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Abstract

Congenital Diaphragmatic Hernia (CDH) is a rare congenital anomaly
characterized by a defect in the diaphragm, which permits abdominal organs
to herniate into the thorax. This causes lung hypoplasia and at birth, children
with CDH experience respiratory distress and pulmonary hypertension. Despite
optimal neonatal treatment, CDH is still associated with a high mortality and
morbidity. In severe cases, Fetal Intervention (FETO) may alter the natural
course of this disease. Herein we describe the rationale, action mechanism and
technique to perform this intervention. Despite hope giving results, this technique
remains investigational for left sided CDH. However, an increased survival may
come at the cost of increased morbidity. Children born with CDH are at increased
risk for long and short-term morbidity, including neurodevelopmental problems.
Until now, there are still uncertainties about the severity and prevalence of
neurologic morbidity. Furthermore, it remains uncertain if these problems are
already present prenatally and if a prenatal intervention influence this.
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Abbreviations

CDH: Congenital Diaphragmatic Hernia; FETO: Fetoscopic
Endoluminal Tracheal Occlusion; TOTAL Trial: Tracheal Occlusion
to Accelerate Lung Growth Trial; o/e LHR: Observed-to-Expected
LHR; ECMO: Extracorporeal Membrane Oxygenation; CL:
Confidence Interval

Introduction

Congenital Diaphragmatic Hernia (CDH) is a rare congenital
anomaly affecting approximately 3/10.000 pregnancies [1]. In this
condition, there is a defect in the diaphragm that is either left-sided
(85%), right-sided (13%); rarely it is bilateral (2%) or other rare
forms. The hole in the diaphragm, permits abdominal organs to
herniate into the thorax and interfere with normal lung development.
This causes pulmonary hypoplasia, characterized by fewer and less
developed airway branches and pulmonary vessels. Clinically at birth,
CDH babies experience respiratory insufficiency and or pulmonary
hypertension. In current screening programs, around 70% of cases
are diagnosed prenatally. Despite optimal treatment, only 71% of
prenatally and 83% of postnatally diagnosed cases will survive [2].
Survivors often suffer from short and long-term complications
including chronic lung disease, transient or persistent pulmonary
hypertension, gastro-oesophageal reflux, thoracic deformities,
neurodevelopmental and behavioural problems and hearing loss [3-
9].

Prenatal diagnosis is typically made on mid-gestational screening
ultrasound. Once foetuses are diagnosed with CDH, advanced
imaging is needed to identify the side of the defect, measure the
lung size and to exclude additional malformations. Genetic testing
(preferentially micro-arrays) is mandatory and syndromic cases may
need to be ruled out. Accurate measurement of the lung is needed to

predict survival, neonatal morbidity and to select foetuses that might
benefit from a prenatal intervention [10-12]. On ultrasound, the
contralateral lung can be measured accurately in the four-chamber
view, either by measuring the longest axis but best by measuring
the contour of the lung [10]. The measurement of the lung area is
then divided by the head circumference to calculate the Lung-to-
Head Ratio (LHR). Because the LHR is dependent on the gestational
age, measurements in the index case are compared to the LHR of a
normal foetus of the same gestational age, allowing calculation of the
Observed-to-Expected LHR (o/e LHR) (www.totaltrial.eu) [13]. Next
to measurements of the lung, the position of the liver is described as
“up” or “down” and the position of the stomach is graded (grade 1-4)
as illustrated at Figure 1 and 2 [14-16]. Based on either increasing
survival rates, CDH can then be categorized as sever, moderate or
mild, each corresponding with a given range in o/e LHR and liver
position. Fetal MRI can be used to rule out additional malformations
and to calculate the Total Lung Volume (TFLV), which can also be
expressed as a function of what is expected in a normal fetus of either
the same gestation, or body-volume. MRI can also be used to measure
the degree of liver in the chest [17-19]. The advantage of MRI is that
it is less influenced by maternal habitus, amniotic fluid quantity and
it allows measurement of both lungs.

Patients should be referred to deliver in a high-volume center
because that has been demonstrated to increase neonatal survival
[20]. The route of delivery does not influence survival chances but
it is best planned at term (37-40 weeks). After birth, newborns are
immediately cared for by experienced neonatologist who will assess
if intubation with ventilation and sedation are necessary. Evaluation
of pulmonary hypertension and cardiac function will be performed
and treatment initiated if necessary. Treatment of pulmonary
hypertension can be difficult and persistent pulmonary hypertension
is associated with a high mortality [21]. Surgical correction of the
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Figure 1: Patient stratification and corresponding survival rates based on
prenatal ultrasound measurements: expected lung-to-head ratio (o/e LHR)
and liver herniation for both left-sided and right-sided congenital diaphragmatic
hernia (CDH). Adapted from Russo et al. and Cordier et al. [14,15].

defect is not an emergency and should be performed after stabilization
of the neonate. Repair can be performed by laparotomy/laparoscopy
or by thoracotomy/thoracoscopy. During surgery, abdominal
organs will be repositioned from the thorax into the abdomen and
the diaphragmatic defect will be closed primarily or with a patch
depending on the size of the defect.

Fetal Intervention

Because of its poor outcome, there has been much interest in
a prenatal therapy. Originally Harrison et al. considered primary
in utero repair of the defect. However, a randomized trial failed to
demonstrate a clear benefit [22]. Observations of hyperplastic lungs
in fetuses with Congenital High Airway Obstruction Syndrome

Table 1: Neurodevelopmental delay rate of impairment in isolated congenital
diaphragmatic hernia.

Neurological Domain Rate of Impairment Conflder(lct::s Interval
Overall developmental 16% 3-35%
problems
Motor function problems 13% 2-30%
Abnormal Cognition 5% 0-20%
Hearing abnormalities 3% 1-7%

(CHAOS) led to the concept that fetal Tracheal Occlusion (TO) may
reverse experimental pulmonary hypoplasia [23,24]. In experimental
conditions sustained TO markedly reduce the number of type II
pneumocytes hence surfactant expression. This can be prevented
by in utero release of the TO (typically referred to as “plug-unplug
sequence”) [25]. Occlusion is currently clinically achieved by
introducing a balloon in the trachea, which can also be punctured
prenatally. This procedure is referred to as FETO (Fetoscopic
Endoluminal Tracheal Occlusion). An initial trial demonstrated
an increased survival in both left and right sided severe cases [26].
Similar results were reported by others, but eventually the benefit of
fetal surgery was investigated in a large randomized controlled trial
in left sided CDH fetuses (Tracheal Occlusion to Accelerate Lung
growth-trial, or TOTAL trial). The results of this trial remain awaited.
We recently reported on significant higher survival rates in fetuses
with RCDH. Today, therefore we offer FETO clinically in severe cases
with RCDH, and we will define our strategy in left-sided cases based
on the outcome of the TOTAL trial [27,28].

Technique

Balloon insertion or plug

To prevent caval compression, the patient is positioned dorsal
supine in lateral tilt. FETO is a minimally invasive; ultrasound guided
fetoscopic procedure, which can be done under local anesthesia.
Maternal conscious sedation can be used as well. A combination
of fentanyl, curare and atropine are administered to the fetus for
analgesia, immobilization and the prevention of bradycardia. The
fetoscope (1.3mm, Karl Storz) is housed within a curved 3.3mm
sheath (Karl Storz), with three ports, which allow insertion of
instruments (balloon on microcatheter, adjustable puncture needle
or forceps) and irrigation Figure 3A and 3B). Accurate placement
of the trocar is needed to avoid the placenta and to ensure that the
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Figure 2: Stomach position grading for left-sided CDH. Adapted from Russo et al. and Cordier et al. [14,15].

Grade 3

Grade 1 24% of cases

Grade 2 37% of cases
| Grade3 27% of cases

| Grade 4 12% of cases

Grade 4
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Figure 3: A-Fetoscope, fetoscopic forceps, and stylet, courtesy of KARL STORZ Endoscope, Tuttlingen, Germany. B-Fetal endoscopic tracheal occlusion (FETO):
a schematic drawing showing access to uterus and the fetal trachea. °®UZ Leuven, UZ Leuven, Belgium, drawing Myrthe Boymans.

fetoscope can enter at the level of the tip of the fetal nose, and easily
directed towards the fetal mouth and pharynx. By following the
different landmarks (fetal lips, tongue, raphe of the palatum, uvula
and the epiglottis), the fetoscope is advanced into the trachea until
the carina is visualized (Figure 4). A detachable balloon (Goldbal2,
Balt, Montmorency, France) which was originally designed for
endovascular occlusion, is placed between the carina and the vocal
cord, using a delivery catheter (Baltacci-BDPE-100 0.9mm; Balt) and
filled with 0.6mL saline. When inflated, the balloon measures 7x20
mm. Typically, this procedure takes 10 minutes. In the randomized
clinical “TOTAL trial”, balloon insertion was between 27 and 29
gestational weeks in severe cases, in moderate cases this was between
30 and 32 weeks. The inflated can be visualized using ultrasound,
where it appears as a hypoechoic fluid filled structure in between the
neck vessels, which can be visualized using colour Doppler flow [29].
Postoperatively patients are followed weekly by ultrasound to assess
the fetal condition, measure lung response, screen for complications
(such as polyhydramnios and chorioamniotic membrane separation)
and exclude spontaneous deflation.

Balloon removal or unplug

Ideally, the balloon is removed at 34 weeks, for several reasons.
First, release induces lung maturation; second, it makes vaginal birth
possible and it enables patients to travel back to a tertiary center
where she typically delivers. Prenatal removal also increases survival
rate [30]. When the patient ruptures here membranes prior to 34
weeks, and there be threatening premature birth, the balloon may
need to be removed earlier.

In the balloon can be removed fetoscopically, by percutaneous
ultrasound guided puncture of the balloon, or, if impossible, also
during caesarean section, when the baby is still on placental circulation.
The choice of removal technique is dependent on operator preference,
accessibility of the fetal mouth and neck and, or the fetal or maternal
condition. The technique for removal does not influence the mean
gestational age at delivery [31]. When balloon removal needs to be
done in an emergency by an unprepared team, not familiar with the
procedure, there is one in three risk for iatrogenic fetal death [32].

Outcomes of FETO

Initial results demonstrated that, when compared to historical
data, survival in severe cases increased from 24% to 49% [32]. In
right sided cases, it was demonstrated that survival increased from
15% to 41% in severe (o/e LHR <55%) [33]. A 2016 systematic review

Figure 4: Fetoscopic pathway within FETO from A to J.A: Tip of the nose. B)
Philtrum; C) Tongue; D) The raphe of the palate. E) Uvula; F) Epiglottis; G)
Vocal cords; H) Inwards bulging pars membrane. Itracheal rings. J-carina.
©UZ Leuven, UZ Leuven, Belgium.

including 5 studies suggest increased survival after FETO (OR 13.32
(5.40-32.87)) at the expense of an increased risk for prematurity [34].
Because of lack of randomized data, the TOTAL trial was set up in
2010, and concluded in 2020; its results are eagerly awaited. In that
trial, also moderate cases (o/eLHR 25-34.9% or o/eLHR 35-44.9 %
with liver ‘up’) were included, and balloon insertion was at a later
gestational age (30-32 weeks).
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Serious adverse fetal effects are rare. A barking cough and
tracheomegaly have been described but reportedly, they disappear
over time [35-37]. The most frequent complication remains preterm
birth. Median delivery is at 35.3 weeks and 30% delivers before
34weeks. This is typically associated with membrane rupture. In a
systematic review and meta-analysis of fetal surgery series, severe
maternal complications (such as placental abruption) were seen in
1.08% of FETO cases [38]. Minor complications occurred in 2.39%,
these include bleeding during the procedure, the need for maternal
blood transfusion, chorioamnionitis, wound infection or mild
pulmonary edema.

Future Research

CDH remains linked with a high mortality and in survivors, long-
term morbidity. For parents expecting a child with CDH, the impact
of long-term morbidity will play a significant role when choices
have to be made on prenatal treatment or termination of pregnancy.
Morbidity in CDH survivors can become evident early as well as later
on in life, in many different domains. At present, there are no studies
enable prenatal prediction of these. Chronic lung disease, (transient)
pulmonary hypertension, gastro-oesofageal reflux, failure to thrive
and thoracic deformities are frequent in CDH survivors. Children
with CDH may be at increased risk for neurologic morbidity such as
neurodevelopmental delay, hearing loss and behavioural problems.
Several studies found cognitive and motor problems in children with
CDH to be prevalent in 16-80% [21,39-46]. The risk for neurologic
complications has been correlated to certain postnatal events, such
as the use of Extracorporeal Membrane Oxygenation (ECMO),
perioperative hypoxic brain injury and long stay in the neonatal
intensive care unit [41,47-49]. The use of anesthesia for neonatal repair
may also impair to impair normal brain development, as suggested
in preclinical studies [50-52]. However, whether brain development
in CDH children is altered as a consequence of postnatal events and
its complications, or if they are part of the condition and already
present before birth, remains to be elucidated. There is some recent
evidence that changes may already be present prenatally. On prenatal
ultrasound, peak systolic velocity of the middle cerebral artery has
been found to be lower in children with CDH [53]. In another report,
the pulsatility index of the middle cerebral artery was lower in CDH
fetuses coinciding with reduced left cardiac output [54]. Also, in a
large cohort of CDH foetuses, transcerebellar diameters were smaller
in CDH foetuses, compared to normal towards the end of pregnancy,
and this was correlated to the severity of the disease. Prenatal MRI
demonstrated the presence of an enlarged extra axial space in up to
50% of CDH foetuses, though the relevance of it is unknown [55].
To our knowledge there are no studies looking into cortical folding,
gyration patterns or volumetric assessment of both the brain and
fluid, have been performed.

Postnatal data are scarce and very often outcomes of isolated
and non-isolated cases are mixed, neither is there information
on severity of hypoplasia. Structural as well as genetic associated
problems are independent determinants of outcome, including
neurocognitive function [56-62]. In non-isolated cases, the relative
risk for developmental problems was found to be 2.35 (CI 1.33-4.14),
which was also found by Tureczek et al. in their study [63,64]. Similar
findings were observed for motor, cognitive and hearing problems
[65-67]. The risk for autism would be nine times higher in non-

isolated cases [68].

We recently performed a systematic review, and demonstrated
that in isolated CDH there were overall development problems in 16%
of children, mainly due to motor function problems (13%; CI: 2-30%).
Cognition was abnormal in 5% (CI: 0-20%) which is comparable to
that in the normal population [69-71]. Hearing abnormalities were
detected in 3% (CI: 1-7%) (Table 1). An important limitation of that
review and meta-analysis was that these conclusions are based on
very few studies and a limited number of patients. There were only
four studies on general development and cognition with less than 100
patients. Motor evaluation was reported in 7 studies including 168
patients. The data on hearing loss were reported in two studies. This
demonstrates that more data is needed on the neurologic outcome
of children born with CDH, preferentially severity related, and that
follow-up of CDH children would benefit from a standardized core
outcome set.

Lastly, there is a lack of data on the outcome of children treated
prenatally. In one study, comparing foetuses treated prenatally with
FETO to foetuses treated postnatally [4], no differences were found.
That study however included only 9 (expectant) and 7 (FETO)
patients. Based on the limited outcome data in fetuses with isolated
CDH, there may be an increased risk for neurologic morbidity. Also,
prenatal imaging studies may demonstrate whether that problem
already originates in utero. There is clearly room for new prospective
studies, which may also take the severity of the condition into account,
as well as fetal treatment.

Conclusion

Congenital Diaphragmatic Hernia (CDH) is a rare congenital
anomaly with high risk for mortality and morbidity. Because of poor
postnatal outcome in cases with severe pulmonary hypoplasia, a
Fetal Intervention (FETO) that may alter the natural course of the
disease was introduced. Clinical trials have now been concluded and
demonstrate benefit for severeleft and right sided CDH. Children born
with CDH are at increased risk for long and short-term morbidity
in multiple domains, including neurodevelopmental problems. It
remains uncertain if these problems are already present prenatally
and if a prenatal intervention can change the natural course. Further
research should be aimed at clarifying this.
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