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Intact cord resuscitation in
newborns with congenital
diaphragmatic hernia: insights
from a lamb model
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Introduction: Congenital diaphragmatic hernia (CDH) is a rare condition
characterized by pulmonary hypoplasia, vascular dystrophy, and pulmonary
hypertension at birth. Validation of the lamb model as an accurate
representation of human CDH is essential to translating research findings into
clinical practice and understanding disease mechanisms. This article emphasizes
the importance of validating the lamb model to study CDH pathogenesis and
develop innovative therapeutics.

Material and methods: At 78 days of gestation, the fetal lamb’s left forelimb was
exposed through a midline laparotomy and hysterotomy, and a supra
diaphragmatic thoracotomy was performed to allow the digestive organs to
ascend into the thoracic cavity. At 138 + 3 days of gestation, lambs were delivered
via a cesarean section; then, with umbilical cord intact during 1 hour, the lambs
were mechanically ventilated with gentle ventilation in a pressure-controlled mode
for 2 h.

Results: CDH lambs exhibited a lower left lung-to-body weight ratio of 5.3 (2.03),
p <0.05, and right lung-to-body weight ratio of 8.2 (3.1), p <0.05. They reached
lower Vt/kg (tidal volume per kg) during the course of the resuscitation period
with 1.2 (0.7) ml/kg at 10 min and 3 (1.65) ml/kg at 60 min (p<0.05).
Compliance of the respiratory system was lower in CDH lambs with 0.5
(0.3) ml/cmH,O at 60 min (p<0.05) and 0.9 (0.26) ml/cmH,O at 120 min
(p<0.05). Differences between pre- and postductal SpO, were higher with
15.1% (21.4%) at 20 min and 6.7% (14.5%) at 80 min (p <0.05). CDH lambs had
lower differences between inspired and expired oxygen fractions with 4.55%
(6.84%) at 20 min and 6.72% (8.57%) at 60 min (p<0.05). CDH lamb had
lower left ventricle [2.73 (0.5) g/kg, p < 0.05] and lower right ventricle [0.69 (0.8),
p <0.05] to left ventricle ratio.

Discussion: CDH lambs had significantly lower tidal volume than control lambs
due to lower compliance of the respiratory system and higher airway resistance.
These respiratory changes are characteristic of CDH infants and are associated
with higher mortality rates. CDH lambs also exhibited pulmonary hypertension,
pulmonary hypoplasia, and left ventricle hypoplasia, consistent with observations
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in  human newborns.

To conclude,

10.3389/fped.2023.1236556

our lamb model successfully provides a

reliable representation of CDH and can be used to study its pathophysiology and

potential interventions.
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1. Introduction

Congenital diaphragmatic hernia (CDH), a rare condition that
affects one in 3,000 live births, is characterized by a diaphragmatic
defect that allows digestive organs to herniate into the thoracic
cavity; this results in abnormal lung development, which leads to
pulmonary hypoplasia and pulmonary hypertension (PH) (1, 2).
On autopsy, a decrease in pre-acinar airway branches is seen in
both lungs, and there is a severe reduction in the number of
alveoli (3). Despite
management, mortality and morbidity rates remain high, at

advances in medical and surgical
approximately 30% worldwide (4-7). Patients with CDH present
with severe respiratory insufficiency and PH at birth, and
immediate cord clamping can cause decreased cardiac output
and subsequent organ injury (3, 8). Standard neonatal CDH care
is based on European consortium guidelines, with immediate
intubation before the infant’s first breath to avoid digestive
distension and optimize ventilation (9). Given the need to
improve our understanding of CDH pathogenesis and develop
new treatment strategies, animal models play a crucial role in
elucidating the underlying mechanisms and allowing us to
explore potential interventions.

Lambs, considered the non-primate animal model closest to
human physiology, are widely used in studies of congenital
diseases and perinatal environments (10-13). Among the animal
models used in CDH research, the lamb has emerged as a
particularly valuable tool due to its anatomical and physiological
similarities to humans (14). Similar to humans, lambs have a
muscular diaphragm, allowing examination of diaphragmatic
defects and their
development and functions between lambs and humans also

associated complications. Similar lung
make the former an ideal model for studying the respiratory
implications of CDH (15). However, despite its widespread use,
the need to validate our lamb model to accurately represent
human CDH remains paramount. Validating our lamb model is
important for several reasons. First, it will ensure that knowledge
generated through model studies can be confidently translated
into human clinical settings. A robustly validated animal model
allows researchers to explore novel therapeutic interventions,
assess their safety and efficacy, and optimize treatment strategies
for neonatal CDH. Second, validation will facilitate a better
understanding of the mechanisms underlying the development of
CDH, leading to improved diagnostic and prognostic indicators.
Herein, we tried to emphasize the importance of a clinically
relevant lamb model of human CDH because doing so will
enhance our understanding of CDH pathogenesis and advance

therapeutic approaches, ultimately improving outcomes among
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infants born with the disease. As the scientific community
continues to explore the intricacies of CDH, validating the lamb
model has emerged as a crucial step toward a better future for
affected patients and their families.

Thus, our objective herein was to better explain pulmonary
physiology during the birth in newborns with CDH and pulmonary
hypoplasia and to validate our lamb model of this condition.

2. Materials and methods
2.1. Experimental model

All animal procedures and protocols (experimental research
protocol no. 2017121218333678) were approved by the French
Ministry of Agriculture (Ministére de I’Agriculture, de la péche et
de TAlimentation) before the study was carried out in the
Department of Experimental Research at Lille University (animal
experimentation agreement number D59-35010). Pregnant Ile de
France breed ewes were housed in individual pens starting a
week before and throughout the procedure.

As previously described by our team, at approximately 78 days
of gestation (i.e., during the pseudo-glandular phase of pulmonary
development), pregnant ewes were administered general anesthesia
induced by xylazine (Sédaxylan, CEVA Santé Animale, Bruxelles,
Belgique) and maintained with isoflurane (Aerrane, Baxter,
Maurepas, France) while breathing room air and oxygen after
intubation. The fetal lamb’s left forelimb was exposed through a
midline laparotomy and hysterotomy (16-18). The fetal lamb
was administered intramuscular buprenorphine (Bupaq, Virbac,
France) and subcutaneous lidocaine (Xylocaine Astrazeneca,
Reuil-Malmaison) analgesia, and a supra diaphragmatic
thoracotomy was performed to allow the digestive organs to
ascend into the thoracic cavity. Afterward, the thoracic cavity
was closed, and the amniotic fluid was replaced with
physiological serum and amoxicillin before closing the ewe’s
abdomen. The ewe was kept under surveillance and given
analgesia for 24 h after emergence from anesthesia. The ewe
remained in the laboratory under daily animal technician
supervision for about 2 months until the date for the intact cord

fetal resuscitation protocol (19, 20).

2.2. Surgical procedure

At 138+3 days of gestation, aseptic procedures were
conducted under general anesthesia induced by xylazine
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(Sédaxylan, CEVA Santé Animale) and maintained with
isoflurane (Aerrane, Baxter, Maurepas, France) in a mixture of
room air and oxygen after intubation. The fetal lamb’s left
lower limb was exteriorized through a midline laparotomy and
hysterotomy of the pregnant ewe. Prior to the insertion of
vascular polyvinyl catheters (4FR, Vygon Ecouen, France) into
the aorta via femoral dissection, fetal analgesia was performed
with nalbuphine (Nalbuphine, 10 mg IM), and fetal local
anesthesia was performed with lidocaine (Lidocaine, 50 mg
SC). These procedures aimed to measure aortic pressure at the
bifurcation of the common umbilical artery of the abdominal
aorta. The left femoral vein catheter was inserted 20 cm into
the right atrium.

Catheter patency was maintained by a bolus of heparinized
saline, 10 UI/ml (Heparin CHOAY, 5,000 UI, Sanofi-Aventis,
Paris, France). At the end of the experimental procedure, animals
were euthanized using T61 (Tanax, Intervet Beaucouzé, France)
at 3 ml/10 kg body weight for the ewe and 0.3 ml/kg for the lamb.

2.3. Delivery and ventilation

A heat lamp was positioned above the table to limit heat loss
and lamb cooling. The lamb was dried and placed on warm
clothes on a table above the ewe’s hooves. Special care was taken
to protect the cord from drying and to prevent its stretching,
kinking, or compression.The sedated pregnant ewe was not
administered an oxytocin injection throughout the resuscitation
phase to prevent placental delivery. The ewe was sedated with
isoflurane, and the neonatal lamb was resuscitated with the cord
intact. Thus, the lamb was anesthetized and sedated and did not
breathe spontaneously.

As shown in Figure 1, after pharyngeal suctioning, the lamb
was intubated with a 4.5-mm cuffed endotracheal tube (Riischelit,
Teleflex medical, Wayne, PA, USA). First, 30 s of sustained
inflation at 30 cmH,O was performed, after which the lamb was
mechanically administered gentle ventilation (Infant Star 950,
Dublin, Ireland) (SLE 2100,
Malmesbury, Wiltshire, UK) in a pressure-controlled mode

Covidien, with a monitor
[positive end-expiratory pressure: 5cmH,0, peak inspiratory
pressure (PIP): 24 cmH,0, FR: 60/min, FiO,: 1 = 100%] for
2 h. After shaving the right and left frontpaw, preductal and
postductal SpO, sensors were used to continuously record
blood oxygen saturation. Mechanical ventilation was adjusted to
the target 40-60 mmHg PCO,. If PCO, was >60 mmHg,
inspiratory pressure was increased by 5 cmH,0. If PCO, was
>80 mmHg, inspiratory pressure was increased by 5 cmH,O0,
and the respiratory rate was increased by 20 breaths per
minute, only if the increase of respiratory rate allowed sufficient
expiratory time on respiratory flow curves to avoid intrinsic
PEEP and achieving appropriate tidal volume (TV). PEEP was
not adjusted in our experimental protocol to avoid
overdistension, as it has been shown that a lower level of PEEP
results in better oxygenation (21). The SpO, target was between
92% and 99%. FiO, was adjusted every 5 min to achieve the

target. We did not use any curare muscle relaxant during our
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FIGURE 1

Intact cord resuscitation of a newborn lamb with tracheal intubation (1),
umbilical cord (2), femoral catheter (3), umbilical veinous catheter (4),
and ultrasonic flow probe (5).

experimentation. Rectal temperature was recorded continuously
throughout the resuscitation.

2.4. Respiratory assessment

Arterial blood samples were analyzed at 20 min intervals
throughout the resuscitation process. Key respiratory parameters,
including TV(per kg), airway pressures [positive end-expiratory
pressure (PEEP); PIP], and lung compliance and resistance, were
recorded at the beginning of ventilation and then every 10 min
during the 2-h resuscitation period. Peripheral oxygen saturation
levels were also recorded before and after ductus arteriosus.
A ventilator (Infant Star 950, Covidien, Dublin, Ireland) with a
monitor (SLE 2100) was used to estimate compliance and
resistance of the respiratory system through the collection of
pressure and airflow data. Herein, compliance (C) is the change in
lung volume (AV) per unit change in transpulmonary pressure
(AP) C=AV/AP). Respiratory
resistance (R) was determined as pressure difference across the

(compliance  formula: system
airways (AP) divided by the flow rate (Q) (resistance formula: R =
AP/Q). Digital filtering techniques were used to calculate variations
in the data. The least-square estimation algorithm was then used to

estimate lung compliance and resistance in real time.

2.5. Postmortem examination

Confirmation of the presence of a defect in the diaphragm and
herniation of visceral organs was made through postmortem

frontiersin.org


https://doi.org/10.3389/fped.2023.1236556
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Teillet et al.

examination. The lungs were weighed, and the results were expressed
as a ratio to the body weight (i.e., wet lung-to-body weight ratio). We
examined the wet-to-dry lung ratio to estimate the presence of lung
edema after the 2-h resuscitation period. The weights of the total
heart and left and right ventricles were measured. Both CDH and
control lamb hearts were dissected systematically by the same
individual. The left and right ventricles were dissected and weighed
in a standard manner as previously described (22).

2.6. Statistical analysis

Variables were collected immediately before and after starting
mechanical ventilation. All statistical analyses were conducted
using SPSS version 24 (IBM Corporation, Armonk, NY, USA).
Continuous variables are reported as mean + standard deviation
after checking for distribution normality with the Shapiro-Wilk
test. The nonparametric Friedman and Wilcoxon distribution-
free tests were used to assess the significance of differences in
respiratory and hemodynamic measures.

3. Results
3.1. Surgery

Sixteen pregnant ewes underwent surgery at approximately 78
days of gestation. Intrauterine fetal death before ventilation or
preterm delivery occurred in three cases (18%). Among 16
fetuses with surgical creation of CDH, five (31%) had healed
CDH and were included in the control lamb group. Five fetuses
(31%) did not undergo the entire resuscitation process due to
death or the inability to record appropriate data. Therefore, six
lambs with CDH (37%) were subjected to a 2-h resuscitation
period. Among the 19 control lambs, nine (47%) were subjected
to a 2-h resuscitation period.

10.3389/fped.2023.1236556

3.2. Respiratory function

The CDH lambs had higher respiratory system resistance
during the first minutes of resuscitation [341 (105) vs. 228
(49) cmH,0/L/s at 50 min (p<0.05)]. As shown in Figure 2,
lung compliance increased in both groups, although much less so
in CDH lambs, and was significantly reduced after 2h of
resuscitation. We observed respiratory system compliance of
0.32 +0.14 ml/cmH,0 in CDH lambs and 0.64 + 0.33 ml/cmH,0
in control lambs at 20min (p<0.05), 0.51+0.26 vs. 1.12
(0.6) ml/cmH,0O at 60 min (p<0.05), 0.73+0.2 vs. 1.1 +0.38
ml/cmH,0 at 80 min (p=0.5), and 0.9+0.26 vs. 1.1+0.375
ml/cmH,0 at 120 min (p <0.05).

CDH lambs also exhibit significantly lower preductal
saturation, with 43 +12.5% vs. 67.5+ 16.6% at baseline (p < 0.05),
58 +18.6% vs. 88.6+12% at 20 min, and 63.2 +32% vs. 88.7 +
12.8% at 60 min (Figure 3). As shown in Figure 4, CDH lambs
reached significantly lower Vt/kg throughout resuscitation, with
0.87£0.5 vs. 2+1.02 ml/kg at baseline, 1.4+ 0.9 vs. 2.9 + 1.2 ml/kg
at 20 min, and 3.1+ 1.8 vs. 5.4 + 1.6 ml/kg at 60 min (all p’s < 0.05).
As can be seen in Figure 5, there were no significant differences in
the respiratory rate during our experiment. Unlike control lambs,
there was no significant improvement in TV before 30 min of
resuscitation in CDH lambs. At the end of the 2 h of ventilation,
CDH lambs reached a similar Vt/kg at the price of greater mean
ventilation pressure (14.9+3.9 vs. 11.89 +1.9 cmH,0; p <0.05).
CDH lambs showed a lower pH level at the end of resuscitation
(7.12 (0.1) vs. 7.28 (0.15); p < 0.05].

As shown in Figure 6, CDH lambs exhibited a higher
saturation differential at 20 (15.1 +21.4% vs. 3.78 +6.48%), 60
(11.07 £15.1% vs. 3.94+7.68%), and 80 min of resuscitation
(6.7 +14.5% 12+2.05%) (all, p’s<0.05). CDH
exhibited significantly less difference between inspiratory and
expiratory oxygen fractions, 1.1 +4.2% vs. 5.97 +21.8% at 5 min;
4.55+6.84% vs. 12.58 £9.76% at 20 min, and 6.72+8.57% vs.
11.6 +8.98% at 60 min (all p’s < 0.05).
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FIGURE 2

Evolution of respiratory parameters during the 2-h resuscitation. (A) Lung resistance evolution over time and (B) lung compliance evolution over time.
Groups shown are CDH lambs and control lambs. The data are presented as mean + SEM and significantly accepted when p <0.05 tested at four
time points during resuscitation (at 0, 20, 60, and 80 min). Asterisk (*) indicates statistically significant differences between CDH and control lambs at
individual time points.
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p<0.05 tested at four time points during resuscitation (at 0, 20, 60, and 80 min). Asterisk (*) indicates statistically significant differences between
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FIGURE 4

Evolution of ventilatory parameters during the 2-h resuscitation. (A) Evolution of tidal volume to lamb'’s weight (TV/kg) over time and (B) evolution of mean
ventilatory pressure over time. Groups shown are CDH lambs and control lambs. The data are presented as mean + SEM and significantly accepted when
p < 0.05 tested at four time points during resuscitation (at 0, 20, 60, and 80 min). Asterisk (*) indicates statistically significant differences between CDH and
control lambs at individual time points.

3.3. Postmortem examination 4. Discussion

Fifteen lambs were confirmed to have a diaphragmatic defect In this study, we successfully validated our lamb CDH model
that included the stomach, small intestine, and, in some cases,  for studying neonatal adaptation to extrauterine life. CDH lambs
the liver and spleen. It is crucial to emphasize that our analysis  exhibited significant differences in TV during most of the
only included animals with clearly documented herniation in the  resuscitation period due to lower lung compliance and higher
left chest during an autopsy. airway resistance, which reached the levels of control lambs at

Compared with the control lambs, CDH lambs exhibited a  the end of resuscitation. This is consistent with previous
significant reduction in the left wet lung-to-body weight ratio  observations that functional residual capacity and Vt recruitment
(5.3+£2.03 vs. 13.7 2 g/kg; p<0.05) and right wet lung-to-body  are significantly slower in CDH lungs and that gas exchange
weight ratio (8.2+3.1 vs. 19.8+3.1 g/kg; p<0.05) (Table 1). In  improved more slowly in CDH lambs (23, 24). This lower
addition, as shown in Figure 7, the weight of the left heart of  respiratory system compliance, which is typical of infants with
CDH lambs, based on lamb’ weight, was significantly reduced = CDH, is associated with higher morbidity and mortality (25). To
(2.5+0.5 vs. 3.5+0.3 g/kg; p <0.05) as was the right ventricle to  prevent any potential bias in our study, we intentionally avoided
left ventricle mass ratio (0.69 + 0.8 vs. 0.52 + 0.06 g/kg; p < 0.05). using a curare muscle relaxant during the experimentation. This
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decision was based on previous research indicating that curare
administration can lead to compliance changes and increased
mortality in infants with CDH (26, 27).

Lung changes in CDH include decreased terminal branching of
the bronchioles, leading to acinar hypoplasia with fewer alveoli,
reduced gas exchange area, and increased interstitial tissue
(28, 29). We can hypothesize that alveolar recruitment would
eventually have matched ventilation and perfusion after
prolonged ventilation.

In addition, our animal model exhibits significant loss, and
there are two potential explanations for this. First, the severity of
the lung hypoplasia CDH resulted
maladaptation to extrauterine life and severe hypoxia. Second,

in some lambs in
this model has inherent mortality, with a reported perioperative
mortality rate between 30% and 50% in the literature (15). Third,
placements of catheters through the umbilical cord and

ultrasound probe around the umbilical artery have been
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FIGURE 5
Evolution of respiratory rate during the 2-h resuscitation. Groups shown
are CDH lambs and control lambs. The data are presented as median +
SEM and significance accepted when p < 0.05 tested at four time points
during resuscitation (0, 20, 60, and 80 min). Asterisk (*) indicated
significant differences between CDH and control lambs at individual
time points.

10.3389/fped.2023.1236556

associated with death or failure to obtain accurate data
throughout the experiment. Nevertheless, these findings are
consistent with previous reports regarding the difficulty of this
model and mimic the severity of the disease (15, 30).

TABLE 1 Necropsy’s examination record (values represent medians and
interquartiles).

CDH lambs

Control lambs
(n=9)

p (<0.05)

(n=16)

Left ventricle to lamb’s 3.5 (0.3) 2.57 (0.5) 0.04
weight (g/kg)
Right ventricle to lamb’s 1.85 (0.2) 1.76 (0.4) 0.53
weight (g/kg)
Heart mass to lamb’s 12.1 (9.7) 6.4 (1.05) 0.53
weight (g/kg)
Left lung mass to lamb’s 13.7 (2) 5.3 (2.03) 0.003
weight (g/kg)
Right lung mass to lamb’s 19.8 (3.1) 8.2 (3.1) 0.005
weight (g/kg)

Bold values indicate significant data, p < 0.05.
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FIGURE 7
Comparison of RV/LV mass based on lamb’s weight ratio between CDH
and control lambs. RV, right ventricle; LV, left ventricle.

>

~CDH lambs

w
@

~Control lambs

w
[S]

~ N
o G

-
@

ges
L

20

[
53

differential saturation of oxygen (%)

«

o]

40 50 60 70 80 100
Ventilation (minutes)

fetal state 0 10 30 90 110 120

FIGURE 6

difference between inspired and expired fraction ()

35

~CDH lambs
30
~Control lambs

of oxygen (%)
N
o

«

i
[S)

40 60

Ventilation (minutes)

80 100

(A) Evolution of the difference between preductus and postductus arteriosus oxygen saturation levels during the two hours resuscitation. (B) Evolution of
the difference between inspired and expired fractions of oxygen. Groups shown are CDH lambs and control lambs. The data are presented as mean + SEM
and significantly accepted when p <0.05 tested at four time points during resuscitation (at 0, 20, 60, and 80 min). Asterisk (*) indicates statistically
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Arterial blood gas status during the transition to extrauterine
life is a crucial prognostic factor of long-term survival. Herein,
we observed that CDH lambs required high levels of oxygen
(FiO,) and (PaC0O,). CDH also
demonstrated higher levels of differential oxygen saturation,

carbon dioxide lambs
suggesting higher pulmonary vascular resistance (PVR) and a
greater right-to-left shunt through the ductus arteriosus. This
differential was initially lower in CDH lambs because of lower
preductus arteriosus oxygen saturation during the initial minutes
of resuscitation. The disparity in the fraction of oxygen extracted
from the lungs of CDH and control lambs cannot be entirely
attributed to the reduced oxygen consumption of the former.
This suggests reduced perfusion of the pulmonary vessels caused
by high PVR, which is essential for efficient gas exchange. We
also observed lower pH in lambs with CDH, which is known to
increase PVR and worsen adaptation to extrauterine life (31-33).
In CDH, a reduced pulmonary vascular cross-sectional area
with
neomuscularization of distal pulmonary vessels leads to higher

combined extensive  hypermuscularization  and
resistance within peripheral pulmonary vessels, resulting in
persistent PH (PPHN) of the newborn (8, 22, 34). In addition,
altered vasoreactivity may contribute to a reversible component
of PPHN due to an

impairment

imbalance of autonomic innervation,

of endothelium-dependent relaxation, and an
imbalance between vasoconstrictor and vasodilator mediators
(35-37).

Herein, we successfully modeled the pulmonary hypoplasia
observed in newborns with CDH (38). This model included both
the right and left

representation of the disease. We also discovered notable left

lungs, providing a comprehensive
ventricular hypoplasia evidenced by a significantly lower ratio of
right to left ventricle mass in relation to the lamb weight. This
finding aligns with previous reports of left ventricular hypoplasia
and cardiac dysfunction in human newborns with CDH (39, 40).
Moreover, our investigation revealed no differences in the lung
wet/dry ratios following the 2-h resuscitation. This underscores
the advantages of our gentle ventilation strategy, which is
These

emphasize the translational relevance of our lamb model, which

consistent with human neonatal care (9). results
accurately recapitulates key aspects of CDH pathophysiology and

demonstrates the potential benefits of our approach to
respiratory support (39).

This animal model indeed already exists in the literature;
however, it remains necessary to validate our model of
diaphragmatic hernia. Moreover, to our knowledge, this is the
first study to investigate the pulmonary function of newborns
with a diaphragmatic hernia in the context of intact cord
resuscitation. The lamb model has been used extensively to study
congenital diseases such as CDH. Our results are consistent with
several studies showing that lamb models exhibit the main
features of the CDH. Kashyap et al. showed that lambs with
CDH have small, noncompliant lungs, poor cerebral oxygenation,
and respiratory acidosis, reproducing the clinical features of
infants with CDH (41). DeKoninck et al. then showed that
tracheal occlusion (i.e., the fetoscopic endoluminal tracheal
FETO procedure) increases

occlusion or lung size and
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pulmonary blood flow (23). Similarly, Bhatt et al. showed that
delaying cord clamping after the beginning of ventilation
improves cardiovascular function at birth in preterm lambs (42).
These studies have led randomized clinical FETO trials to treat
severe CDH (43), highlighting the
importance of validating lamb models in the laboratory, using
high-quality
management of patients with CDH.

in the human fetus

empirical  tests, for facilitating innovative

In our laboratory, animal experiments have led to the
implementation of human clinical trials, including the study of
the Efficacy of Intact Cord Resuscitation Compared to Immediate
Cord Clamping on Cardiorespiratory Adaptation at Birth in
Infants with Isolated Congenital Diaphragmatic Hernia (CHIC)
(19, 20). However, these experiences have raised numerous
questions regarding this resuscitation technique, underscoring the
need to refine and validate our model to address them.

Our study has some limitations. Some of our lambs exhibited
spontaneous healing during gestation, with no evidence of
diaphragmatic hernia found during necropsy as shown in other
studies (44). This healing process can be attributed to various
factors. First, the fetus has a remarkable healing capacity due to
the presence of high concentrations of growth factors, including
TGF-beta and interleukin-10. Studies by Longaker et al. have
demonstrated that lambs can heal diaphragmatic wounds during
gestation (45, 46). Second, it is possible that during the closure
of the thoracic wall and the reintegration of the fetus into the
womb, there is an application of thoracic pressure, which helps
reduce the occurrence of diaphragmatic hernia. Furthermore, the
liver was not always elevated in the thoracic area to prevent
perioperative deaths due to liver injury or the creation of an
extremely severe hernia. Finally, it may be beneficial to remove a
portion of the diaphragm rather than just a section to ensure a
more accurate and appropriate model.

In conclusion, by validating our lamb model as an effective tool
for studying CDH, we contribute to the growing evidence
supporting its use in research and therapeutic development.
Furthermore, our findings suggest that the lamb model may
serve as a valuable resource for investigating the underlying
mechanisms of CDH and evaluating potential interventions to
improve clinical outcomes in affected infants. Based on these
findings, our group will use this model to study the relevance of
intact cord resuscitation and its optimal setting to further
improve neonatal CDH outcomes.
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