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Abstract

Purpose: To introduce a new method of minimally invasive repair
of Congenital diaphragmatic hernia intrapartum(CDH). Methods:

We present five CDH cases diagnosed prenatally. Each patient was
evaluated by a multidisciplinary team and received thoracoscopic
defect repair on placental support. The neonates were transferred
to NICU for further treatment, and all cases were under follow-up.
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Results: The patients enrolled were mild to moderate, with tho-
racic herniation of the liver occurring in one case. All five cases were
repaired on placenta support. Maternal morbidity was reported in
one case for acute pulmonary embolism (case 2), but no recorded
case of maternal mortality. Postoperative neonatal death occurred
in two cases (case 2,3), the remaining three neonates are under
follow-up with a good prognosis. Conclusion: The intrapartum
thoracoscopic repair is feasible and safe for selected CDH cases.

1 Introduction

Congenital diaphragmatic hernia(CDH)is a congenital anomaly in which fetal
abdominal organs herniate into the thoracic cavity during embryonic devel-
opment. The resulting fetal lung hypoplasia and pulmonary hypertension are
the main factors contributing to the poor prognosis of the child. The incidence
of CDH in newborns is approximately 2.5/10,000[1], and it is more common
in male fetuses. The etiology of CDH is still unclear, 50%-70% of CDH are
isolated defects, while the remaining may be associated with structural mal-
formations, chromosomal abnormalities, or monogenic disorders[2, 3]. With
the improvement of nursing and surgery, the overall survival rate of CDH is
more than 70%, but the mortality in severe patients remains more than 50%.
Intrapartum surgery is a surgical intervention that proceeded during delivery.
It avoids serious complications such as premature, compared with prenatal
therapy and can remove the pathogenic factors early[4]. The present study
retrospectively analyzed 5 cases of intrapartum CDH repair and reviewed the
treatment of CDH.

2 Materials and methods

2.1 Patients

We present five cases of CDH in Women’s Hospital, Zhejiang University School
of Medicine from May 2020 to March 2022. All the cases were diagnosed as iso-
lated left CDH by ultrasound or MRI, and the amniocentesis or non-invasive
prenatal testing (NIPT) did not indicate any abnormality. The diagnosed ges-
tational age, lung head ratio (LHR), observed/expected LHR (O/E LHR),
and liver position were recorded. O/E LHR was calculated according to
https://totaltrial.eu with the longest axis method. Maternal characteristics
and prenatal assessment are listed in Table 1.

2.2 Mehthods

The surgery was implemented by a multidisciplinary team. The patients under-
went fetal CDH repair with placental support when cesarean section under
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Table 1 Maternal characteristics and prenatal evaluation

Case 1 2 3 4 5

Age(year) 31 34 24 26 36
BMI 35.30 23.03 29.27 23.44 26.04
G/P 4/0 2/0 1/0 2/0 3/1
Obstetric complications Hypertensive disorder / / / /
Delivery mode CS CS CS CS CS
Diagnosed GA (week) 26 22 23 36 27
Right lung(cm) 5.7∗1.6 3.3∗1.0 2.4∗1.4 2.7∗2.2 3.4∗2.1
AFI (cm) 29.4 10.2 16.1 7.8 13.4
LHR 2.75 1.07 1.1 1.8 2.13
O/E LHR (%) 86.6 32.6 49.2 37.3 67.1
Liver in chest No No Yes No Yes
Delivery GA(week) 37+6 37+3 37+2 39+5 38+2

BMI: Body Mass Index; AFI: Amniotic fluid index; CS: cesarean section; GA: gestational
age; LHR: lung head ratio; O/E LHR: observed/expected LHR

general intravenous anesthesia combined with epidural anesthesia and sevoflu-
rane inhalation anesthesia. Blood pressure and central venous pressure (CVP)
were monitored by radial artery puncture and deep vein catheterization before
the operation. Lidocaine/ropivacaine was used for epidural anesthesia; when
the anesthesia plan was established, used midazolam 0.1 mg/kg, vecuronium
0.15 mg/kg, sufentanil 0.5ug/kg, and propofol 80mg for rapid induction. Subse-
quently, mechanical ventilation was implemented, and sevoflurane was inhaled.
A continuous ultrasound was performed to verify the fetal position and the pla-
cental margin. The hysterotomy was made away from the placenta in the lower
uterine segment. After delivered the fetus, adjunctive myometrial tocolytics,
like ritodrine and nitroglycerine, were inhaled to suppress contraction, the
uterine cavity was filled with a simple homemade balloon, and warm saline
was circulated to maintain the volume of the uterine cavity for ex utero intra-
partum treatment (EXIT). Fetal heart rate and blood oxygen saturation were
monitored by probes on limbs and kept oxygen saturation above 40%. The
pulsation of the umbilical cord was observed with the naked eye.
Fetal anesthesia can be achieved through the maternal placenta and assistance
with intravenous or intramuscular injection. Four cases were operated on pla-
cental support via thoracoscopic way. Due to the large defect, Case 3 was finally
transferred to transabdominal repair and placed a patch intraoperatively. The
neonates were held in the right recumbent position, an incision for the obser-
vation port was made in the fourth intercostal space at the midaxillary line,
while two utility incisions were placed: 1cm beside the anterior axillary line in
the seventh intercostal space, and the sixth intercostal space at the posterior
axillary line. Returned the herniated contents to the abdominal cavity and
closed the hernia defects with non-absorbable sutures. At last, increase airway
pressure to test lung expansion, and place rubber drainage. All newborns were
transferred to the NICU for respiratory support.
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After the hernia defect was repaired, the umbilical cord was severed. The offi-
cial contraction inhibitor was stopped immediately, and oxytocin was added to
activate contraction. We generally used uterine gauze to prevent postpartum
hemorrhage.

Fig. 1 EXIT to thoracoscopic repair of CDH.(A)The simple homemade balloon;(B)
Intrauterine infusion when delivery;(C)the multidisciplinary team;(D)returned the herniated
contents to the abdominal cavity

3 Results

Maternal morbidity was reported in one case for acute pulmonary embolism
(case 2), but there were no recorded cases of maternal mortality. Postoperative
neonatal death occurred in two cases (case 2,3) who received extracorpo-
real membrane oxygenation (ECMO); the remaining three patients are under
follow-up with a good prognosis. The surgical procedure and outcome are
shown in Table 2.
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Table 2 The surgical procedure and outcome

Case 1 2 3 4 5

Mother Operation time(min) 180 155 140 150 200
Bleeding(ml) 500 300 500 400 600
Hospital stays (days) 3 8 4 3 5
Maternal complications Hypertension Acute pulmonary embolism / / /

Neonate Fetal surgery approach Thoracoscopic Thoracoscopic Thoracoscopic, Transabdominal Thoracoscopic Thoracoscopic
Repair time(min) 80 60 75 70 90
Bleeding(ml) 1 1 2 1 1
Gender F F F F M
Birth weight(g) 3460 2800 2400 2490 3050
Apgar score 1-5min 3/4 4/4 2/2 4/4 4/5
ECMO No Yes Yes No No
Recurrence No No No No No
Outcome Alive Death Death Alive Alive

4 Literature Review

We used PubMed, Web of Science, and Cochrane Library to search engines for
articles containing terms such as ((intrapartum operation) OR (intrapartum
surgery) OR (intrapartum treatment)) AND ((congenital diaphragmatic her-
nia) OR (CDH)) AND ((fetal) OR (prenatal) OR (antenatal) OR (fetus))
in recent ten years. The literature search has six published articles on CDH
with intrapartum treatment. The characteristics of the cases are summa-
rized in Table 3. The series of reviews comprised 49 fetuses with different
degrees of CDH prenatal. The most common indication for EXIT in CDH
is to open the airway, and its safety and feasibility were indicated in 1
article[5]when 3 patients removed the balloon on placental support and died
of severe pulmonary hypertension[6, 7]. Another application of EXIT in CDH
was EXIT-to-ECMO. But Shieh et al. showed that EXIT-to-ECMO did not
increase the survival rate of children in severe CDH[8], while Stoffan et al.
drew the same conclusion[9]. It was supposed that the patients in the EXIT-to-
ECMO group might be more severe. Our research is consistent with the above
studies. We considered EXIT to be a convenient and effective approach for
CDH treatment. Still, the severity of the disease is an essential factor affecting
the prognosis.

5 Discussion

The improvement in prenatal diagnosis makes it possible to diagnose CDH
in early GA, with a mean of 22−24 weeks[11]. Even if the early diagnosis
and timely intervention significantly improve the lethal postpartum outcome,
the mortality remains high in severe CDH, leading to the evolution of the
treatment.

5.1 Prenatal Evaluation

The prognosis of isolated CDH depends on classification and severity. Accord-
ing to the anatomist, CDH can be divided into posterior lateral (Bochdalek
hernia), anterolateral (Morgagni hernia), and central hernias. Bochdalek her-
nias are the most common, accounting for 70%-75%, while central hernias are
rare, accounting for only 2%-7%[12]. Several studies have shown that infants
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with right-sided CDH have a lower survival rate than those with left-sided
(50% vs. 75%)[13]. The severity of CDH depends on several factors, including
liver herniation, lung head ratio (LHR), and total lung volume (TLV). The
study has demonstrated that the survival rate in cases without liver herniation
was 75%-80%, whereas only 20%-27% in liver herniation[14]. LHR, obtained
by measuring the ratio of contralateral lung area to head circumference at the
level of the four-chambered heart of the fetus, has a predictive value for compli-
cation rates and mortality[15, 16]. When LHR was below 0.6, the mortality rate
was 100%, while a 60% mortality rate was reported when LHR was between 1.0
to 1.4[17]. O/E LHR was proposed to correct the increased LHR during gesta-
tion. For isolated CDH cases with O/E LHR less than 25%, 25%-45%, and over
45%, the survival rates were 18%, 66%, and 89%, respectively[18], suggesting
increased O/E LHR is associated with higher survival rates. Diaphragmatic
defect size and diagnosed GA can also be used to risk-stratify. Usually, diag-
nosed early cases are characterized by a more significant defect and a need
for patch repair. Several researchers have concluded that a diagnosis before 25
GA is associated with higher mortality than a diagnosis after 25 GA[16, 19].
Bouchghoul et al. showed a significant relationship between GA at CDH diag-
nosis and morbidity and mortality, even after adjustment for factors of severity
of CDH[20], suggesting that diagnosed GA is an independent predictor for
isolated CDH.

5.2 Surgery Procedure

Treatment aims to reverse lung hypoplasia and repair anatomical defects.
Though targeted pulmonary vasodilator therapies, including endothelin recep-
tor antagonists, prostacyclin analogs, and phosphodiesterase type 5 inhibitors,
may result in hemodynamic and functional improvement in children[21], opera-
tive repair of the diaphragmatic defect is indispensable for survival. According
to the timing of the operation, it can be divided into prenatal, intrapartum,
and postpartum procedures. The former two refer to fetal operations, including
intrauterine repair, intrauterine balloon implantation, and intrapartum fetal
operation.

5.2.1 Intrauterine Repair

The intrauterine repair was first proposed in the 1980s. Harrison et al. per-
formed the opening repair of the diaphragm for six severe CDH fetuses, but
only 2 cases were born alive[22]. In 1993, they enrolled 14 patients with
isolated left CDH, 9 of whom completed the surgery, and four were finally
born alive[23]. A subsequently randomized trial evaluated the postpartum
outcome of opening intrauterine repair for CDH and found that opening
intrauterine repair did not increase the potential benefits compared with the
traditional postpartum repair. On the contrary, it increased the risk of prema-
ture delivery[14]. Therefore, the intrauterine open diaphragmatic hernia repair
was eliminated.
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5.2.2 Fetal Endoscopic Tracheal Occlusion (FETO)

The hypothesis that temporary tracheal obstruction prevents severe pul-
monary hypoplasia is based on the clinical observation of congenital laryn-
geal/tracheal atresia[24]. When the first experiment was conducted on a lamb
model, the researchers found that tracheal obstruction accelerates lung growth
and improves postnatal oxygenation and ventilation[25]. The plug (typically
titanium clip or foam plug) was performed by a laparotomy surgery initially,
but it was gradually replaced by the invention of fetal endoscopic tracheal
occlusion because it risked preterm delivery. In 1997, Vander Wall et al.
reported a case of a 30 GA CDH fetus treated with FETO and found that
FETO reduced maternal or fetal trauma compared with open hysterotomy[26].
In 2001, Harrison et al. proposed a detachable balloon and implemented it
in 2 severe CDH cases, which reduces the technical difficulty and the risk of
recurrent laryngeal nerve and trachea injury during operation[27]. Another
randomized controlled trial compared the effects of FETO and standard post-
partum care in severe CDH. The results showed no significant difference in
the 90-day fetal survival rate or neonatal incidence rate between the inter-
vention group and the control group (73 vs. 77%, P=1.00). Still, premature
rupture of membranes and preterm birth were more common in the interven-
tion group (30.8±2.0 weeks vs. 37.0±1.5 weeks, P ¡ 0.001). Since the survival
rate of the control group was higher than the historical control group, The
authors speculate it may be related to the improvement of perinatal care in
the control group[28]. Deprest et al. treated severe CDH with percutaneous
FETO and revealed that FETO was associated with improving the postnatal
survival rate and reducing premature rupture of membranes[29]. The draw-
back of the current tracheal occlusion (TO) procedure is the need for a second
invasive intervention to re-establish airway patency, causing potential neona-
tal injury during the process. To solve the shortcomings of traditional FETO,
the University of Strasbourg has developed an alternative occlusion device,
referred to as ‘smart’ tracheal occlusion (Smart-TO), which has a magnetic
valve that opens under the influence of the magnetic field present around any
magnetic resonance scanner. The results show that Smart-TO effectively saves
lung hypoplasia caused by CDH and has no adverse effect on the tracheal
wall[30], but it has not yet been applied to clinical practice.
The timing of FETO depends on the severity of CDH. A multicenter study
evaluated the efficiency of FETO extremely severe CDH at early GA (22-24
GA). It concluded that the survival rate of infants in the early FETO group
was significantly higher than the standard group (62.5% vs. 11.1%, P¡0.01),
while the survival rate without FETO was 0%[31]. For severe CDH, FETO at
27-29 GA is better than expected care in terms of hospital survival rate, and
this benefit lasts until six months after birth[32]. For moderate CDH, fetuses
who received FETO at 30-32 GA had no significant advantage in terms of sur-
vival after discharge and the need for oxygen supplementation at six months,
but FETO increased the risk of premature delivery, rupture of membranes,
and preterm delivery[33].
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5.2.3 Intrapartum Fetal Operation

Intrapartum fetal operation (IFO) refers to the surgical treatment of birth
defects during and immediately after the delivery of the fetus, including 1)
EXIT: a technique developed to establish cardiopulmonary support at delivery
while maintaining placental bypass, further divided into EXIT to the airway,
EXIT to ECMO, EXIT to resection, EXIT to separation. 2) Delivery room
surgery: the operation performed immediately after delivery in the delivery
room. 3) Operation on placental support (OOPS): fetal operation under pla-
cental circulation. For CDH treatment, IFO is applied to EXIT to the airway,
EXIT to ECMO, and OOPS.
OOPS is performed simultaneously based on EXIT. Compared with EXIT and
delivery room surgery, OOPS ensures placental circulation enabling the supply
of nutrients and oxygen for the removal of obstruction of respiratory. Anes-
thetics pass through the maternal placental circulation, avoiding the risk of
anesthesia for children. On the other hand, OOPS is regarded as an extremely
early neonatal operation that may be helpful for the recovery of the new-
born. In 1989, Norris reported the first OPPS case for fetal cervical mass[33].
With gradually expanding indications, it was widely used in fetal neck masses,
congenital high airway obstruction syndrome (CHAOS), congenital cystic ade-
nomatoid malformation, etc. The 5 cases in our research were directly repaired
on placenta support, which avoids the risk of abnormal ventilation and inter-
nal environment disorder caused by the continued diaphragmatic hernia after
a spontaneous breath or endotracheal intubation. At the same time, the ster-
ile state after delivery reduces the risk of surgical infection. The lungs are not
expanded during the operation, and there is little gas in the intestinal cavity,
which is conducive to the recovery of abdominal organs such as the intestine,
making the operation convenient.

5.2.4 CDH Repair

The optimal timing of surgical repair in CDH has been controversial over the
years. For mild CDH, the correlation between repair time and survival rate
is unclear[34, 35]. A prospective study involving 477 moderate CDH recom-
mends performing a surgical repair within 48 hours in the moderate case[36],
but another study did not encourage surgery within 24 hours in moderate
CDH patients[35]. For patients requiring ECMO, the survival rates of early
(within 72 hours) and delay (after 72 hours) were 73% and 50%, respectively,
indicating early repair may reduce complications and improve survival rate in
ECMO-supporting cases[34]. The existing literature did not draw a consensus
about the standard timing of repair, but in general, it is safe and effective for
mild cases to operate after stable, but for severe ones, early treatment would
be better (regardless of whether ECMO is used).
CDH repair is performed in 2 categories: open and minimally-invasive surgery
(MIS). Laparotomy is the most common and time-honored approach, usually
via a subcostal incision, while thoracotomy is an alternative open approach[37].
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Thoracoscopic repair of CDH has gained popularity recently for its cosme-
sis and less risk of adhesions but is technically challenging due to the
small workspace, which could prolong the operative time and increase the
post-operative complications. None of the approaches has shown absolute
superiority, making it difficult to choose the optimal surgical method. Clas-
sical laparotomy has the advantage of serving a good view of the defect,
and it allows inspection and correction of the abdominal organs. However, it
inevitably leaves a scar, and postoperative adhesive obstruction risk is higher
than MIS. Thoracotomy shares similar disadvantages with laparotomy, but
visualization of the defect and inspection of the herniated organs might be
difficult[38]. Proper patient selection is essential to achieve good outcomes for
the thoracoscopic approach; several research has found that for patients of
low-risks born with small-size defects, a thoracoscopic approach was associated
with decreased hospital length of stay, mechanical ventilation days, and par-
enteral nutrition time[37, 39]. Thoracoscopic CDH repair did not increase the
recurrence rate when excluding severe cases with large defects[38]. But a meta-
analysis of the literature has highlighted that neonatal thoracoscopic CDH
repair was associated with greater recurrence rates and operative times[40].
Another concern is the development of hypercapnia and acidosis during thora-
coscopic CDH repair[41]. Pulmonary hypoplasia, pulmonary hypertension, and
functional residual capacity may lead to the CO2 sensitivity increase in CDH
patients, and diffusion of CO2 into the circulation with subsequent hypercap-
nia and acidosis can potentially result in ischemic brain damage[42]. Although
the study did not find differences in enhanced pCO2 values after the MIS and
open CDH repair[43], the operation time must be controlled strictly.
Intrapartum CDH repair is challenging technology. The surgical indications
and preoperative evaluation are vital. The duration of placental circulation
is about 11-93 min (the longest 150 min)[4], requiring the operation should
be controlled strictly. Otherwise, the placenta will be abrupt. The patients
enrolled in the current research were mild to moderate according to O/E
LHR. Thoracic herniation of the liver occurred in case 3. The diagnosed GA
is between 22 to 36 weeks. Since they missed the most optimal time for FETO
when transferred to our institution, we implemented thoracoscopic repair at
term, with an average time of 75min. Three neonates recovered well and did
not have hypercapnia or acidosis. 2 neonates finally died of pulmonary dyspla-
sia, including: Case 2, diagnosed at 22 GA, received ECMO for 10 days and
died 5 months after surgery; Case 3, diagnosed at 23 GA with the large defect,
received ECMO immediately after birth and died after weaning from ECMO.
The low sample size related to the rarity of the disease make the overall neona-
tal mortality rate is relatively high, but all the death cases were diagnosed at
an early gestational age and required ECMO support, which is consistent with
the previous literature.
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6 Conclusion

Up to now, the intrapartum strategy for thoracoscopic repair of CDH is still at
an initial stage and only carried out in a few medical institutions. To grasp the
surgical indications and make a proper patient selection is crucial to maximiz-
ing the advantages of surgery, which requires the operator to consider reducing
the adverse prognosis of the fetus and how to reduce the damage to the mother.
Our preliminary conclusion is that thoracoscopic repair of diaphragmatic her-
nia is technical feasible in cases with minor defects that do not need ECMO
support. However, whether it can benefit severe patients with large defects still
need multi-center research with a large sample size in future research.

What does this study add to the clinical work?

Thoracoscopic repair of diaphragmatic hernia on placenta support has com-
bined the advantages of fetal surgery and delivery room surgery which removes
pathogenic factors at the earliest stage and provides a novel idea for the surgical
treatment of congenital diaphragmatic hernia.
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Table 3 The surgical procedure and outcome

Reference Cases Diagnosis GA (week) Intervention GA (week) Intervention method Outcome Comments

Zhao Y et al[10] 30 23.8–30.0 37.0–37.6 EXIT-to-Airway 24 survived EXIT-to-Airway can be performed safely for selected CDH cases
Shieh et al[8] 8 NA 36.0–39.0 EXIT-to-ECMO 1 recurred EXIT-to-ECMO confers neither significant survival nor long-term morbidity benefit
Belfort et al[6] 1 20.6 34.3 EXIT-to- Airway death Fetoscopic tracheal occlusion is associated with improved postnatal outcomes in severe CDH
Rodrigo et al[5] 1 22.0 32.3 EXIT-to- Airway survived Fetoscopic therapy and EXIT-to-Airway for CDH are feasible and safe
Alexander et al[7] 2 19.0-22.0 36.4-37.0 EXIT-to- Airway death Patients who require management on placental support still have high mortality
Stoffan et al[9] 7 NA 36.0-38.0 EXIT-to-ECMO 2 survived No clear survival benefit with the EXIT-to-ECMO procedure was demonstrated in the high-risk CDH population
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