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Abstract

Lung ultrasound (LU) has emerged as a valuable tool for assessing pulmonary aeration noninvasively, rapidly, and reliably in
different neonatal conditions. However, its role in the preoperative and postoperative evaluation in congenital diaphragmatic
hernia (CDH) is still poorly analyzed. We present a cohort of 8 patients diagnosed with CDH who underwent lung ultrasound
examinations at various time points before and after surgical correction. The lung ultrasound patterns were compared between
two groups: mechanical ventilation <7 days (MV <7) and mechanical ventilation>7 days (MV > 7). The ultrasound findings
were also compared to CT scans and chest X-ray images to assess its diagnostic capacity for identifying postoperative complica-
tions: pneumothorax, pleural effusion, and pneumonia. Group MV <7 exhibited a normal pattern even at 48 h postsurgery, while
group MV > 7 presented interstitial or alveolointerstitial pattern in both lungs for prolonged periods (2-3 weeks). Furthermore,
contralateral LU pattern may be predictive of respiratory evolution.

Conclusion: Lung ultrasound is a valuable tool for evaluating the progressive reaeration of the lung following surgical cor-
rection in CDH patients. It demonstrates the ability to diagnose common postoperative complications without the need for
radiation exposure while offering the advantages of quick and serial assessments. These findings highlight the potential of
lung ultrasound as an effective alternative to conventional imaging methods in the management of CDH.

What is Known:
o Lung ultrasound evaluates lung aeration and predicts respiratory outcomes in neonatal patients.
What is New:

o Lung ultrasound is useful in the postsurgical management of congenital diaphragmatic hernia patients, detecting reaeration and respiratory
complications.
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Abbreviations CT-scan  Computed tomography scan
BW Birth weight ECMO Extracorporeal membrane oxygenation
CDH Congenital diaphragmatic hernia GA Gestational age

HFOV High-frequency oscillator ventilation
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LU Lung ultrasound

MV Mechanical ventilation

nCPAP Nasal continuous positive airway pressure
NICU Neonatal intensive care unit

O/ELHR Observed/expected lung-to-head ratio

PH Pulmonary hypertension

SENeo Spanish Society of Neonatology

S/F index Peripheral saturation/inspired oxygen fraction
index

Introduction

Congenital diaphragmatic hernia (CDH) is a rare and serious
condition, with an estimated incidence of 1 in 2500-3500
live newborns [1, 2]. It is a consequence of a congenital
defect in the diaphragm, so the abdominal organs move to
the thorax during embryonic development, generating vari-
able degrees of pulmonary hypoplasia, both parenchymal
and vascular, with the consequent development of pulmo-
nary hypertension. It causes significant short- and long-term
morbidity and mortality due to severe respiratory failure and
associated complications, both cardiovascular and neuro-
logical [1].

Prenatal diagnosis and prognostic assessment are estab-
lished through fetal ultrasound and magnetic resonance
imaging. After birth, simple chest X-rays, echocardiogra-
phy, and CT-scan are the most commonly used techniques
for diagnosis and evaluation [3-5].

Lung ultrasound (LU) has proven its value in diagnos-
ing and semi-quantifying neonatal respiratory distress syn-
drome, pleural effusion, and pneumothorax and predicting
admission for respiratory distress, the need for surfactant,
and the development of bronchopulmonary dysplasia [6-8].

Regarding its use in patients with CDH, only two arti-
cles have been published to date: one describes its ultra-
sound pattern at diagnosis in a group of 7 newborns [9], and
another one focuses on postoperative follow-up [10].

We present a cohort of neonates diagnosed with CDH
evaluated by LU before and after surgery.

The primary objective was to describe the evolution of
ultrasound findings in the lung of a cohort of neonates diag-
nosed with CDH, either prenatally or postnatally, before and
after surgical correction.

The secondary objectives were to analyze the ultra-
sound findings in the group of patients who had a favorable
postoperative course, requiring 7 days or less of invasive
mechanical ventilation (MV) (group MV <7) versus a group
of patients with a more complicated course, requiring more
than 7 days of invasive ventilation (group MV > 7). We
describe the complications that occurred, the role of LU in
their diagnosis, and their comparison with other imaging
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tests, both conventional portable radiographs and computed
tomography (CT scan).

Our hypothesis is that LU may be a feasible and use-
ful tool for the follow-up of these patients, allowing for the
detection of postoperative reaeration and the most com-
monly associated respiratory complications.

Material and methods
Study design

Observational, descriptive, and prospective study was con-
ducted in the Neonatology Department of the Gregorio
Marafén University Hospital (Madrid, Spain) from Novem-
ber 2020 to December 2022. This is a neonatal intensive
care unit (NICU) of the maximum level of complexity that
attends to all types of neonatal pathologies, including cardiac
surgery and extracorporeal oxygenation support (ECMO).

Inclusion and exclusion criteria

All neonates admitted with a diagnosis of CDH were
included. Exclusion criteria were as follows: clinical insta-
bility that made LU impossible, death before performing LU,
and unavailability of the investigator.

Demographic and clinical data were obtained from medi-
cal records, including pre- and postnatal follow-ups.

Resuscitation followed the national guidelines of the
Spanish Society of Neonatology (SENeo), and the manage-
ment of patients during admission followed the European
recommendations (CDH EURO Consortium Consensus)
[11, 12]. Surgical correction was performed by thora-
cotomy or thoracoscopy, according to the criteria of the
surgical team.

Lung ultrasound protocol

LU has been a routine part of the daily care of neonates
admitted to our unit for the past 6 years. The scans were
performed by one of the neonatologists (RGH), specifically
trained in LU and with more than 5 years of experience. The
scans were always performed immediately after the standard
patient care using non-pharmacological measures.

A standardized ultrasound evaluation was performed using
a Sonosite 1ViZ ultrasound machine with a high-frequency
linear probe.

Three longitudinal planes were intended to be obtained
per hemithorax: midclavicular, anterior, and posterior axil-
lary lines. In case of dressings, some of them could be
impossible. Qualitative descriptions of the findings followed
the classical description according to Raimondi et al. [13].
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LU was performed at the following times: preoperatively,
in the first 24 h after surgery, 48—72 h after surgery, 7 days
later, and then weekly while the patient was admitted to
the NICU.

The ultrasound images were recorded on the portable
ultrasound machine and subsequently stored in a dedi-
cated memory controlled by the principal investigator.

The team responsible for the patient was informed about
the ultrasound results, but patients were managed based on
the usual protocols of the unit, relying on clinical, analytical,
and portable X-ray information.

Statistical analysis

Qualitative variables of interest are expressed as percent-
ages and frequencies. Continuous variables are evaluated
using median and interquartile range (IQR). Comparisons
were made between the group that required MV 7 days or
less (group MV <7) and the group that required more than
7 days (group MV >7) using the Mann—Whitney U test, with
p <0.05 being considered statistically significant. Data were
analyzed using StataCorp. 2019. Stata Statistical Software:
Release 16. College Station, TX: StataCorp LLC.

Results

During the study period, a total of 8 patients were admitted
with a diagnosis of CDH. All of them were included. Table 1
shows their clinical characteristics. One of them died. Between
1 and 11 LUs were obtained during the postoperative period.

Group MV <7 consisted of 4 patients (cases 1, 2, 3, 4),
while the other 4 patients (cases 5, 6, 7, 8) were included
in group MV > 7. No significant differences were found in
gestational age (38.9 vs. 37.8, p 0.69 weeks), birth weight
(2715 vs. 3035 g, p 0.06), Apgar at 5 min (8 vs. 7, p 0.74),
non-invasive ventilation (NIV) duration (5 vs. 19.5 days, p
0.69), global admission duration (23 vs. 101, p 0.11), age
at surgical correction (3.5 vs. 6.5 days, p 0.49), or at first
LU between the groups (0 vs. 1.5 days, p 0.17). However,
there were significant differences in MV (3.5 vs. 33.5 days,
p 0.03) and total NICU admission (10 vs. 66 days, p 0.03).

Preoperative evolution

All patients received conventional MV from admission,
except for the two cases postnatally diagnosed who were
intubated after diagnosis (1 day of life, DOL). All but two
required high-frequency oscillator ventilation (HFOV)
before surgery. Two of them required ECMO support due
to refractory respiratory failure.

Preoperative ultrasound was performed at a median of 1
DOL (IQR 0-2). In the CDH-affected hemithorax, images
consistent with intrathoracic intestinal loops, spleen, stom-
ach, or liver were observed, with no visible pleural line, lung
sliding, or A lines (Fig. 1 and supplementary material 1). In
this hemithorax, a pattern of lung parenchyma with thick-
ened pleural line and interstitial or alveolointerstitial pattern
was only observed in the anterior field, while the other areas
were occupied by intra-abdominal content, except in case 6,
where an interstitial pattern was also seen in the lateral and
posterior upper fields.

The contralateral lung exhibited a normal pattern (A lines
with pleural sliding) in group MV <7, while an interstitial
or alveolointerstitial pattern was observed in group MV > 7.
Additionally, in the right anterior field, a normal pattern
was observed in group MV <7 patients, whereas in group
MYV > 7, the mediastinum and great vessels were observed
(mediastinal shift). Figure 2 illustrates the comparison of
classical radiological images of cases number 3 (group
MV <7) and case number 8 (group MV > 7).

Surgical correction

The median age of patients at the time of surgical correc-
tion was 4.5 days (IQR 2-8.5). Five cases were corrected
by thoracoscopy and 3 by thoracotomy. After thoracoscopy,
5 cases had ipsilateral pleural drainage in place. The main
postoperative complications are shown in Table 1.

Postoperative evolution

All patients were readmitted intubated, and on conventional
support. In the whole sample, the median MV duration was
18.5 days (IQR 3.5-33.5). The median NIV duration was
10.5 days (IQR 2-35.5). Five of the patients received inhaled
or oral treatment for pulmonary hypertension with nitric
oxide and/or oral sildenafil. The patients were admitted for
a median of 54.5 days (IQR 22.5-101), of which 26.5 (IQR
10-66) were in the NICU. The most common postoperative
complications were pulmonary hypertension (5 patients),
pleural effusion (2 patients), and pneumothorax (3 patients).

Group MV <7 days

These four cases required 7 days or less of postoperative
MV (median 3.5 days, IQR 2-5.5) and a maximum of
47 days of NIV (median 5 days, IQR 2-26.5). Only one
of them required HFO ventilation (case 4). Median NICU
admission was 10 days (IQR 6.5-18), and median global
admission was 23 days (IQR 13-54.5). Cases 1 and 4 were
prenatal diagnosis, while the other two were diagnosed
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Table 1 Epidemiologic and clinical characteristics of the included patients

Patients
Group MV <7 Group MV >7
1 2 3 4 5 6 7 8
GA (wk) 38 39 35 39 38 36 38 37
GA (d) 1 5 2 4 6 4 3 1
BW (g) 2820 2610 2080 2860 2850 3390 3070 3000
Sex Male Female Male Female Male Female Male Male
Ethnicity Caucasian Caucasian Caucasian South-American ~ South-American  South-American Caucasian Caucasian
Vaginal/C-section Vaginal Vaginal Vaginal Vaginal C-section Vaginal Vaginal C-section
Apgar 5 min 8 10 8 6 7 9 - 7
Intrathoracic liver No No No No No No Yes Yes
O/E LHR (%) 54 - 20 24 50 30 31.2
Side Left Right Left Left Left Left Right Left
S/F index preOP 230 442 237 238 152 450 ECMO ECMO
DOL at 5 2 2 8 9 4 2 21
correction
Procedure Thoracoscopic ~ Thoracoscopic Thoracoscopic Thoracotomy Thoracoscopic Thoracoscopic ~ Thoracotomy  Thoracotomy
Delayed abdominal No No No Yes No No Yes Yes
closure
ECMO No No No No No No Yes Yes
PreOP iNO Yes No Yes Yes Yes Yes Yes Yes
PreOP HFOV Yes No No Yes Yes Yes Yes Yes
Postsurgery IMV (d) 4 1 3 7 33 34 30 41
Postsurgery NIV (d) 7 1 3 46 47 14 0 25
PostOP PH treatment No No Yes Yes Yes No Yes Yes
Days in NICU 13 6 7 23 80 52 30 90
DOL at discharge 31 11 15 78 114 88 30 210
Exitus No No No No No No Yes No
Home oxygen No No No No Yes No - Yes
N° respiratory 0 0 2 1 3 1 - 0
admissions
Main complications SVTQ - Reherniation thrombosis, Persistent Persistent pneu-  Severe HIE, PH, sepsis,
nephrocalcino- pneumothorax, mothorax, cholesta- moderate
sis, hypertonic candidemia, necrotizing sis, PH, HIE, AKI,
syndrome, PH, arrythmia, ven- pneumonia (E scoliosis, reherniation
reherniation triculomegaly, coli) hemiverte-
alloimmune bra, death
thrombocytope-
nia, PH, chol-
estasis, Evans
syndrome

GA gestational age, wk weeks, d days, BW birth weight, g grams, OE L/HR observed to expected lung to head ratio, S/F index peripheral satura-
tion/inspired oxygen fraction index, DOL days of life, ECMO extracorporeal membrane oxygenation, iNO inhaled nitric oxide, HFOV high fre-
quency oscillator ventilation, /MV invasive mechanical ventilation, NIV non invasive mechanical ventilation, preOP preoperative, postOP post-
operative, PH pulmonary hypertension, NICU neonatal intensive care unit, SVTQ supraventricular tachycardia, HIE hypoxic ischemic

encephalopathy, AKTI acute kidney injury

postnatally. Cases 1-3 had a normal pattern (less than 3
B lines per scanned area) even at 48 postoperative hours
in the lateral and posterior fields in the affected lung,
without pleural effusion or pneumothorax, although they
had apical consolidations smaller than 1 cm. In all these
cases, the contralateral lung maintained a pattern of A
lines with some isolated B lines and a thin pleural line
with lung sliding.

@ Springer

However, patient no. 4 presented a pleural effusion ipsi-
lateral to the hernia which did not require drainage, consid-
ered secondary to the pulmonary hypoplasia in the lateral
and posterior fields. An anterior pneumothorax was also
observed only in the first postoperative ultrasound. Although
this patient only received 7 days of MV, she required non-
invasive respiratory support for 46 days, parallel to the ultra-
sound pattern observed, since the right lung persisted with
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NORMAL LUNG

CONGENITAL DIAPHRAGMATIC HERNIA

Fig. 1 Lung ultrasound at the diagnosis of a congenital diaphragmatic hernia in patient no. 1. *: costal arch. +: intestine loop. =>: pleural line

an interstitial pattern with some alveolointerstitial areas until
discharge from the NICU (23 DOL).

Figure 2 shows the ultrasound and radiological evolution
of case 3, with ultrasound accurately detecting left pulmo-
nary reaeration after surgery. None of the patients presented
serious respiratory complications after surgery.

Group MV > 7 days

These four patients had a prenatal diagnosis (Table 1). The
median NICU admission was 66 days (IQR 41-85), and
the median global admission was 101 days (IQR 59-162).
The duration of postoperative MV was 33.5 days (IQR
31.5-37.5) and, for non-invasive, 19.5 days (IQR 7-36).
All of them experienced prolonged periods of respiratory
support, including HFOV, and had extended hospital stays,
along with various complications that were easily identified
by ultrasound as described below.

In these four patients, the affected lung showed a general-
ized alveolointerstitial pattern during the first 15 postopera-
tive days, evolving to an interstitial pattern, that persisted
until discharge from the NICU. The pleural line was initially
found to be thickened, becoming thinner and better defined
in parallel as the pulmonary pattern improved.

The contralateral lung exhibited an interstitial pattern
with a variable number of B lines from the first postopera-
tive day in anterior and lateral areas and an alveolointerstitial
pattern in posterior fields, which persisted until discharge
from the NICU (Fig. 2).

Patient no. 5 presented a persistent left pneumothorax that
required multiple drainages. Ultrasound follow-up in this
case allowed daily evaluation of the pneumothorax, iden-
tifying re-accumulation and resolution (SM 2: lung point

in HFOV) and even facilitating ultrasound-guided drain-
age of the associated pneumoperitoneum by performing an
ultrasound-guided puncture 13 days after surgery. Finally,
surgical revision was performed to seal the parenchymal leak
22 days after the first intervention resulting in a resolution
in the follow-up ultrasound.

Patient no. 6 presented a left pneumothorax due to a surgi-
cal parenchymal injury, which required drainage for 14 days.
On the 19th postoperative day, a right posterolateral consoli-
dation, up to 5 cm deep, with a dynamic air bronchogram
(SM3) was shown. Despite postural changes and recruitment
maneuvers, the consolidation did not change. These find-
ings, combined with the patient’s respiratory deterioration
and laboratory results, confirmed the diagnosis of pneumonia
associated with mechanical ventilation, with isolation of E.
coli in bronchoalveolar lavage. On ultrasound follow-up, this
consolidation persisted, even at the time of home discharge,
progressively becoming into an anechoic cavity with thicken-
ing of the pleural line, compatible with necrotizing pneumo-
nia, which was confirmed by a CT scan. Ultrasound, portable
X-rays, and CT scan images are shown in Fig. 3.

Patient no. 7 required ECMO support for 10 days because
of severe respiratory insufficiency and died at 1 month of life
as a result of redirection of care related to severe hypoxic-
ischemic encephalopathy and severe lung disease, not able to
wean MV. Bilateral homogeneous alveolointerstitial pattern
was observed during his evolution.

Patient no. 8 required ECMO support for 19 days before
surgery. Afterward, alveolointerstitial pattern was seen in
the anterior areas of the left lung and pleural effusion in
the lateral and posterior areas. In the right lung, interstitial
pattern in the anterior area and alveolointerstitial in the lat-
eral and posterior areas were shown during the entire study
period (54 DOL).
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DOL Xrays LUNG ULTRASOUND (left hemithorax)

PATIENT NUMBER 3 (GROUP 1)
ANTERIOR LATERAL POSTERIOR

1
BEFORE
SURGERY

0

BEFORE
SURGERY

29

36

Fig.2 Pre- and postoperative evolution of cases no. 3 and no. 8. Comparison of X-rays and lung ultrasound pictures
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Thorax CT scan

Thorax x ray

Lung ultrasound

Fig. 3 Mechanical ventilation related pneumonia in patient number 6. Thorax CT scan, X-rays, and lung ultrasound images. In LU, consolidation
pattern can be seen, limited to right lateral and posterior areas, with dynamic bronchogram (video no. 3, supplementary material)

Discussion

CDH is an extremely rare condition in neonatology nowa-
days. In our study, we present a point-of-care lung ultra-
sound follow-up of a cohort of neonates before and after
surgical correction.

There are some international guidelines about manage-
ment [14-16], but they do not include LU. However, based
on our experience, LU is a really interesting tool for evaluat-
ing the progressive reaeration of the affected lung and identi-
fying postoperative complications, such as pleural effusion,
pneumothorax, atelectasis, or pneumonia [17, 18].

In terms of preoperative complementary tests, portable
chest X-ray is the most commonly used and available. CT
scan may be useful in some selected cases, especially when
there are diagnostic challenges. However, both of these tests
have the disadvantage of ionizing radiation, a major problem
when dealing with these vulnerable children.

LU has demonstrated its value in diagnosing and semi-
quantifying neonatal respiratory distress syndrome, pleural
effusion, and pneumothorax and predicting admission for
respiratory distress and need for surfactant, with the advan-
tage of being non-ionizing, fast, sensitive, easy to learn, and
at the bedside [19-21]. However, its use in neonatal popula-
tions with severe congenital malformations is limited, which
further highlights the importance of our follow-up proposal.

Regarding the preoperative ultrasound image of CDH,
our cohort confirms the findings previously described by
Corsini et al. [9] and offers representative video images for
reference (see Fig. 1 and SM 1, 2, 3). Moreover, in patients
without a prenatal diagnosis, ultrasonography allowed a
quick, reliable, bedside diagnosis of CDH, which was con-
firmed by CT scan, since plain radiology offered diagnostic
uncertainties. This further supports the recommendation for
the protocolized use of LU in newborns with respiratory
distress after birth.

A recent publication describes the postoperative use of
LU in patients with CDH [10]. This work describes the
semiquantitative ultrasound score evolution by means of

an adapted score. This score has the advantage of allow-
ing a more objective evaluation of the ultrasound pattern
but has some drawbacks: the pattern of “preoperative intra-
abdominal content” scores the same as “postoperative pleu-
ral effusion,” and pneumothorax is not included as a possible
pattern. In addition, they include 12 areas, which can be
challenging to scan in patients with extensive dressings or
drainages.

The study included 13 patients and performed two pre-
operative and two postoperative ultrasounds. Most cases
showed a normal pattern at 1 week (score 4/48), parallel
to a favorable postoperative evolution, with short mechani-
cal ventilation and hospitalization and few complications.
In contrast, our sample, despite being smaller, has the
advantage of showing four patients with poor postoperative
evolution, ECMO support, recurrent pneumothoraces, and
pneumonia.

Both studies highlight that LU has a relevant role in the
quick and objective evaluation of pulmonary pathology in
patients with CDH at the bedside. Therefore, its daily use
is highly recommended to analyze pulmonary reexpansion,
detect complications, and even potentially guide extubation,
since the absence of extended consolidations and low ultra-
sound scores are predictive of successful extubation in other
groups of patients such as preterm infants [22].

The ultrasonographic pattern of the contralateral lung
may have prognostic implications. Prenatal correlation has
been described between the lung volume of the contralateral
lung and mortality, the need for ECMO, and the develop-
ment of chronic pulmonary pathology in patients diagnosed
with CDH (23). In our sample, the 3 patients who presented
the most favorable respiratory evolution had a normal ultra-
sound pattern in the contralateral lung compared to none
of the 5 patients who required prolonged MV or NIV, who
maintained a homogeneous interstitial or alveolointerstitial
pattern for several weeks in that lung.

Previous studies have compared the correlation between
LU and simple chest radiography with respect to chest CT
scan in various pathologies, showing LU superiority and
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demonstrating its predictive capacity for death or severe
acute respiratory distress syndrome [24, 25]. Comparisons
between LU and CT scan are scarce in the neonatal popula-
tion, as CT scan is rarely performed; our case no. 6 serves
as one illustrative example.

In terms of postoperative evolution, this study shows
that follow-up by LU is feasible and useful, since it was
able to confirm the diagnosis and the complications that
may appear (pneumothorax: cases 5 and 6; pleural effusion:
case 4; pneumonia: case 6). Furthermore, we found that in
patients with uneventful respiratory evolution, ultrasound
described the rapid pulmonary reaeration after surgery, in a
similar way to the changes evidenced in the simple portable
chest X-ray (Fig. 2) which differed between the groups. This
finding suggests that ultrasound could identify patients with
a larger lung volume, both preoperatively and postopera-
tively, since these patients present a normal or interstitial
ultrasound pattern in a greater number of fields.

LU prediction capacity in ECMO support or MV with-
drawal in these patients remains to be elucidated, and the
small sample size of this study does not allow us to draw
any conclusions in this regard.

Another advantage of LU in the NICU is related to
invasive procedures, such as pneumothorax, pleural effu-
sion drainage or monitoring [26]. In our sample, serial LU
was able to identify and measure both pathologies, thereby
reducing the associated risks.

There are some limitations to consider. Sample size is
small, and the patients are very heterogeneous. Likewise,
ultrasound follow-up could only be done until discharge
from the NICU, resulting in images available from only one
patient at the time of home discharge.

It would have been interesting to analyze the correlation
between the oxygenation and the lung ultrasound semiquan-
titative score (LUS); however, technical limitations such as
dressings or pneumothorax made it impossible to obtain
images of all the fields in some scans and therefore could
not be calculated.

As strengths, this work provides valuable evidence
regarding the postoperative ultrasound evaluation of a cohort
of neonates with CDH and very diverse respiratory evolu-
tion, showing the diagnostic capacity and potentially prog-
nostic relevance of bedside lung ultrasound in patients with
this complex pathology.

Conclusion

Lung ultrasound proves to be a valuable tool in the postop-
erative follow-up of patients with congenital diaphragmatic
hernia. The findings are diverse and heterogeneous, paral-
lel to the respiratory evolution. In addition, it allows the
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performance of ultrasound-guided procedures (pneumotho-
rax drainage, pneumoperitoneum) eliminating the need for
patient displacement and reducing the risks associated with
ionizing radiation. Further studies are required in a larger
number of patients to verify our findings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00431-023-05074-1.
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