hospital stay (days)®
Primary closure of defect (yes/no)
weight-for-height z-score at follow-up -0.05
Sports participation (yes/no) 013

Univariate analysis

95% ClI

-0.09t0 0.81
-0.98t0 0.09
—0.02 to —0.004
—0.66 t0 0.48
-0.21t00.12
01710 0.42

z-scores of the M-ABC

p-value

on
0.10
0.001
0.76
0.58
0.40

3

0.31
0.17
-0.01
-0.23
-0.13
0.12

Multivariate analysis

95% Cl

-0.13100.74
-0.51100.84
—0.02 to —0.006
—0.77 10 0.31
-0.30100.08
~0.17 0 0.41

p-value

0.16
0.62
0.004
0.40
0.10
0.41

CLD, chronic lung disease as defined by Jobe and Bancalari (18). Results are based on a general inear model, which has been adjusted for ECMO-treatment and age, as well as for
interaction between those two variables. @Significant association. Bold values indicate significant association.





OPS/images/fped-11-1052422/fped-11-1052422-g002.jpg
ANTENATAL DIAGNOSIS

POSTNATAL DIAGNOSIS BEFORE DISCHARGE, AFTER BIRTH

BEREAVEMENT

ANTENATAL DIAGNOSIS POSTNATAL DIAGNOSIS BEFORE
o ERBIRTH

POST DISCHARGE

oSt BsCHARGE N CAPTURE
e R = e
gl e =
= == B
. e, B
W fr e
o
R O
- iy
s
o
=





OPS/images/fped-09-692210/fped-09-692210-t005.jpg
FETO (n = 28) Non-FETO, excluded mild (1 = 17) p-value

Prenatal data
Side of defect—n (%)

- Left COH 19.(67.9) 15(83.2) 0341
- Right CDH 8(28.6) 2(118)

- Bateral CDH 1(36) 0(0.0)

Liver UP—n (%) 28 (100) 13 (76.5) 0016
O/ LHR%—mea n (SD)

- Initial 25.4(5.6) 35.1(7.9) <0001
- Final 51.8(15.4) 388 (7.1) <0001
Grading CDH—n (%)

~ Severe 28 (100) 4(235) <0001~
- Moderate 0000 13(76.5)

Postnatal data

Gestational age (weeks)—mean (SD) 35(2.4) 37.1(1.7) 0.003"
Bithweight (g) —mean (SD) 2436 (511) 2517 (389) 0576*
Surgery—n (%) 22(78.6) 12 (70.6) 0722
Day of surgical repair—median (IQR) 25(2-9) 35 (2.05-5) 0.040°
Diaphragmatic patch (on operated)—n (%) 18(81.9) 8(66.7) 04100
Abdominal patch (on operated)—n (%) 1(4.5) 0(0.0) >0.999"
SPAP TO (mmHg) —mean (SD) 59.4(16.4) 632 (18.6) 0513*
SPAP T1 (mmHg) —mean (SD) 552 (13.0) 63.1(13.6) 0.136*
SPAP T2 (mmHg) —mean (SD) 483(15.2) 535 (18.7) 0.459°
SPAP T3 (mmHg) —mean (SD) 54.6(203) 429 (20.7) 0.228"
Mechanical ventiation (days)—median (IQR) 16/(9-25.5) 15 (5-23) 0.582°
Oxygen (days)—median (IQR) 16 (4.75-34.75) 13 (2.5-45) 0.761°
Nitric oxide (days)—median (IQR) 11.5(6-22) 925-17) 0.337¢
Sildenafil (days)—median (QR) 9 (1-74.25) 6(0-38) 0.334°
Length of stay (days)—median (IQR) 41(9-94.5) 39(5-80.5) 0512¢
Deceased—n (%) 16.(57.1) 10 (58.8) >0.999"
Recurrence (on sunvivors)—n (%) 3(25.0) 5(71.4) 0,074
Radiographic pulmonary area

Total pulmonary area (cm?)—mean (SD) 105 (6.1) 89(4.7) 0362"
Ipsilateral pulmonary area (cm?)—mean (SD) 35(32) 13(20) 0015*
Contralateral pulmonary area (em?)—mean (SD) 69(35) 7.6(38) 0523"

CDH, congenital diaphragmatic hernia; FETO, fetal endoscopic tracheal occlusion; IQR, interquartie range; n, number; O/E LHR, observed/expected lung-to-head ratio; SD, standrd
deviation; SPAR, Systolic Pulmonary Arterial Pressure.

“Student’s T-Test.

°Mann Whitney U-Test.
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Fetus

Knowns

Fetal cardiac hypoplasia:

Preliminary evidence of increase in ratio
of right:left sided dimensions in later
pregnancy in left-sided CDH.

Unknowns/future priorities

Mechanisms of ventricular hypoplasia

Pre-natal cardiac function

Relationship between pre-natal cardiac
function, cardiac dimensions

Predictive potential of fetal cardiac
dimensions and function

Early postnatal period

Potential for RV and/or LV
dysfunction in transitional period.

Relationship between early ventricular
dysfunction and neonatal outcome

Mechanisms of postnatal cardiac
dysfunction

Effect of cardio-tropes on outcome in
CDH

Relationship between pulmonary
vasodilators and LV function

Impact of pathophysiology-based
transitional management on cardiac
function

Peri-operative period and
ECMO

Improvement of cardiac function during
ECMO

Preliminary evidence of patterns of RV
and LV function post op

Contribution of cardiac dysfunction to
pathophysiology pre-and during ECMO

Utility of cardiac function assessment to
guide therapeutic strategy including
timing of CDH repair and ECMO

Post-natal patterns of RV and LV function

and contribution to post-operative
morbidity.

Impact of related morbidities on cardiac
function including nutrition, infection,
gastro-esophageal reflux.

Relationship between fetal cardiac dimensions and function and postnatal cardiac dimensions and function

Effect of fetal therapies on pre- and post- natal cardiac development and function

Post discharge, childhood and
beyond

Preliminary evidence of cardiac
dysfunction at discharge and into
childhood

Natural history and clinical significance
on long-term cardiac dysfunction in CDH
survivors

Long-term ventriculo-arterial interactions
in CDH survivors

International consensus, standardized assessment tools and definitions of cardiac function and pulmonary hypertension for research and clinical management

Relationship between cardiac development and function, fetal brain development, postnatal brain injury, and long-term neurological function

Phenotyping of CDH pathophysiology: relative contributions and frequency of cardiac dysfunction, pulmonary hypertension and pulmonary hypoplasia

Cellular, genetic and metabolic factors associated with myocardial dysfunction at all ages
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Patel et al. (53)
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Patel et al. (63)

Altit et al. (55)

Naguib et al. (56)
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Patel et al. (62)

Avitabile et al. (61)

Population

9 CDH, 28 controls

11 CDH infants median 18 days.

28 controls.

29 CDH, 27 controls. <3 days

34 CDH, 35 controls

16 CDH infants (13 L CDH, 3 R
CDH) day 1-2

34 CDH, first 48 h.

25CDH (21 L CDH) and 20
controls in first 48 h of life

44 CDH, 18 controls. First 48 h

20 CDH infants
27 CDH cases (21 L CDH)

1173 CDH infants, (971 L, 202
R). First 48 h of life

220 CDH (184 L CDH).

Parameter

RV MPI

TDI myocardial velocities and TV
Doppler velocities

Systolic:Diastolic time durations

RV and LV MPI and cardiac index (CI)

TDI myocardial velocities

STE-derived strain. RV FAC and TAPSE.
EF.

TDI and STE-derived strain

Ventricular strain. RV FAC, TAPSE. LV
EF, stroke distance

RV outflow VTI
RV and LV CI and VTI, LV EF

CDH Registry analysis. Cardiac function
reported by 59 centers

RV strain, FAC, FWS pre-op, post op
(<1 week) and recovery phase (> 1 week)

Ventricular function and relationship to
outcome

Reduced RV MPI in CDH
Reduced RV early diastolic velocities in CDH.

Reduced RV diastolic time intervals in CDH, and in CDH
non-survivors.

Reduced RV and LV MPI, and CI in CDH compared to controls,
and CDH cases who died/required ECMO. LV MPI and CI
associated with mortality.

Reduced RV early diastolic myocardial velocities in non-survivors.
RV diastolic dysfunction correlated with increased length of stay
and duration of respiratory support

Reduced RV and LV longitudinal strain and strain rate, RV TAPSE
and FAC, and LV EF in CDH cases who required ECMO.

Global reduction in RV and LV systolic strain in CDH. LV
longitudinal strain correlated with fetal lung volume, duration of
intubation and length of stay, and was lower in
non-survivors/ECMO.

Reduced RV and LV longitudinal strain, reduced RV FAC and
TAPSE, and LV stroke distance in CDH.

Lower RV output in CDH non-survivors.
Lower LV CI in CDH cases who received ECMO.

Cardiac function normal in 61%, RV dysfunction in 15%, LV
dysfunction in 5%, biventricular dysfunction in 19%. LV and
biventricular dysfunction associated with increased mortality. RV
and LV dysfunction associated with ECMO

Abnormal RV strain associated with ECMO use. Abnormal RV
strain in recovery phase associated with increased mortality.
Improvement in net RV strain after repair.

RV, right ventricle; MPI, myocardial performance index; TDI, tissue Doppler imaging; TV, tricuspid valve; CI, cardiac index; STE, speckle tracking echocardiography; FAC, fractional area change;

TAPSE, tricuspid annular plane systolic excursion; EF, ejection fraction; VTI, velocity-time integer; EF, ejection fraction; FWS, fractional wall shortening.
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Heindel et al. (87)

Boetal. (69)

Gupta et al. (88)
Keller et al. (155

Patel et al. (90)

Kipfmueller et al. (91)

Population

132 CDH

49 CDH

220 CDH

28 CDH

128 CDH

44 CDH

63 CDH

2337 CDH

40 CDH

10 CDH

30 CDH

Plasma biomarker

BNP

BNP levels at age 1-5 weeks

BNP levels pre-repair,
post-repair and recovery
(>1 week post repair)

NT-proBNP in first 24 h of life
High sensitivity troponin
(hsTnT) and NT-proBNP on day
1

NT-proBNP at 6, 12, 24, and

48 h oflife

NT-proBNP measured daily for
the first 7 days on ECMO

NT-proBNP recorded during
neonatal admission

Endothelin 1 (ET-1) measured
serially in first 2 weeks of life
VEGFA and placental growth
factor (PLGF) measured serially
during neonatal period

Soluble receptor for advanced
glycation end products (sSRAGE)
at 6, 12, 24, 48 h and 7-10 days

Relationship to hemodynamic
performance

BNP correlated with pulmonary hypertension and need for
ECMO. No cardiac function data.

BNP level predicted adverse outcome at 3-5 weeks (ongoing
respiratory support or death). No cardiac function data.

Increased BNP level associated with reduced strain in
recovery, but not pre- or immediately post-op.

NT-proBNP correlated with RV MPL, TV E:A, and PAP.

NT-proBNP and hsTNT did not predict death, PH, ECMO,
or BPD. No cardiac function data.

NT-proBNP correlated with qualitative cardiac dysfunction
at 24 h, 48 h, and 7 days, and was higher in ECMO group.

Significantly higher NT-proBNP values on days 3-7 in
patients with ECMO weaning failure. Doubling in mortality
in patients with increasing NT-proBNP on days 4-7.

NT-proBNP correlated with cardiac dysfunction (RV or LV),
mortality and larger defects.

ET-1 correlated with PH at 2 weeks of age. No cardiac
function data.

VEGFA:PLGF ratio correlated with RV diastolic function,
PH and oxygenation index, and higher in non-survivors at
days 3 and 14.

SRAGE lower in CDH than controls and lower in ECMO
cases. SRAGE correlated with pulmonary hypertension and
fetal lung volume. No cardiac function data.

Available for
routine clinical use

Y

BNP, brain natriuretic peptide; NT-proBNP, N terminal proBNP; RV, right ventricle; MPI, myocardial performance index; TV, tricuspid valve; PAP, pulmonary artery pressure; PH, pulmonary

hypertension; BPD, bronchopulmonary dysplasia.
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Therapy

Inhaled nitric oxide

Sildenafil (IV or enteral)

Milrinone

Vasopressin
Levosimendan
Prostaglandin E1

ECMO

Class

Nitric oxide analog

Phospho-diesterase 5
inhibitor

Prostacyclin analog

Vasopressin analog

Calcium sensitizer

Prostaglandin

Presumed actions

Pulmonary vasodilator

Pulmonary and systemic
vasodilator

+ve inotrope and lusitrope.
Pulmonary and systemic
vasodilator

Pulmonary vasodilator,
systemic vasoconstriction

+ve inotrope

Maintain ductal patency,
pulmonary vasodilator

Mechanical support

Use in CDH
(62, 124, 127)

62-65%

IV: 16%
Any: 22%

33-42%

Not known

Not known

9-11%

50%

Evidence in CDH

Improved oxygenation in minority (30%) of unselected
recipients. No improvement in outcome (79). Non-response
may be linked to LV dysfunction (81).

Improved oxygenation in minority of recipients. Non-response
associated with LV dysfunction (64). Ongoing CoDiNOS RCT
of IV sildenafil vs. iNO in progress (73).

Improved oxygenation and RV diastolic velocities (84). No
effect on LV dimensions and atrial and ductal shunts (85). RCT
in progress (57).

Increased blood pressure, reduced systemic:pulmonary artery
pressure ratio, improved oxygenation (89).

Improved RV and LV function and reduced
vasopressor-inotrope score (88)

Improved indices of PAP, LV function and oxygenation
(120-122).

Improved biventricular function on ECMO (69)
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[+ 11DEATHS before surgery

66 OPERATED PATIENTS
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Recurrence (n = 10) Non-recurrence (n = 39) p-value

Prenatal data

Side of defect—n (%) >0999"
- Left CDH 8(80.0) 31(795)

- Right CDH 2(200) 7(179)

- Bilateral CDH 0(0.0) 1(26)

O/E LHR%—mean (SD)

- Initial 3468.2) 42.1(14.4) 0.132*
- Final 44.4(14.6) 56.9(14.6) 0.029°
Liver UP—n (%) 5(50) 18 (46.2) >0.999"
Grading CDH—n (%)

- Sovere 4(400) 9(23.1) 0,002
- Moderate 4(40.0) 2(6.1)

- Mid 2(200) 28(71.8)

FETO—n (%) 3(30.0) 9(23.1) 0.690"
Postnatal data

Gestational age (weeks)—mean (SD) 375(1.6) 37.1 20) 0563*
Bithweight (g) —mean (SD) 2808 (412) 2949 (630) 0506
Day of surgical repair—median (QR) 3(2.75-4.25) 2(2-9) 0.066°
Diaphragmatic patch— (%) 6(60.0) 13 (33.3) 0.156"
Abdominal patch—n (%) 0(0.0) 1(26) >0.999"
Mechanical ventilation (days)—median (IQR) 205 (15.25-26) 12 (6-18) 0.013°
Length of stay (days)—median (IQR) 55 (43-111.75) 42 (33-66) 0.028°

CDH, congenttal diaphragmatic heria; FETO, fetal endoscopic tracheal occlusion; IQR, interquartie range; O/E LHR, observed/expected lung-to-head ratio; SD, stendrd deviation.
“Student's T-Test.

°Mann Whitney U-Test.

AFjsher Exact Test.
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CDH (n=77)

Prenatal data
Side of defect—n (%)

- Left CDH 61(79.2)
- Right CDH 15 (19.5)
- Bilateral CDH 109
O/E LHR%—mean (SD)

~ Initia 353(12.7)
- Final 49.4(15.7)
Liver up—n (%) 51(66.2)
Grading CDH—n (%)

- Sover® 32 (41.6)
- Moderate 13(16.9)
- Mid 32(41.6)
FETO—n (%) 28(36.4)
Postnatal data

Gestational age (weeks)—mean (SD) 36.6(2.2)
Birth weight (g)—mean (SD) 2744 (586)
Males—n (%) 43(558)
Inborn—n (%) 74(96.1)
Vaginal delivery—n (%) 40(51.9)
APGAR 1 min—median (QR) 6(4-7)
APGAR 5 min—median (IQR) 8(7-9)
Surgery—n (%) 66 (85.7)
Day of surgical repair—median (QR) 3(2-4)
Diaphragmatic patch (on operated)—n (%) 34.(51.5)
Abdominal patch (on operated)—n (%) 1(1.5)
Mecharnical ventilation (days)—median (QR) 11(7-205)
ECMO—n (%) 339
Length of stay (days)—median (IQR) 39 (15-68)
Deceased—n (%) 28(36.4)
Radiographic pulmonary area

Total pulmonary area (cm?)—mean (SD) 12.6(7.0)
Ipsilateral pulmonary area (cm?)—mean (SD) 3.9(35)
Contralateral pulmonary area (om?)—mean (SD) 86(43)

CDH, congenttel diaphragmatic hernia; ECMO, extracorporeal membrane oxygenation;
FETO, fetal endoscopic tracheal occlusion; IQR, interquertile range; n: number; O/E LHR,
observed/expected lung-to-head ratio; SD, standard deviation.
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RCT Startedin  Intervention Primary outcome

Fetal tracheal occlusion (10)* 1999-2001 FETO vs. standard prenatal care for moderate to severe CDH Survival at age of 90 days

VIC trial (2) 2008-2013  Conventional ventiation vs. high-frequency ventiation Death until discharge or CLD on day 28

TOTAL trial (6) 2008-2019 FETO vs. standard prenatal care for moderate CDH Infant survival until discharge from
intensive care and survival without oxygen
at 6 months

TOTAL trial (5) 2011-2020  FETO vs. standard prenatal care for severe CDH Infant survival until discharge from
intensive care

Miinone in CDH (8) 2016 Miinone vs. placebo Change in Ol after 24 h

‘CDH Optimisation of Neonatal 2016 Ventilation with different tidal volumes: Change in pressure time product of the

Ventilation® diaphragm

CoDINOS (7) 2017 Sidenafil vs. INO Change in Ol after 12 h

PinC 2020 Physiological-based cord clamping vs. direct cord clamping Incidence of PH in the first day of ife

CHIC (9) 2020 Physiological-based cord clamping vs. immediate cord clamping Apgar score at 1 and 6 min

HFO vs. HFJ ventilation* 2021 High-frequency oscillatory ventiation vs. high-frequency jet ventilation Ol at 24 h

CDH, congenitel diaphragmatic hemia; CLD, chronic lung disease; FETO, fetoscopic endoluminel tracheal occlusion; PH, pulmonary hypertension; iNO, inheled nitric oxide; O,
oxygenation index; HFO, high-frequency oscillation; HF.J, high-frequency jet ventiation; RCT, randomized controlied trial
*Single-center trial.





OPS/images/fped-09-692210/fped-09-692210-t002.jpg
Deceased (n = 28) Survived (n = 49) p-value

Prenatal data

Side of defect—n (%)

- Left CDH 22(78.6) 39(79.6) 0.856"
- Right CDH 6(21.4) 9(18.4)

- Bilateral CDH 0(00) 1(2.0)

O/E LHR%—mean (SD)

 Initial 28.4(7.6) 401 (13.4) <0.001*
- Final 42.1(13.5) 54.2(15.3) 0.001*
Liver up—n (%) 28 (100) 23(46.9) <0.001*
Grading CDH—n (%)

- Severe 19(67.9) 13 (26.5) <0.0014
- Moderate 7(250) 6(12.2)

- Mid 2(7.1) 30 (61.2)

FETO—n (%) 16 (57.1) 12 (24.5) 0.006"
Postnatal data

Gestational age (weeks)—mean (SD) 35.6(2.4) 37.2(1.9) 0.002*
Birth weight (g)—mean (SD) 2437 (438) 2920 (591) <0.001*
Males—n (%) 13 (46.4) 30(61.2) 0.239*
Vaginal delivery—n (%) 8(28.6) 32(65.3) 0.002*
APGAR 1°min—median (IQR) 45(3-6) 6(5-8) 0.008°
APGAR 5°min—median (IQR) 7(6-8) 8(8-9) <0.001°
Surgery—n (%) 17 (60.7) 49 (100) <0.001%
Day of surgical repair—median (IQR) 3(2-4) 2(2-35) 0.603°
Diaphragmatic patch (on operated)—n (%) 15(88.2) 19(38.8) 0.001%
Abdominal patch (on operated)—n (%) 0(00) 120 >0.999"
Mechanical ventiiation (days)—median (IQR) 8(2-23.5) 16 (9-20) 0.086°
Oxygen (days)—median (IQR) 75 (2-31) 13(3-27) 0.426°
Nitric oxide (days)—median (IQR) 8(2-21) 9(0-15) 0.380°
Sildenafil (days)—median (QR) 7(2-295) 0(0-31) 0.077°
Length of stay (days)—median (IQR) 8(2-31) 44(35.5-705) <0.001°

CDH, congenital diephragmatic. heria; FETO, fetel endoscopic tracheal occlusion; IQR, interquartile range; n, number; O/E LHR, observed/expected lung-to-head ratio; SD,
standard deviation.

“Student's T-Test.

°Mann Whitney U-Test.

AFisher Exact Test.
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Postnatal-genetic
test

Postnatal-no genetic
test

Prenatal-genetic test
Prenatal-no genetic

117 (14.5%)

96 (11.9%)

312 (38.8%)
52 (6.5%)

Group Characteristic Genetic test  No genetic  Total (n) P Abnormal  No genetic No Total (n) P
(n =530) test genetic test test pathogenic
(n=275) (1=62)  (1=275  changes
(n = 468)

Sex F 238°(44.9%) 120° (43.6%) 358(44.5%) 0824 342 (54.8%) 120° (43.6%) 204° (43.6%) 358 (44.5%) 0502

M 285° (53.8%) 150° (54.5%) 435 (54.0%) 27°(435%) 150° (54.5%) 258" (56.1%) 435 (54.0%)

o 8% 5°(1.8%)  12(1.5%) 19(1.6%)  5°(1.8%)  6°(1.8%)  12(1.5%)
Associated  CDH-C 207°(30.1%) 104° (37.8%) 311(38.6%) 0.923 311(38.6%) 4.5658E-16
anomalies  CDH-I 311°(58.7%) 164° (59.6%) 475 (59.0%) - - - 475 (59.0%)

CDH-MD 12°(28%) 70 (@5%)  19(2.4%) 0°(0.0%)  7°(25%)  12°(26%) 19(24%)
Location of  Bilateral 4°08%)  6°(22%  10(12%) 0005998  0°(0.0%)  6°(22%)  4°(0.9%)  10(1.2%)  0.004092
defect Eventration 18 (2.2%) 18 (2.2%)

Left 415° (78.3%) 199° (72.4%) 614 (76.3%) 614 (76.3%)

POE 4 (o 8%)  22(07%)  6(0.7%) 6(0.7%)

Right G 151 (163%) 131(16.3%)

MD 17- (8.2%) 9= (83%)  26(32%) 26(3.2%)
Defect size A 116 (14.4%) 1.3023E-41 116 (14.4%) 1.3224E-44

8 52 (6.5%) 52 (6.5%)

c 169 (21.0%) 169 (21.0%)

D 32 (4.0%) 32(4.0%)

NR 436 (54.2%) 436 (54.2%)
Timing of test MD-geneic test - 101 (12.5%) 8.4554E-167

MD-no genetic test - = - 127 (15.8%)

test

In total, 530 out of 805 patients received a genetic test. Defect size (A-D) was described in 369 patients. Defect sizes are classified from A to D as described in the method section. A
is the smellest defect size and D a (near) absence of the diaphragm. Within a column each cheracteristic that does not share a subscript letter (*~2) dilfers significantly from those with
different subscript letters (=) whose column proportions do not differ significantly from each other at the 0.05 level, For instance, more patients with associated anomalies have an
abnormal test and vice versa more patients with an isoleted defect have no abnormal test (P < 0.001). Patients with defect size A stand apartfrom the other defect sizes in respect to the
number of abnormal genetic tests, C in having no genetic test and having no pathogenic atteration (P < 0.001). There are differences in having no genetic test, having an abnormal test
result and having a normal test result comparing post- and pre-natal subgroups (P < 0.001). Trisomy 13, 18, and 21 were evaluated in 530 patients and more than half of the patients
received at least Karyotyping or SNP-arrey. A full cohort description s aveileble in Supplementary Table $1. Complete statistical comparison of patients with a genetic test s depicted
in Supplementary Table S2. MD, Missing data; CDH-C, CDH patients with associated defects; CDH-, CDH patients without other associated defects; CDH-MD, CDH patients in
which no additional information was registered: POE, Paraoesophageal hemia; EV, Eventration; BL, Bilateral hernia; AGT, abnormal genetic test: NPC, no pathogenic changes.
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Group  Characteristic Abnormal No P
genetic test  pathogenic

(=62 changes
(n = 468)
Associated  CDH-complex 56° (27.1%) 1512 (72.9%)  1,432E-14
anomalies (1 =207)
CDH-isolated 60 (1.9%)  305°(98.1%)
(n=311)
CDH-unknown 0°°(00%)  12°° (100.0%)
=12
Defectsize A (n=97) 10° (10.3%)  873° (89.7%)  0.000006
B(n=50) 200 (80%) 46 (92.0%)
Cin=157) 5b(32%)  162°(96.8%)
D =32 29 (63%)  30°° (93.8%)
NR (0 = 194) 412 (21.1%) 153 (78.9%)
Typeof  Karyotyping 207 (56.0%)
genetic WES 51(9.6%)
test Aray 362 (68.3%)

Trisomy 13, 18,21 530 (100%)

Significant diferences when evaluating only patients with a geneic test. Trisomy 13,
18, and 21 were evaluated in 530 patients and more than half of the patients received
at least karyotyping or SNP-array. An abnormal genefic test is seen more often in
complex-CDH (P < 0.001) and defect size C differs from the missing data category
(P < 0.007) as substantially more abnormal genetic tests are described in the later.
Within a column each charecteristic measure that does not share a subscript letter
(@) differs significantly from those with different subscript letters (*~2) whose column
proportions do ot differ significantly from each other at the 0.05 level, WES, whole
exome sequencing; MD, Missing data; CDH-C, CDH patients with associated defects;
CDH-I, CDH patients without other associated defects; CDH-MD, CDH patients in which
no addltional information was registered; POE, Paraoesophageal heria; EV Eventration;
BL, Bilateral hernia; AGT, abnormal genetic test; NPC, no pathogenic changes.
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defect size B vs. A
defect size G vs. A
surgical approach
(midiine laparotomy)
>1 re-operations
excision of abdominal
wall patch

time to full enteral
feeding in days (+1)
duration of chest tube
insertion in days (+3)

RR/OR (95% Cl)

025 (0.03-1.86)
1.23 (0.26-5.80)
1.28 (1.20-1.36)

0.16(0.02-1.17)
0.10(0.01-0.99)

1.01 (1.00-1.03)

1.22(1.01-1.46)

p-value

0.18
079
0.03

0.049
0.07

0.11

0.04

ASBO, achesive small bowel obstruction; RR, relative risk; OR, odds ratio; Cl,
confidence interval. Bold values are significant.
R could not be calculated because all patients with ASBO undenwent midine
laparotomy. Therefore, column risk was determined: (17/17) MIS / (233/299) median

Iaparotomy = 1.28.
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ASBO Non-SBO p-value

n=17 n =299
Timing of reconstruction in days 4(2-16) 6(0-217 077
~ Median (min.-max.)
Surgical time in minutes - median (min.-max.) 181.5 (95-265° 174 (58-388)° 0.83
Operation at neonatal intensive care 12(70.6) 178 (59.5) 037
Surgical approach - n (%)
Minimally invasive 0(00) 66 (22.1) 0.03
Open 17 (100.0) 233(77.9)
Side of defect - n (%)
Left side 15(88.2) 248 (82.9) 1.00
Right side 2(11.8) 49(16.4)
Bilateral 0(00) 207
Liver-up in left sided CDH- n (%) 9(60.0) 138 (55.7) 074
Hernia type - n (%)
Discontinuity/without hernia sac 15(88.2) 260 (87) 1.00
With hernia sac 2(11.8) 39(13)
Defect size® - n (%)
A 2(11.8) 26(8.7) 0.04
B 2(11.8) 104 (34.8)
c 13(76.5) 137 (45.8)
D 0(0.00) 32(10.7)
Anatomic localisation of the defect - n (%)
Bochdalek 16(100.01° 0 276 (92.6) 061
Morgagni or Larrey (0.00) 22(7.4)
Reconstruction of the diaphragm - n (%)
Primary closure 2(11.8) 59(19.7) 054
Patch correction 15(88.2) 240(80.3)
Abdominal wall closure with patch in open surgery 3(17.6) 64(27.5) 057
-n(%)
Intraoperative adhesion prevention-n (%)
Seprafim® 0(00) 723) 1.00
fibrin 0(00) 2(0.7) 1.00
Contamination class® - n (%)
1 16 (94.1) 279(93.9) 1.00
2 169 19(6.4)
3 0(0.0) 1(03)
Cases with additional operative procedures — n (%) 7(12) 95(31.8) 042
- Release of duodenal kinking 3(17.7) 34(11.4) 043
- Resetion of Meckel's diverticulum 0(00) 16(5.4) 1.00
- Resetion of accessory spleen 169 15(5.0) 0.60
- Fundoplication as GER-prevention 2(11.8) 13(4.3) 0.19
- Resection of Ladd’s bands 169 12(4.0) 052
- Resection of lung sequestration 1(6.9) 1@.7) 0.49
- Resection of accessory liver 0(00) 12(4.0) 1.00
- Miscellaneous additional procedures' 169) 8(2.7) 0.40
- Insertion of jejunal feeding tube/stoma 0(00) 207 1.00

ASBO, adhesive small bowel obstruction; non-SBO, no small bowel obstruction. Bold values are significant.

21 missing data.
51 missing data.
©2 missing deta.
Celassified by Lally et al. (7).
°1 missing data.
/1 missing data.

Iclassified by the CDC: Surgical Wound Classification Grades I-IV (31).

heases received more than one additional procedure.

Isuture of intestinal perforation, resection of intestine, mesentery adaption, closure of tracheoesophageal fistula, lymph node resection, and suture of pericardial defect.
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ASBO Non-SBO p-value

n=17 n =299
Duration of invasive ventilation in days 27.0 (7-138) 21.0(1-143° 035
~ Median (min.-max.)
Duration of NIV in days — median (min.-max.) 105 (0-147) 7 (0176 0.12
Postoperative nutrition - n (%)
Broast mik 8(47.1) 136 (46.1)° 096
Formula 3(17.7) 60(20.3)
Breast mik and formula 6(35.9) 99(33.6)
timing of postoperative oral nutrition in days 4(1-12) 4 (1-49¢ 081
~ Median (min.-max.)
Time to full enteral feeding in days 33 (12-701 23 (3-194) 0.02
- median (min-max.)
Insertion of chest tube - n (%)
Intraoperative/preventive 1(69) 10(3.3) 059
Secondary 9(52.9) 130 (43.5)
Findings of chest tube —n (%) 10 1399
Serous effusion 6(60.0) 65 (46.8) 085
Chylothorax 3(30.0) 56 (40.3)
pneumothorax 1(10.0) 14 (10.1)
no findings 0(0.0) 3@2)
empyema 0(0.0) 107
duration of chest tube insertion in days 12.5 (4-39) 7(1-39p 0.13
- median (min.-max.)
findings of second chest tube — n (%) 0 11
serous effusion 0(0.0) 4(36.4) 1.00 -
preumothorax 0(0.0) 4(36.4)
chylothorax 0(0.0) 3(27.9)
empyema - -
duration of antibiotic therapy in days
~ median (min.-max.) 39 (10-114f 30,0 (4-174f 030
escalation of antibiotic therapy - n (%) 11 (64.7) 169 (57.3) 055
time to discharge in days ~ median (min-max.) 63 (25-184) 53 (1-270] 033

ASBO, adhesive small bowel obstruction; non=SBO, no small bowel obstruction; NIV, non-invasive ventilation. Bold values are significant.

22 data missing.
4 data missing.
©4 data missing.
97 data missing.
©1 data missing.
118 data missing.
91 data missing.
"1 data missing.
1 data missing.
16 diata missing.
4 data missing.
11 data missing.
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Duration of chest tube insertion in correlation to findings in days
— median (min.-max.)

chylothorax

empyema

serous effusion

pneumothorax

findings among chest tube with duration > 16 days - (%)
chylothorax

serous effusion

pneumothorax

ASBO, adhesive small bowel obstruction; non-SBO, no small bowel obstruction. Bold values are significant.

a1 data missing.

ASBO
n=10

17 (6-20)

7.5 (4-39)
25()
5(50.0)
2(20.0)
2(20.0)
1(10.0)

Non-SBO
n=139*

10 (2-39)
96)
6(1-25)
5.5 (1-31)
17 (12.9)
13(9.4)
3(22)
10.7)

p-value

0.01
027

0.13
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ASBO Non-SBO p-value

n=17 n =20
Number of re-operations - n (%)
0 16 (94.1) 210(70.2) 0.21
1 0(0.0) 61(20.4)
2 1(69) 18(6.0)
3 0(0.0) 8(2.7)
7 0(0.0) 1(0.3)
8 0(0.0) 1009
=1 1(69) 89(298) 0.049
Timing to 1¢! re-operation in days 109 156 (12-1972) 0.09
~ Median (min.-max.)
Timing to 2% re-operation in days 392() 4685 (39-3193) 090
— Median (min.-max.)
Timing to 3 re-operation in days - 691.5 (185-1,942) -
— Median (min.-max.)
Procedure
- excision of abdominal wall patch? - (%) 1(33.3) 55(85.9) 0.07
- change of abdominal wall patch® - n (%) 1(33.3) 6(9.4) 0.29
- recurtence - n (%) 0(0.0) 31(10.4) 039
- other intestinal procedure® — n (%) 0(0.0) 28(9.4) 0.38
- hiatoplasty and fundoplication ~ n (%) 0(0.0) 22(7.4) 0.62
intraoperative adhesion prevention — n (%) 0(0.0) 16(5.4) 1.00

ASBO, adhesive small bowsl obstruction; non-SBO, no small bowel obstruction. Bold values are significant.
4percentage referred to patients with abdominal wall patch (ASBO: n = 3, non-SBO: n = 64).
bresection of Meckel's diverticulum, resection of intestine/stoma, insertion of jejunal feeding tube, pyloromyotomy.
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Study cohort

n =337
Timing of reconstruction in days ~ median 6(0- 21
(min.-max.)

Surgical time in minutes — median (min.-max.) 174 (58 - 388
Operation at neonatal intensive care unit 202 (59.9)
Surgical approach - n (%)

Minimally invasive 69 (20.5)
Open 268 (79.5)
Side of defect - n (%)

Left side 284(84.3)
Right side 51 (16.1)
Bilateral 2(06)
Liver-up in left sided CDH- (%) 160 (56.9)
Hernia type —n (%)

Discontinuity/without hernia sac 292 (86.7)
With hernia sac 45 (13.4)
Defect size® - n (%)

A 31(0.2)
B 115 (34.1)
c 158 (46.9)
D 33(9.8)
Anatomic localisation of the defect - n (%)

Bochdalek 311 (92.8°
Morgagni or Larrey 24(7.2)
Reconstruction of the diaphragm — n (%)

Primary closure 65(19.3)
Patch correction 272 (80.7)
Abdominal wallclosure with patch n (%) 68(20.2)
Intraoperative adhesion prevention -~ n (%)

Seprafim® 7@
Fibrin 2(06)
Contamination class® - n (%)

1 314/(93.2)
2 22(6.5)
3 1(08)
Cases with additional operative procedures — n 108 (32.1)°
(%)

- Release of duodenal kinking 38(11.3)
- Resection of Meckel's diverticulum 18(5.3)
- Resection of accessory spleen 18(5.3)
- Primary fundopexy 16 (4.8)
- Resection of Ladd's bands 13(3.9)
- Resection of lung sequestration 13(3.9)
- Resection of accessory liver tissue 12(3.6)
- Miscellaneous additional procedures? 10(3.0)
- Insertion of stoma 2(06)

CDH, congenital diaphragmatic hernia.
21 data missing.

3 data missing.

Cclassified by Lally et al. (1).

92 data missing.

eclassified by the CDC: Surgical Wound Classification Grades I-IV (31).

cases received more than one addliional procedure.

9Isuture of intestinal perforation, resection of intestine, mesentery adaption, closure of
tracheoesophageal fistula, lymph node resection, and suture of pericardial defect.





OPS/images/fped-10-846630/fped-10-846630-t003.jpg
SBO Non-SBO p-value

n=38 n =299
Timing of reconstruction in days 45(0-18) 6(0-21) 0.42
Median (min.-max.)
Surgical time in minutes ~ median (min.-max.) 173 (95-283)° 174 (58-388)° 0.82
Operation at neonatal intensive care unit 24/(63.2) 178 (59.5) 0,67
Surgical approach - n (%)
Minimally invasive 3.9 66 (22.1) 0.04
Open 35(92.1) 233(77.9)
Side of defect - n (%)
Left side 36(94.7) 284 (95) 0.15
Right side 2(653) 49 (16.4)
Bilateral 0(0.0) 207 054
Liver-up in left sided CDH-n (%) 22(61.1) 138 (48.6)
Hernia type = n (%)
Discontinuity/without henia sac 32(84.2) 260 (87) 0.64
with hernia sac 6(15.8) 39 (18)
Defect size® ~ n (%)
A 5(13.1) 26 (8.7) 025
] 11(289) 104 (34.8)
c 21(65.3) 137 (45.8)
D 126 32 (10.7)
Anatomic localisation of the defect - n (%)
Bochdalek 35 (94.6)° 276 (92.6) 1.00
Morgagni or Larrey 2(653) 22 (7.4)
Reconstruction of the diaphragm - n (%)
Primary closure 6(158) 59 (19.7) 056
Patch correction 32(84.2) 240(80.3)
Abdominal wall closure with patch - n (%) 4(105) 64.(21.4) 012
Intraoperative adhesion prevention- n (%)
Seprafim® 0(00) 723 1.00
Fibrin 0(0.0) 2(0.7) 1.00
Contamination class? - (%)
1 35(94.6) 279(93.3) 077
5 3(5.4) 19 (6.4)
3 0(0.0) 1(0.3)
Gases with additional operative procedures - n (%)" 13(34.2) 95(31.8) 076
- Release of duodenal kinking 4(105) 34(11.4) 1.00
- Resection of meckel’ diverticulum 2(63) 16 (5.4) 1.00
- Reseotion of accessory spleen 3(7.9) 15(5.0) 044
- Hiatoplasty and fundoplication for GER 3(79 13(4.3) 041
- Resection of ladd's bands 126 12 (4.0) 1.00
- Resection of lung sequestration 2(63) 1@37) 065
- Resection of accessory liver 0(00) 12(4.0) 037
- Miscellaneous additional procedures’ 2(63) 827 031
- Insertion of stoma 0(0.0) 2(0.7) 1.00

SBO, small bowel obstruction; non-SBO, no small bowel obstruction; CDH, congenital diaphragmatic hemia; GER, gastroesophageal reflux.
21 missing data.

b1 missing data.

©2 missing data.

Iclassified by lally et al. (1).

©1 missing data.

1 missing data.

9classified by the cdlc: surgical wound classification grades i-i (31).

heases received more than one additional procedure.

suture of intestinal perforation, resection of intestine, mesentery adaption, closure of tracheoesophageal fistula, lymph node resection, and suture of pericardial defect. Bold values are
significant.
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SBO Non-SBO p-value

n=38 n =299
Duration of invasive ventilation in days 225 (6-157) 21,0 (1-143 or
Median (min.-max.)
Duration of NIV in days ~ median (min.-max,) 105 (0-147) 7(0-176P 0.40
Postoperative nutrition -~ n (%)
Breast milk 18(47.4) 136 (46.1)° 0.79
Formula 6(158) 60 (20.3)
Breast milk and formula 14(36.8) 99(33.6)
Timing of postoperative oral nutrition in days 4(1-12) 4(1-49¢ 062
~ Median (min.-max.)
Time to full enteral feeding in days 30 (9-99 23 (3-194) 0.02
~ Median (min.-max.)
Insertion of chest tube - (%)
Intraoperative/preventive 1(26) 10(3.3) 095
Secondary 16 (42.1) 130 (43.5)
Findings of chest tube - n (%)
Serous effusion 9(53.0) 65 (46.8) 1.00
Chylothorax 7@412) 56 (40.3)
Pneumothorax 169 14(10.1)
No findings 0(0.0) 32
Empyema 0(0.0) 10.7)
Duration of chest tube insertion in days 11 (4-39) 7(1-39" 0.02
~ Median (min.-max.)
Duration of antibiotic therapy in days 33 (7-114) 300 (4-174) or
- Median (min.-max.)
Escalation of antibiotic therapy - n (%) 24(632) 169 (57.3f 0.49
time to discharge in days ~ median (min.-max.) 61.5 (7-210) 53 (1-270) 032
Nurmber of re-operations - n (%)
0 36(94.7) 210(70.2) 0.03
1 1(26) 61(20.4) 0.001
" 126) 18(60)
3 0(0.0) 8(2.7)
7 0(0.0) 103
8 0(0.0) 1(03)
>1 2(63) 89(29.8)
timing to 1t re-operation in days 281 (1-561) 156 (12-1972) 061
~ median (min.-max.)
timing to 2nd re-operation in days 392() 468.5 (39-3193) 090
— median (min.-max.)
timing to 3rd re-operation in days - 6915 (185-1942) -

— median (min.-max.)

SBO, small bowel obstruction; non-SBO, no small bowel obstruction; NIV, non-invasive ventiation. Bold values are significant,
42 data missing.
4 data missing.
©4 data missing.
97 data missing.
°5 data missing.
118 data missing.
91 data missing.
"1 data missing.
1 data missing.
/6 data missing.
¥4 data missing.
11 data missing.
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ASBO Non-SBO p-value

n=17 n =299
Follow-up in years — median (min.-max.) 42(04-63) 4.1(1.0-106) 0.86
Sex—n (%)
Male 5(29.4) 127 (42.5) 0.29
Female 12(70.6) 172(57.5)
Birth mode - n (%)
Vaginal 3(17.7) 68 (236 077
Caesarean section 14.(82.3) 220(76.4)
Date of delivery in gw 37+6 38+0 0.82
- Median (min.-max.) (85+0-4145)° (2743 - 4144
Amnion infection syndrome - n (%) 0(0.0) 6(2.0° 1.00
Birth weight in kg ~ median (min.-max.) 29(1.9-39¢ 3.0(1.4-4.6 094
Birth hight in om ~ median (min.-max.) 49.0 (40.0-65.5)9 50,0 (40.0-63.0)" 0.41
Outbom - n (%) 2(118) 48(16.1) 100
Associated structural malformations or 10 (68.8) 140 (46.8) 0.34
syndromes ~n (%)
Urinary and genitel 5(29.4) 47 (15.7) 017
Minor cardiovascular 2(118) 37 (12.4) 1.00
Syndromes 2(118) 14.(4.7) 021
Musculoskeletal 169 21(7.0) 100
Malformation of the kidneys 1(69) 20(6.7) 100
Omphalocele/abdominal hernia 1(69) 3(1.0) 0.20
Major cardiovascular 0(00) 16/(5.4) 1.00
Cerebral 0(000) 13(4.4) 1.00
Hepatobiliary 0(000) 7@3) 1.00
Esophageal atresia/-stenosis 0(00) 2(0.7) 1.00
Trachea-/bronchomalacia 0(00) 3(1.0) 1.00
Antibiotics since delivery - n (%) 17 (100.0) 286 (96.0) 1.00
Use of FETO - n (%) 2(11.8) 22 (7.5 0.63
Use of ECMO - n (%) 9(52.9) 121 (405) 031
Duration of ECMO in days 12 (6-14) 9(4-22) 0.22

~ Median (min.-max.)

ASBO, adhesive small bowsl obstruction; non-SBO, no small bowel obstruction; gw, gestational week; FETO, fetal endoscopic tracheal occlusion; ECMO, extracorporeal
membrane oxygenation.

211 deta missing.

1 data missing.

©11 data missing.

3 data missing.

©1 data missing.

16 data missing.

93 data missing.

h27 data missing.

Icases had more than one associated anomaly.
11 data missing.

5 data missing.
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Birth %y 1y 2y 4y 6y 10y 14y 18y
Chest X-ray X X X . X X - X .
ECG X X X X X X X X X
Cardiac ECHO X X X X X X X X X
MRI - - - ECMO - - X - -
Lowdose CT . . . Non ECMO - - . - X
Pulmonary function - - - - X X X X
Ophthaimology X - X . - . . .
Hearing test X - X - B = . . s
Neurodevelopmental assessment - X X X X X - . -

¥, year; ECG, electrocardiogram; ECHO, echocardiography

IRI, magnetic resonance imaging; CT, computed tomography; ECMO, extracorporeal membrane oxygenation.
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No CLD (n = 91)

Prenatal data
Left-sided defect 92% (84/91)
Liver herniation 38% (34/89)
LHR 2.0(1.1-3.5)
1y, % 41(22.4-94.4)
FETO 0% (0/91)
Demographics and birth

Male sex 59% (54/91)
GA, wesks 38.1(34.9-40.3)
Birth weight, g 3,120 (2,000-4,400)
Apgar score after 5 min 8 (4-10)
Ventilation and additive therapies
Oxygenation index 3.6(1.5-80)
HFOV 15% (14/91)
HFOV on day 1 9% (8/90)

iNO 32% (29/91)
iNO on day 1 27% (24/90)
ECMO 6% (5/91)

Date are expressed as median (interquartile range) or relative frequency (%).

CLD (=117

83% (97/117)
83% (96/115)
1.5(05-3.2)
30.7 (18-65)
3% (4/117)

58% (68/117)
38 (34-40.1)

2,960 (2,050-4,600)

8 (4-10)

17.9 (1.1-83.9)
51% (60/117)
27% (31/115)
92% (109/117)
86% (94/110)
729% (84/117)

p-value

0.454
<0.0001
<0.0001
<0.0001

0.133

0.859

0.155

0.084
<0.0001

<0.0001
<0.0001
0.0011
<0.0001
<0.0001
<0.0001

CLD, chronic lung disease; ECMO, extracorporeal membrane oxygenation; FETO,
fetoscopic endoluminal tracheoscopic occlusion; GA, gestational age; HFOV, high-
frequency oscilltion ventiation; iNO, inhaled nitric oxide; LHR, lung-to-head ratio; rLV,

relative lung volume.
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Prenatal data
Left-sided defect, n (%)
Liver herniation, n (%)
LHR
O/ELHR, %
ny, %
FETO, n (%)
Demographics and birth
Male sex, n (%)
GA, weeks
Birth weight, g
Apgar score after 5 min
CRTA, mm?
Ventilation and additive therapies
oxygenation index
HFOV, n (%)
HFOV on day 1, n (%)
Duration of mechanical ventilation, days
iNO, n (%)
iNO on day 1, n (%)
ECMO, n (%)
Duration of ECMO, days
Surgical
Operated, n (%)
Patch repair, n (%)
Days to full enteral feeding
Outcome
Days of hospitalization
Discharge with oxygen therapy (Fioz >0.21), n (%)
Discharge with HFNC, n (%)
Discharge with home mechanical ventiation, n (%)
CLD, n (%)
Mid, n
Moderate, n
Severe, n
Sunvival to discharge, n (%)

225 (88)
159 (65)
1.60 (05-4.6)
38 (21-89)
335 (9-94.4)
7@

145 (67)
38 (34-40.3)
3,030 (1,420-4,600)
8(0-10)
1,165 (254-3,225)

13.9(1.1-83.9)
104 (41)
63 (25)

19.1(0.1-214)
178 (70)
154 (63)
118 (46)

9(1.1-20.1)

229 (98)
189 (83)
25 (0.1-178)

42 (0.1-391)
1(1)
5
4@

117 (56)
78(75)
17(16)
9(9)
218(84)

Date are expressed as median (interquartile range) or relative frequency (%).
CLD, chronic lung disease; CRTA, chest radiographic thoracic area; ECMO,
extracomoreal membrane oxygenation; FETO, fetoscopic endoluminal tracheoscopic
occlusion; HFOV, high-frequency oscillation ventiation; iNO, inhaled nitric oxide; LHR,
lung-to-head ratio; O/E, observed-to-expected: rLV, relative lung volume.
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Survived (1 =213) Deceased (1=42) p-value

Prenatal data

Left-sided defect 87% (186/213) 93% (39/42) 0.434
Liver herniation 61% (126/208) 87% (33/38) 0.002
LHR 1.7 (0.5-4.6) 1.4(0.9-3.2) 0.002
iy, % 35(18-94.4) 24.2(9-50) <0.0001
FETO 1% (3/212) 10% (4/42) 0.016
Demographics and birth

Male sex 58% (124/213) 50% (21/42) 0326
GA, wesks 38(34-40.9) 38 (34-39.6) 0.119
Birth weight, g 3,100 (2,000-4,600) 2,855 (1,420-3500)  0.004
Apgar score after 5 min 8(4-10) 700-9) <0.0001
Ventilation and additive therapies

Oxygenation index 9.4(1.1-83.3) 24.4(4.1-545)  <0.0001
HFOV 33% (70/213) 81% (34/42) <0.0001
HFOV on day 1 19% (39/210) 60% (24/40) <0.0001
iNO 65% (138/213) 95% (40742) <0.0001
iNO on day 1 58% (119/205) 90% (35/39) 0.0002
ECMO 39% (84/213) 81% (34/42) <0.0001

Date are expressed as median (interquartile range) or relative frequency (%).

ECMO, - extracorporeal membrane oxygenation; FETO, fetoscopic endoluminal
tracheoscopic occlusion; GA, gestational age; HFOV, high-frequency oscilation
ventilation; iNO, inhaled nitric oxide; LHR, lung-to-head ratio; LV, relative lung volume.
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No ECMO (n = 137)

Prenatal data
Left-sided defect 95% (130/137)
Liver herniation 43% (66/131)
LHR 19(1.1-4.6)
iy, % 38.3 (20-94.4)
FETO 1% (1/136)
Demographics and birth

Male sex 55% (75/137)
GA, weeks 38.1(34.7-40.3)
Birth weight, g 3,100 (1,420-4,375)
Apgar score after 5 min 8(0-10)
Ventilation and additive therapies
Oxygenation index 5.4 (1.5-83.3)
HFOV 18% (25/137)
HFOV on day 1 11% (15/135)
iNO 44% (60/137)
iNO on day 1 38% (60/137)

Date are expressed as median (interquartie range) or relative frequency (%).
ECMO,  extracorporeal membrane  oxygenation; FETO,

ECMO (n = 118)

81% (95/118)
90% (103/116)
1.4(05-3.2)
28,6 (0-84.1)
5% (6/118)

59% (70/118)
38 (34-39.9)

2,960 (1,800-4,600)

8(4-10)

21.6 (1.1-83.3)
67% (79/118)
42% (48/115)

100% (118/118)

100% (118/118)

p-value

0.0004
<0.0001
<0.0001
<0.0001

0.052

0.462
0.1
0.502
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

fetoscopic ~ endoluminal

tracheoscopic occlusion; GA, gestational age; HFOV, high-frequency oscillation
ventilation; iNO, inhaled nitric oxide; LHR, lung-to-head ratio; rLV, relative lung volume.
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Defect Syndrome (1)
size ()
NR(1=41)  Microdeletion

Microduplication

Microdeletion

Microduplication
Comelia de lange
Microduplication

Microduplication
Microduplication

Microdeletion

Trisomy 9
Mosaic MYRF gene

Pallister Kilian syndrome
Microduplication

Microdeletion
Microdeletion

Patau syndrome

Isochromosome 14q
Microduplication
Microdeletion

Edward's syndrome
Down syndrome
Cat eye syndrome

XY reversal®

2

Death

NR

NR

NR
NR

NR

1
N

T(1),NR (@)
D

T
T

T(,D(),
NR (1)

N

NR

D

TE,I(N
(2D (3, NR
©

NR

T

D)

Chromosome

3p26.3-p25.3

11028.3-25

5p15
12p13.3

5p13.2

7q11.23

8p23
9p24.3-p13.1

9431.1681.2

9
1q12.2

12p10
120243

1312
13021.31982.3

13

1410
15
15626

18

21

22q11.1q11.21

XY

Type

Loss

Gain

Loss
Gain

Missense

Gain

Gain
Gain

Loss

Aneuploidy
Splicing

Gain
Gain

Loss
Loss

Aneuploidy

Gain

Loss

Aneuploidy

Aneuploidy

Gain

?

Inheritance

de novo

de novo

de novo
de novo

de novo

de novo

ut
de novo

de novo

de novo
de novo

de novo
ut

de novo
de novo

de novo

de novo
ut
de novo

de novo

de novo

de novo

de novo

Zygosity

het

het

het
het

het

het

het
het

het

het
het

het
het

het
het

het

het
het
het

het

het

het

het

Genetic change

arhg18] 3p26.3-p25.3 (0-9398383)
x1

arhg18] 11628.3-625
(16192632-134452384) x3
arhg19] 5p15 (0-37,299,510) x1,
arhg19] 12p13.31
(9,909,002-10,021,222) x 3
NM_1334333 (VIPBL): ¢.3574G>A;
p. (Glu1192Lys)

anlhg18] 7q11.23
(72,701,018-74,143,000)

46, XY, der (8)t (38) (023; p23.1)
arhg18] 9p24.3p13.1
(0-39,155,853) x4,
arfhg18)9p13.1p11.2
(39,155,853-46,468,856) x3
arhg19] 963116312
(105,034,238-111,044,983) x1

47, XX, +9(20)/46, XX (4)
NM_001127392.2 (MYRF):
©.46+2T>Clr.spl?)

47, XWXY, i (12) (p10)

46, XY, der (12) t (11,12) (q23.3;
G24.3)

46, XY, del (13) (a12?) (8)/46, XY (35)
anfhg191321.31032.3
(64,535,372-98,354,979) x1

47, XX +13

46, %X, 1 (14) (a10) (3/46, XX (22)
46, XX, der (15) t (2;15)

48, XY, 1 (1;14) (p22; q13), inv (6)
(p25622), del (15) (G26)
47 XX/ XY 418

47, X¢ +21

arr [hg19) 22q11.1q11.21
(14,449,498-17,017,139) x4
?

Genetic tests included karyotyping, SNP array or Whole exome sequencing. AR, Autosomal recessive; XLR, X-linked recessive; CH, compound heterozygote; n, number of patients; ut,

unbalanced translocation.
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Defect Syndrome (1) n  Death Chromosome  Type Inheritance ~ Zygosity ~ Genetic change
size ()

A(=10)  WolfHirschshorn 1 NR 4p156.3 Loss de novo het 46, XY FISH: ish del (4) (p16.3p16.3)
Syndrome (D4596-)
Louys-Dietz 1NR 14q24 Frameshift  AD het NM_003239.4 (TGFB3): ¢.232del.G, p.
syndrome V (Glu78fs)
Marfan syndrome 1 NR 15q21.1 Frameshift ~ AD het NM_000138.5 (FBN7):c1301_1302dkl, p.
(Tyr434Seris™17)
Microdeletion 1NR 16p133 Loss de novo het 46, XY arrfng18) 16p13.3
(154,014-174,381) x1
Ateral tortuosity 1 NR 20413 Missense AR hom NM_030777.4 (SLC2A10): 6127 6G>T, p.
syndrome (Gly426Trp)
Down syndrome 4 D@LNRE) 21 Aneuploidy  de novo het 47,/ 47, XY + 21
Down syndrome 1 NR 21 Aneuploidy  ut het 46, XY, 1(15;21) (p12; p12)
B(n=4)  Mirodupication 1NR 4p15.2p14 Gain de novo het arr [hg18] 4p15.2p14
(224,500,018-38,700,366) x3
Sotos syndrome 1NR 5q36.2 Missense  de novo het NM_022455.5 (NSD1): ¢.5685C>G, p.
(Cys1895Tyrp)
Microduplication 1NR 731.33-363  Gain de novo het anhg19]7631.33936.3

(125839750_159124173)
x3[0.2)/an(hg19]7431.33¢36.3
(125839750_159124173) x4[0.1]

Microdeletion 1D 8p23.1 Loss de novo het anfhg18) 8p23.1 (8,139,051-12,619,015)
x1
Ch=5) Fraser syndrome 1 NR 9p22.3 Splicing de novo het NM_144966.7 (FREM1): ¢.5334 + 1G > A
(tspi?)
Microdeletion 9p22.3 Loss Inherited het arr[hg18] 9p22.3 (14,871,409-14,938,830)
x1
Prader Will 1 NR 1511 Gain de novo het anfhg18]15q11.2q13.1
(20,319,702-26,143,385) x3
Microdeletion 1 NR 17q12 Loss de novo het anfhgl9) 1712 (34815551_36249430) x1
Congental 1 NR Xp11.23 Loss de novo het NM_001042498 (SLC35A2): ¢.753delG,
disorder of p.(p251fs)
glycosylation
XY reversal 1D XY ? de novo ? =
D(=2)  Mirodeletion 1N 15026 Loss de novo het anfhg18) chr15:80,689,404-82,938,351 x
1and
17p12 het anfhg18) chr17:14049619-15497020 x1
Microdeletion 1D 22q112 Gain ut het 47, XY, +der (22) 1 (11;22) (423.3; q11.2)
mat

Genetic tests included karyotyping, SNP array or Whole exome sequencing. AR, Autosomal recessive; XLR, X-linked recessive; CH, compound heterozygote; n, number of patients; ut,
unbalanced translocation.
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Diagnosis of CDH
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Clinical disorders with autosomal dominant inheritance pattern

Gene Phenotype ~ Chromosome ~CS* CDH¥ Key clinical features Authors
(MIM number)  MIM number reporting on
CDH and/or CS

Apert syndrome FGFR2 101200 10026.13 Key feature, Rare ~ Symmetric syndactyly of hands and feet Kaur 2019
(176943) multisutural, (sixcases of CDHand  — Midface hypoplasia Dap 2019
progressive one case of diaphragm Kosinski 2016
agenesis) Sobaih 2015
Bulfamante
2011
Walls-Crespo
2004
Witters 2000
Kabuki syndrome ~ KMT2D 147920 12q13.12 Occasional Relatively common ~ Characteristic facial features: long palpebral fissures, Scott 2021
(focusontype 1) (60211) everted lower eyelids, ptosis, arched eyebrows, blue Topa 2017
sclera, cupped ears, micrognathia Martinez-Lopez
~ Short stature, microcephaly 2010
~ Intellectual disability (mild to moderate) David 2004
~ High/cleft palate and dental anomalies Genevidve 2004
~ Brachydactyly, cinodactyly, persistent fetal pads Van Haelst 2000

- Cardiac anomalies

CEBALID™ MN1 618774 22q12.1 Reported in three Reported in two ~ Characteristic facial features: midface hypoplasia, Mak 2020
syndrome (156100) patients out of 25 patients out of 25 downslanting palpebral fissures, hypertelorism,
(MN1 C-terminal identified patients identified patients exophthalmia, low-set ears, a short upturned nose
truncation identified to date identified to date ~ Intellectual disabilty, hypotonia, delay in motor
syndrome) development
- Hearing loss

- Structural brain anomalies

Chromosome . 145410; 22q112 Rare feature Rare feature ~ Highly variable phenotype (ranging from minor abnormities  Unolt 2020,
2211.2 deletion 188400; (may include CDC45 to major structural defects) 2017
syndrome 192430; pathogenic variant in ~ Cardiovascular anormalies McDonal-
600594; remaining allele ~ Cleft palate McGinn
601279; ~ Cognitive impairment 2005
601755; ~ Short stature
602054; ~ Characteristic facial features: hypoplastic nasal alae, wide
609030 nasal bridge, short palpebral fissures,
low-set, small ears
~ Nasal speech
SPECCIL-related  SPECCIL 145410 22q11.23 Occasional Occasional occurrence  — Characteristic facial features: hypertelorism, a wide, short ~ Wild 2020
syndromes (614140) 145420 nose, ptosis and retrognathia Bhoj 2019
600251 ~ Cleft lip/palate Kruszka 2015
~ Clinical features include branchial fistulas, omphalocele, Robin 1995
genitourinary anomalies
7q11.23 - 600757 7q11.23 Rare Rare ~ Variable expression, with incomplete penetrance Morris 2015
Duplication ~ Characteristic facial features: prominent forehead, Van der Aa 2009
syndrome hypertelorism, high and broad nose, straight eyebrows, Torniero 2008
and thin lips Kriek 2006
~ Cognitive impairment and intellectual disability
~ Epilepsy
X-Linked
Craniofrontonasal  EFNB1 304110 Xqt3.1 Common feature, often  Relatively common/ ~ More severe phenotype in females Hogue 2010
syndrome (XLD) (800035) either uniateral or occasional ~ Characteristic facial features: hypertelorism, craniofacial Kawamoto 2007
bilateral coronal CS ‘asymmetry, webbed neck, bifid tip of the nose, a broad Vasudevan 2006
nasal bridge Twigg 2004 &
~ Cinodactyly of = 1 digit 2006
~ Longitudinal splitling/ricging of nails. Brooks 2002
McGaughran
2002
Hurst 1988
Morris 1987
Comeliade Lange  NIPBL 122470 5p13.2 Described for NIPBL Key feature ~ Characteristic facial features: thick, arched eyebrows or Desai 2021
syndrome (608667, AD) 300590 Xpi122 variant; and for SMCA1 synophrys, long/smooth philtrum, short nose, thin upper ~ Xu 2018
SMC1A vermilion Gupta 2020
(300040, ~ Limb defects
XLD) ~ Intellectual disabity
~ Growth retardation
- Hirsutism
Simpson-Golabi-  GPC3 312870 Xq26.2 3 case reports Occasional ~ Characteristic facial features: hypertelorism, downslanting  Schirwani 2019
Behmel syndrome,  (300087) palpebral fissures Villarreal 2013
Type 1 ~ Cleft palate/lp. 112009
XLR) ~ Overgrowth and macrocephaly

- Intellectual disabiity
~ Cardiac anomalies
~ Renal abnormality
~ Brachy-, syn-, and polydactyly

This table presents an overview of clinical disorders in which both craniosynostosis and congenital diaphragmatic hernia have been reported more than once. "CS, craniosynostosis; *CDH, congenital diaphragmatic hernia; ™ CEBALID,
craniofacial defects, dysmorphic ears, structural brain abnormalities, expressive language delay, and impaired intellectual development; XLD, X-linked dominant; XLR, X-linked recessive.
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Gene Phenotype  Chromosome
(MIM number)  MIM number

Saethre -Chotzen TWIST1 101400 7p21.1
(601622)

Chromosome 9p - 158170 %
deletion syndrome

15624 deletion . 613406 15G24.2
syndrome
DPF2-related DPF2 618027 11q12.4
Coffin-Siis (601671)
syndrome
: DSC2 :
(125645)
Loeys-Dietz TGFBR1 609192 942233
syndrome (190181) 610168 3p24.1
TGFBR2
(190182)

Gain of functionof  RARB
RARB

*CS, craniosynostosis; ¥ CDH, congenital diaphragmatic hernia.

cs*

Key feature, often
bicoronal CS

Key feature: metopic
cs

1 case report

At least two out of @
total of 10 reported
patients

(one patient was stated
to have trigonocephaly
but no x-ray was
performed) b

One report of a patient

with multisutural CS
and COH

Multiple cases reported

One report of a patient
with CS

CDH#

One case, undlear if
co-occurrence of CDH
is coincidental. Mouse
models suggest a
possible role for
TWIST! in
development of the
diaphragm

One case described for
9p deletion syndrome

Four reports

One patient described
outof a total of 10
reported patients.

One report of a patient
with muttisutural CS
and CDH

One report

Multiple patients with
diaphragmatic hernia

Key clinical features

~ Characteristic facial features: ptosis, downward slanting
palpebral fissure, depressed nasal bridge, facial asymmetry

~ Small ears with prominent crus

~ Syndactyly of hand and feet

~ Characteristic facial features: hypotelorism, upsianting
palpebral fissures, low-set ears, malformed ears, long
phitrum

~ Moderate to severe intellectual disability

~ Characteristic facial features: high forehead, facial
asymmetry, downslanting of eyes, hypertelorism, and
long smooth philtrum, ear malformations

~ Intellectual disabiity

~ Genitourinary anomalies

- Cardiovascular malformations

~ Cognitive impairment, intellectual disabilty, and behavioral
problems

- Feeding problems and hypotonia

- Hearing loss

~ Brachydactyly, clinodactyly, hypoplastic nas

~ Coarse facial features

Isolated case: presented with left atrial isomerism, transposed
systemic and pulmonary veins, intestinal malrotation, bilateral
inguinal hernia, hydronephrosis and nephrolithiasis in addition
toCDHand CS

~ Aortic and arterial aneurysms

~ Characterstic facial features: hypertelorism, downslant of
the eyes

~ Cleft palate, bifid uvula

~ Pectus anomalies

~ Arachnodactyly

Thirteen cases have been reported in total. Clinical features
include microphthalmia and anophthalmia, sclerocornea, and
coloboma, as well as cardiac anomalies, and malrotation of
the bowel

Authors
reporting on
CDH and/or €S

Piard 2012

AIfi 1973

Ng 2011
Van Esch 2009
Sharp 2007
Bettelheim 1998

Knapp 2019
Vasileiou 2018

Das 2019

Lobaton 2021
Loeys 2005

Srour 2016
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Abdominal  No abdominal wall P-value

wall patch patch nonR
(n =55 (n=27)
I-CDH, n (%) 47*(86) 215 (79) 026
r-CDH, n (%) 7(13) 55(2)
Liver-up in 1-CDH, n (%) 42 (89) 114.(63) <0.001
Stomach-up in I-CDH, n (%) 46 (98) 160 (74) <0.001
FETO, n (%) 6(11) 18.(7) 026
ECMO, n (%) 43(78) 88(32) <0.001
Primary repair, n (%) 1@ 67 (26) <0.001
Cone-shaped patch, n (%) 54(98) 204 (75)
Defect size (30, (%) A 00 4 031
(since 2008, 140 pat) B 3@ 33 (34) <0.001
c 29(66) 55 (57) 036
D 127 4 <0.001

Significant p-values are given as bold values.
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Male, n (%)
Female, n (%)

I-CDH, n (%)

+-CDH, n (%)

Liver-up in 1-CDH, 11 (%)
Stomach-up in -CDH, n (%)
FETO, n (%)

ECMO, n (%)

Primery repair, n (%)
Cone-shaped patch, n (%)
Abdorminal wall patch, n (%)

Defect size (30), n (%)
(since 2008, 140 pat. with
follow-up, 16 pat. without
follow-up)

o0 m>

With
follow-up
(n=326)

191 (59)
135 (41)
262 (82)
62(17)
156 (60)
206 (79)
24(7)
131 (40)
68 (21)
261(77)
55(17)
4@
36(26)
84(60)
16(11)

Without
follow-up
(n=37)

19 (51)
18 (49)
30(81)
7(19)
17(57)
28(77)
2(5)
13(35)
12(32)
25 (68)
2(5)
2(12)
3(19
10(69)
16)

P-value

0.48

1.0
1.0
1.0
06
0.15

0.09

0.12

0.76
1.0
1.0
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“True” Hiatal hernia  Co-occurrence

recurence (=8 (=6
(n=24)

1-CDH, n (%) 23(96) 8(100) 6(100)
r-CDH, n (%) 1(4) 0 0
Liver-up in I-CDH, n (%) 20 (87) 5(63) 4(67)
Stomach-up in -CDH, n (%) 20(87) 8(100) 6(100)
ECMO, n (%) 14(58) 0 5(83)
Primary repair, n (%) 3(12) 2(25) 107
Cone-shaped patch, n (%) 21(88) 6(75) 5(83)
Abdominal wall patch, n (%) 11 (46) 1(12) 3(50)
Symptoms 14.(58) 2(25) 6(100)

Surgical repair 24.(100) 4(50) 6(100)
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Follow-up visit

1 year
2years
4years
6 years
10 years

218
219
129
97
24

nonR patients
‘GA: median 37+5
(min. 27+0, max. 42+0)

Median weight ~ Range (min-max)
inkg inkg
79 4.4-125
108 64-155
14 87-20
18 12.8-26
26.25 19.1-418

23
23
14

R patients
‘GA: median 37+3
(min. 32+1, max. 40+2)

Median weight  Range (min-max)  Weight below median of nonR
inkg inkg patients n (%)
73 4.83-10 15 (65.2)
10 58-13.4 16 (69.6)
13.1 82-19 9(64.9)
155 10.6-18 6(85.7)
283 23.8-32 1(25)
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Meale, n (%)
Female, n (%)

1-CDH, n (%)

+-CDH, n (%)

Liver-up in I-CDH, n (%)
Stomach-up in -CDH, n (%)
FETO, n (%)

ECMO, n (%)

Primary repair, n (%)
Cone-shaped patch, 1 (%)
Abdominal wall patch, n (%)

Defect size (30), n (%)
(since 2008, 140 pat.)

A
B
C
D

R
(n=38)

26 (68)
12(32)
37(97)
10
29(78)
34(92)
5(13)
19 (50)
6(16)
32(84)
15 (40)
0
1(6)
11(61)
6(33)

Significant p-values are given as bold values.

nonR
(n =295)

170 (68)
125 (42)
232 (79)
61 (21)
130 (56)
178(77)
21(7)
114 (39)
64(22)
224 (76)
41(14)
4@
35(28)
73(58)
13(10)

P-value

0.22

<0.004

0.01
0.049
02
0.22
053

<0.001
1.0
0.04
10
0.02
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