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Abstract
In recent years, magnetic resonance imaging (MRI) has largely increased our knowledge and predictive accuracy of congenital
diaphragmatic hernia (CDH) in the fetus. Thanks to its technical advantages, better anatomical definition, and superiority
in fetal lung volume estimation, fetal MRI has been demonstrated to be superior to 2D and 3D ultrasound alone in CDH
diagnosis and outcome prediction. This is of crucial importance for prenatal counseling, risk stratification, and decision-
making approach. Furthermore, several quantitative and qualitative parameters can be evaluated simultaneously, which have
been associated with survival, postnatal course severity, and long-term morbidity.

Conclusion: Fetal MRI will further strengthen its role in the near future, but it is necessary to reach a consensus on indications,
methodology, and data interpretation. In addition, it is required data integration from different imaging modalities and clinical
courses, especially for predicting postnatal pulmonary hypertension. This would lead to a comprehensive prognostic assessment.

What is Known:

e MRI plays a key role in evaluating the fetal lung in patients with CDH.

® Prognostic assessment of CDH is challenging, and advanced imaging is crucial for a complete prenatal assessment and counseling.

What is New:

o Fetal MRI has strengthened its role over ultrasound due to its technical advantages, better anatomical definition, superior fetal lung volume
estimation, and outcome prediction.

e Imaging and clinical data integration is the most desirable strategy and may provide new MRI applications and future research opportuni-
ties.

Keywords Congenital diaphragmatic hernia - Liver herniation percentage - Liver-to-thoracic volume ratio - Observed/
expected total fetal lung volume - Total fetal lung volume - Mediastinal shift angle - Pulmonary hypertension - Survival
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MRI Magnetic resonance imaging

MSA Mediastinal shift angle

NICU Neonatal Intensive Care Unit

O/ELHR  Observed/expected lung-to-head ratio
O/E TFLV Observed/expected total fetal lung volume
oFLV Observed fetal lung volume

PH Pulmonary hypertension

PPHI Prenatal pulmonary hypertension index

PPLV Percentage of predicted lung volume

ROI Fetal region of interest

SSFP Steady-state free precession

SS-FSE Single-shot fast spin-echo

STR Stomach to thoracic ratio

TFLV Total fetal lung volume

TRUFI True fast imaging with steady-state free
precession

US Ultrasound

Magnetic resonance imaging and the fetal
lung

Magnetic resonance imaging (MRI) plays a key role in
evaluating congenital anomalies affecting the fetal lung,
especially when lung hypoplasia is suspected, as occurs in
severe oligohydramnios, skeletal dysplasia, lung masses,
and congenital diaphragmatic hernia (CDH). In addition, it
allows the evaluation of the extent of the anomaly and the
amount of normal residual parenchyma [1].

CDH represents a rare congenital malformation affect-
ing 1:3000 live births, characterized by variable degrees of
pulmonary hypoplasia and pulmonary hypertension, repre-
senting the two most important determinants of the patient’s
prognosis [2—4]. Mortality can range from more than 90%
in extreme CDH to less than 10% in mild forms. In addition,
there is a significant morbidity in survivors [5, 6].

Advanced imaging is crucial for a complete prenatal
assessment and parental counseling. Together with genetic
testing and ultrasound (US) examination, fetal lung MRI
delineates an accurate anatomical picture and contributes to
an individualized prediction of disease severity and progno-
sis. This is essential to identify candidates for fetal interven-
tion and provide the most accurate prognostic and therapeu-
tic information to parents [1, 7, 8].

This review points out the increasing role of fetal MRI in
the prenatal assessment and prognostic prediction of patients
with CDH and its advantages compared to fetal lung US.
We discuss the main quantitative and qualitative prognostic
parameters, their association with fetal-neonatal outcomes,
and possible future MRI applications.
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Technical aspects and advantages

In CDH, fetal MRI enhances prenatal evaluation through
high anatomic specificity of the diaphragmatic defect, hernia
location, content, and alteration in other fetal organs [9, 10].
In contrast to US, MRI is not limited by maternal body habi-
tus, fetal position, and amniotic fluid volume [1]. It is less
user-dependent and shows excellent repeatability [8, 11].
Since the lung is largely composed of water, it contrasts well
against the heart’s darker signal, mediastinum, and liver on
T2 sequences [12]. It allows the visualization of both ipsi-
lateral and contralateral lung, with a complete evaluation of
the total fetal lung volume (TFLV). In addition, it provides a
more accurate liver position than US, since US is limited by
the similar echogenicity of the liver and lung [8, 13]. Com-
pressive effects on surrounding structures can also be better
evaluated [14]. Due to these favorable aspects, several stud-
ies have demonstrated that fetal MRI is superior to 2D and
3D US in diagnosing CDH and outcome prediction [15-19].

The patients can be safely imaged on a 1.5/3 Tesla system
using a multichannel cardiac or torso coil, with the fetal
region of interest (ROI) within the center of the coil to have
an optimum signal [20]. Adequate patient preparation is
essential to make the mother feel comfortable and reduce
stress and motion artifacts. The mother is positioned supine
or on her left side to prevent inferior vena cava syndrome,
using pillows and foam pads to maximize patient comfort
and immobilization. Other facilitations such as patient
coaching, the presence of the partner, or listening to music
can be helpful. The mother is entered feet-first to mini-
mize claustrophobia [21]. In addition, fast MR sequences
decrease scanning time and allow rapid fetal imaging, which
reduces the likelihood of maternal and fetal motion arti-
facts. At the same time, post-processing approaches further
improve image quality [22]. No intravascular contrast agent
is generally administered. Usually, a fetal MRI study takes
30-45 min, depending on fetal movements, with a minimum
of 15 min [14]. In this way, maternal—fetal sedation can be
successfully avoided. However, sedation of the mother does
not provide a significant advantage in reducing fetal motion
artifacts, requires observation and monitoring after MRI
examination, and can adversely affect the developing fetal
brain. For these reasons, this practice is rarely used to date
[21, 23-26].

Ultrafast T2-weighted sequences, such as single-shot fast
spin-echo (SS-FSE), half-Fourier single-shot turbo spin-
echo (HASTE), steady-state free precession (SSFP), or True
fast imaging with steady precession (FISP), are regarded as
the mainstay of fetal MRI and are usually acquired on the
three planes of the fetal body. Additional sequences, such
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as T1-weighted fast gradient-echo images, fast field echo
(FFE), fast low angle shot (FLASH), diffusion-weighted
images (DWI), or echoplanar imaging may provide further
information, especially in the fetal body [27, 28].

MRI evaluation and clinical implications
Quantitative parameters
Fetal lung volume

Improving the stratification of fetuses aims to identify a
small subgroup with the most significant benefit from pre-
natal intervention and to guide clinicians and parents in deci-
sion-making during pregnancy. Fetal MRI is the reference
technique for fetal lung volume evaluation as an indirect
estimation of lung hypoplasia [29-31]. The most common
method of measuring lung volumes is based on indepen-
dently tracing the region of interest around the left and right
lung on each MRI slice, excluding the main vessels of the
pulmonary hila. The sum of each slice area, multiplied by
the slice thickness, gives the TFLV (Fig. 1) [29]. T2-fast
sequences (SS-FSE/HASTE) are the most used, with the
whole thorax covered on a single acquisition. However, sev-
eral studies have shown that the lung measurements are inde-
pendent of sequence, plan, and section thickness. Therefore,
the sequence less affected by artifacts can be chosen [31,
32]. In addition, this method shows high reproducibility and
excellent inter- and intraobserver agreement [29, 32, 33]. In
a recent meta-analysis including four studies assessing the
role of TFLV in predicting mortality, the absolute lung vol-
ume was markedly reduced in patients with poor prognosis,
with a significant overall impact on survival [12].

In order to improve outcome prediction, the observed
value of fetal lung volume (oFLV) is usually converted to
a percentage of what is expected (eFLV) for a normal fetus

Fig.1 Total fetal lung volume (TFLV) measurement. a T2 HASTE
axial image showing the lung segmentation methods tracing the region
of interest (green) around the left and right lung on each MRI slice. b
3D volume rendering reconstruction of the TFLV, obtained by summing
each slice area, multiplied by the slice thickness

of the same gestational age (GA) based on normative data.
The two formulas proposed by Rypens et al. and Meyers
et al. are the most widely used in clinical practice [29, 34].
The Rypens formula (eFLV = 0.0033 x GA*%) was derived
in 2001 from a study that enrolled 336 patients and his-
torically represented the normative reference [29]. Meyers
formula (eFLV = 0.000865 x GA***) was derived in 2018
from the largest sample size of 665 patients, with the highest
proportion of fetuses evaluated at lower GA (167 fetuses at
18-22 weeks of gestation) [34]. A comparison between the
two formulas showed an excellent correlation for most gesta-
tional ages, but Meyers’ study found significantly lower val-
ues of TFLV at 19-22 weeks of gestation. The small number
of fetuses and the lack of fetuses <21 weeks of gestation
in Rypens’ study could justify this difference. Therefore,
Meyers and coll. suggested using their referential values to
avoid potential errors, especially at lower GAs, where pre-
natal counseling is the most critical. Finally, no differences
were found when comparing imaging planes in manual ver-
sus semiautomatic methods [34].

In newborns with CDH, the observed/expected total fetal
lung volume (o/e TFLV) better correlates with the postnatal
outcome than the absolute volume and represents an inde-
pendent predictor of postnatal mortality and morbidity [35].
There is also increasing evidence that predicting survival
with o/e TFLV is more accurate than US estimation of lung
size, which does not consider the ipsilateral lung, and could
underestimate the actual lung volume [17, 18, 36, 37].

In isolated CDH, o/e TFLV showed good performance
in discriminating survival, with a cutoff value of o/e
TFLV < 25% associated with most severe forms and <25%
survival rate (Table 1) [12, 17, 38—41]. In addition, the
o/e TFLV was shown to predict the need for extracorpor-
eal membrane oxygenation (ECMO) after birth, and the
combined evaluation of the lung volumetry and o/e LHR
was superior to US alone in predicting the need for ECMO
[5, 42-44]. The o/e TFLV was also significantly lower in
patients requiring a patch and more prolonged postoperative
mechanical ventilation [38].

In some centers, the TFLV is compared to the predicted
lung volume based on fetal body volume rather than gesta-
tional age. This could be appropriate if a CDH fetus is also
growth-restricted and is expected to have smaller TFLV than
the normal growing counterparts, but this practice is less
common. The proposed discriminating value for the percent-
age of the predicted lung volume is 15% [45—48].

Regarding long-term morbidities, several studies dem-
onstrated a strong association between small lung volumes
and postnatal development and grading of chronic lung dis-
ease (CLD), defined as the need for oxygen supplementa-
tion on day 28 after birth, with the best cut of the value of
o/e TFLV <35% [38, 42, 49, 50]. Lung volumetry was also
associated with the duration of oxygen supplementation and
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oxygen dependency at 1 year of age [42, 51]. The combina-
tion of o/e TFLV and o/e LHR was slightly more predictive
of CLD than US assessment alone [44].

Liver position

It is now recognized that liver herniation itself and the sub-
sequent lung volume restriction are independent risk fac-
tors for poor outcomes in patients with CDH (Table 1) [12,
52-55]. Conventionally, the liver position is classified as
“up” (liver in the thorax) or “down” (liver in the abdomen).
However, volumetric quantification of liver herniation pre-
dicts neonatal survival better than this dichotomous classifi-
cation [18, 56-58]. The amount of intrathoracic parenchyma
can be assessed by calculating either the liver-to-thoracic
volume ratio (LiTR) or the liver herniation percentage
(%LH).

LiTR is obtained by dividing the herniated liver volume
by the total chest volume (Fig. 2). LiTR was found to be
reproducible and to predict neonatal survival independently
from lung volume in both right- and left-sided isolated CDH,
with a suggested cutoff of 20% [54, 57]. Furthermore, the
LiTR predicted survival in both expectantly managed CDH
and those undergoing prenatal FETO treatment and was also
predictive of post-FETO lung response [59]. Additionally,
low LiTR was also associated with postnatal ECMO [56].

The %LH is calculated by dividing the hepatic volume
above the diaphragm by the entire liver volume (Fig. 3).
Studies demonstrated that the %LH was significantly lower
in survivors and was associated with mortality and the need
for ECMO, with the best cutoff value of 21% [35, 56]. In
addition, Ruano et al. found that the combination of MRI

measurement of total lung and liver herniation volumes
was the most accurate in predicting neonatal mortality and
ECMO’s need [58].

Liver herniation was shown to have an impact also on
postnatal morbidity. Zamora et al. demonstrated that patients
with CLD had a higher proportion of herniated liver than
those without CLD. Liver herniation >20% was indepen-
dently associated with the need for oxygen supplementa-
tion at 30 days and showed an 11-fold higher likelihood of
developing pulmonary sequelae. They concluded that the
%LH represented the strongest predictor of CLD in patients
with CDH [50].

Stomach position

The stomach can be easily recognized in the US and dif-
ferentiated from other structures [8]. Grading systems for
stomach position in US have been proposed to correlate with
neonatal mortality [60, 61]. The four-step classification sys-
tem of Kitano et al. evaluates the reciprocal position of the
stomach and the heart on the coronal section of the thorax
[60]. However, whether the stomach represents a genuinely
independent risk factor has still to be proven [62]. Nawapun
et al. defined the stomach to thorax ratio (STR) in left iso-
lated CDH as the thoracic cavity volume occupied by the
herniated stomach in fetal MRI. However, it did not show
a correlation with the o/e TFLV. They also categorized the
stomach position on MRI according to Kitano and al. and
introduced an additional category in which the stomach was
entirely dislocated on the contralateral side. They found an
inverse relationship between o/e TFLV and the degree of
stomach herniation [63].

Fig.2 Liver-to-thoracic volume ratio (LiTR) calculation. a T2 HASTE
sagittal image shows the line drawn at the xiphoid process (continuous
line) for the first plane of measurement of the LiTR, and another line
indicates a plane higher in the thorax at the liver top (dotted line). b T2
HASTE image in the axial plane shows the delineation of the liver (con-
tinuous line) and the thoracic cavity (dashed line). The LiTR is obtained
by dividing the herniated liver volume by the total chest volume

@ Springer

Fig. 3 Percentage of liver herniation measurement (%LH). a Tl WIBE
image in a sagittal view shows the liver segmentation methods with
liver area measured on each slice (green) to obtain the 3D fetal level
volume. b In both images, the white line drawn at the xiphoid process
indicates the position of the diaphragm. The liver herniation percent-
age is then calculated by dividing the hepatic volume above the dia-
phragm by the entire liver volume



European Journal of Pediatrics (2022) 181:3243-3257

3249

Size of the defect

The size of the diaphragmatic defect significantly affects
the surgical approach, especially regarding primary or patch
repair [64-68]. In order to introduce an objective method
of defect quantification, Rygl et al. proposed the periopera-
tive calculation of the defect-diaphragmatic ratio (DDR) by
dividing the area of the defect by the area of the diaphragm.
They demonstrated that the DDR was objective and corre-
lated well with primary repair’s feasibility [67].

Recently, Prayer et al. performed the first retrospective
study to assess the validity of fetal MRI 3D reconstruction
to locate, classify, and quantify diaphragmatic defects in 46
fetuses with CDH. They demonstrated that prenatal MRI 3D
diaphragmatic segmentation is feasible, reproducible, and
allows a correct identification and classification in all cases.
They also calculated the DDR on fetal MRI and found that
it was predictive of the need for patch repair, concluding that
early MRI DDR evaluation could complement the existing
parameters in prenatal counseling of fetuses with CDH [69].

Mediastinal shift angle

Volumetric assessment either through o/e LHR or o/e TFLV
is operator-dependent, needs post-processing calculation,
including a dedicated software for 3D reproduction of the
lungs, and could be time-consuming. However, the medi-
astinal shift angle (MSA) has recently been proposed as a
fast and reproducible measurement that could be calculated
at US and MRI to assess hernia severity in isolated left-
sided CDH [70-72]. The displacement of the mediastinal
axis reflects the presence of herniated organs affecting the
contralateral lung development. On fetal MRI, the MSA is
obtained from an axial “true fast imaging with steady-state
free precession” (TRUFI) at the level of a four-chamber view
of the heart. First, a sagittal midline is drawn from the pos-
terior face of the vertebral body to the mid of the sternum.
Then, a second line is drawn from the same point of the ver-
tebral body to touch the lateral wall of the right atrium tan-
gentially (Fig. 4). The MSA was inversely related to TFLV
and significantly lower in non-survivors than survivors [71,
72]. Among survivors, MSA increase was also associated
with longer inotropic and vasoactive support, treatment with
pulmonary vasodilators, mechanical ventilation, and length
of stay [73]. However, data are limited and obtained from
small cohorts of patients. Therefore, further investigation
has to investigate whether the MSA could add value to the
prognostic evaluation of fetuses with CDH.

Fig.4 Mediastinal shift angle (MSA) calculation. True-Fisp axial image
at the level of four-chamber view of the heart shows a sagittal midline
(continuous line) drawn from the posterior face of the vertebral body to
the mid of the sternum and a second line (dashed line) drawn from the
same point of the vertebral body to touch the lateral wall of the right
atrium tangentially

Other anatomical parameters
Hernia sac

In percentages ranging from 14.2 to 25.7% of CDH, the her-
niated organs are covered by a peritoneal layer forming a
hernia sac [74, 75]. Several authors reported higher survival
rates, more significant lung volumes, lower degree of liver
herniation, and better postnatal outcomes in those patients
with hernia sac, including the decreased need for ECMO and
shorter mechanical ventilation [74—80]. In addition, when a
sac constrains the hernia content, the diaphragmatic defect
tends to be smaller and primary repair is usually feasible
[50, 76, 79].

Zamora et al. described three MRI features that specifi-
cally correlated with the presence of hernia sac: (1) presence
of lung meniscus posterior or apical to the hernia content;
(2) encapsulated appearance of hernia contents, exerting
more negligible mass effect on the heart and mediastinum
than expected; and (3) presence of pleural fluid outlying a
sac from above [81]. Prenatal identification of the sac could
help in risk stratification and add useful information to the
expected clinical course [7, 79].

@ Springer
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Associated anomalies

CDH is associated with non-diaphragmatic congenital anom-
alies in almost half of the cases. In addition, these complex
forms of CDH are characterized by a poorer prognosis.
Therefore, prenatal screening for other malformations is
mandatory [82, 83].

Cardiac malformations represent the most common asso-
ciated anomalies, found in up to one-third of all CDH and
15% of non-syndromic cases [7]. Beyond structural altera-
tions, there is increasing evidence that cardiac dysfunction
contributes to CDH pathophysiology and poor postnatal out-
come [84]. It has been shown that fetal left heart structures
are smaller, regardless of the defect side, and left ventricular
(LV) hypoplasia correlates with lung hypoplasia. Impaired
embryological cardiac development, direct compression by
herniated organs, reduced LV filling, and mediastinal shift
contribute to fetal LV hypoplasia. However, the pathophysi-
ological basis has not been fully clarified [84]. Prenatal US
is routinely used to assess cardiac dysfunction in the fetal
period, but cardiac MRI is beginning to spread also in this
field. Recently, Yadav et al. suggested the use of fetal cine
cardiac MRI using maternal electrocardiography for cardiac
gating to calculate the right and left ventricular ejection frac-
tion in a fetus with left CDH [85]. However, we are still a
long way from the systematic MRI study of the fetal heart.

Although the real incidence is still unknown, some stud-
ies reported the presence of another concomitant lung lesion
in up to 30% of CDH, such as congenital pulmonary air-
way malformation (CPAM), congenital cystic adenomatoid
malformation (CCAM), and bronchopulmonary sequestra-
tion (BPS) [86-90]. However, little is known about how an
associated congenital lung lesion affects postnatal outcomes,
and the increasing application of fetal MRI could add further
knowledge for these complex forms [87, 8§9].

Pulmonary hypertension

Predicting the occurrence and severity of pulmonary hyper-
tension (PH) is still the major challenge in prognostic evalu-
ation of fetuses with CDH [7].

Lung hypoplasia is invariably associated with reduced
vascular network extension, remodeling, and impaired vaso-
reactivity [91]. Although the pathogenesis of PH has not
been yet fully clarified, the condition is believed to have a
fixed morphological and a reversible functional component
and involve alterations of endothelium, vascular smooth
muscle cells, and altered vascular growth pathways [91-98].

PH plays a crucial role in mortality and long-term mor-
bidity. Ideally, we should predict PH independently from
pulmonary hypoplasia [5, 8]. Regrettably, lung volume is not
always correlated with lung function and degree of PH [8].
Although lower o/e TFLV was associated with occurrence

@ Springer

and severity of PH, it was also associated with higher
mortality, with similar risk. Due to the close relationship
between PH and mortality, it is difficult to determine the
exact contribution of vascular development to the outcome
by measuring lung volume. However, it could indirectly esti-
mate vascular bed development [74]. A recent meta-analysis
by Russo et al. showed that lung size and liver herniation
predicted ECMO’s needs but not PH [5].

Direct assessment of lung vascularization represents the
logical approach. Several attempts have been made to evalu-
ate vascular development directly in utero through Doppler
techniques, anatomical parameters, and vascular indices at
2D and 3D US, including hyperoxygenation tests. However,
these measurements are difficult to reproduce, and their
added predictive value remains uncertain [5, 62, 99-109].

Vuletin et al. evaluated the potential of prenatal predictors
of severe postnatal PH in left isolated CDH using ultrafast
fetal MRI. Diameters of the right pulmonary artery, left pul-
monary artery, aorta, and length of the cerebellar vermis as
reference measures were obtained to calculate two param-
eters: (1) prenatal PH index (PPHI) [PPHI = (left pulmonary
artery/length of vermis) X 10)] and (2) McGoon index (MGI)
[MGI = (right pulmonary artery + left pulmonary artery)/
aorta] [110]. The authors demonstrated that PPHI and MGI
negatively correlated with PH and were significantly lower
in those patients with severe systemic/supra-systemic PH.
Furthermore, they accurately predict PH at three weeks of
life, with MGI the most sensitive predictor. There was no
difference between survivors and non-survivors, and no rela-
tionship with mortality was found, probably due to the small
sample size. In contrast, none of the standard parameters
used to estimate lung volumes, such as LHR and TFLV, and
predicted PH severity [110].

In conclusion, given the drastic hemodynamic changes
occurring right after birth, in utero evaluation of PH is still
challenging [36]. Therefore, as future direction, it is manda-
tory to consolidate other imaging methods to evaluate CDH-
associated PH through non-volumetric parameters [24]. The
availability of an alternative approach through the study of
prenatal MRI and US images based on artificial intelli-
gence, using machine and deep learning methods, could help
develop a prenatal predictive PH model with high sensitivity
and specificity in the next future [111].

Qualitative evaluation
Diffusion-weighted MRI and apparent diffusion coefficient

Diffusion-weighted (DW) MRI assesses the translational
mobility of water molecules in tissue when exposed to a
magnetic field gradient [112]. DW MRI has been proposed
as a qualitative method to evaluate microstructural char-
acteristics of the developing lung [13, 113]. The apparent
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diffusion coefficient (ADC) is a quantitative-derived param-
eter that combines the capillary perfusion and water diffu-
sion in the extravascular extracellular space [114].

Significant changes in ADC values have been observed
throughout the gestation in normal fetal lungs, probably
reflecting distal airways and pulmonary vasculature devel-
opment. CDH fetuses deviate from this typical pattern due to
structural alterations of the hypoplastic lungs [13]. However,
the application of DWI in CDH lacks external validation and
is therefore considered not reproducible [7]. This technique
is also time-consuming and very sensitive to motion arti-
facts. For these reasons, it is not routinely used in a clinical
setting [7, 13].

Signal intensity ratio

The relative signal intensity on T2 sequences has been
proposed as a qualitative imaging parameter to assess fetal
lung maturity [115-117]. However, to evaluate its relative
changes, lung signal intensity needs a reference structure
close to the lung and whose signal intensity remains stable
throughout pregnancy [115, 118]. In addition, high signal
intensity is associated with high fluid content in small air-
ways and alveoli, while low intensity suggests lower fluid
and lung immaturity [115]. Based on this knowledge, some
studies have focused on signal intensity ratios in CDH
patients as potential outcome predictors, but the results are
controversial [31, 36, 118, 119].

Yamoto et al. calculated the lung-to-liver signal intensity
ratio (LLSIR) using the contralateral lung region of interest
analysis in isolated left-sided CDH compared to controls.
LLSIR significantly increased during pregnancy in normal
fetuses, while CDH fetuses did not, especially those with
poor prognoses. They concluded that LLSIR was a marker of
fetal lung maturity with promising prognostic applications,
with o/e LLSIR cutoff value of 70 being the most accurate
[118].

Diitemeyer et al. compared various signal intensity ratios
on T2-weighted images to the o/e TFLV in predicting sur-
vival in isolated CDH. The LLSIR, lung-to-amniotic fluid
signal intensity ratio (LAFSIR), lung-to-muscle signal inten-
sity ratio (LMSIR), and lung-to-spinal fluid signal inten-
sity ratio (LSFSIR) were calculated using region of interest
(ROI) analysis both in the contralateral and ipsilateral lung.
Among all signal intensity ratios, LLSIR correlated well
with the prediction of postnatal survival. However, the o/e
TFLV was by far superior in outcome prediction. Even if the
developmental changes in signal intensity ratios were con-
firmed, qualitative evaluation through these parameters was
less sensitive and less specific than quantitative analysis of
lung maturity [36, 119]. Further investigations are required
to clarify whether the combination of these parameters could
improve outcome prediction in CDH.

Experience and learning curve

Effective prenatal counseling largely relies on proper prog-
nostic parameters on prenatal imaging. Both fetal US and
MRI are operator-dependent and are often used in sequence
to maximize the accuracy of the provided information [9,
38]. While the clinician could be relatively confident with
the predictive accuracy for mild and extreme/severe cases,
the broad spectrum of presentation of the intermediate
forms poses additional challenges. For this reason, experi-
ence plays a key role as it could directly impact predictive
value and the information we provide to the families [38]. In
addition, prenatal imaging has a significant learning curve.
Therefore, restricting the performance to a limited number
of specialized operators could maximize expertise and pre-
dictive accuracy [36]. Finally, experience in managing CDH
newborns needs to be considered as it is known to impact
survival chances [120]. In light of these considerations,
planning the birth of an affected fetus in a high-volume
activity center where obstetrics, neonatologists, pediatric
surgeons, radiologists, and nurses have achieved significant
experience in the perinatal management of CDH improves
neonatal outcomes [36].

Future directions

Since MRI is expensive and unavailable in all centers, its
use for primary diagnosis is still limited, and the quality
across centers has not been tested extensively [9]. Despite
the increasing use of fetal MRI during the last decade, prena-
tal US remains the most widely used tool in clinical practice
[121]. However, MRI should be further encouraged in the
prenatal workup due to its technical advantages, better ana-
tomical definition, and superior FLV estimation and survival
prediction. To maximize the potential of fetal MRI, stand-
ardization of indications, methodology, and data interpreta-
tion is required. This would provide consistent information
for prenatal counseling, risk stratification, decision-making
approach, and more comparable data across institutions [19].
Data integration from different imaging modalities remains
the most desirable strategy [9].

In particular, the increasing application of MRI combined
with the cardiac US will provide further knowledge of fetal
heart dysfunction, which is now considered a key contributor
to CDH pathophysiology, along with pulmonary hypoplasia
and pulmonary hypertension [84, 85].

The growing interest in MRI is also moving towards its
application in the postnatal period. Although our knowl-
edge concerning prenatal lung growth in CDH patients has
dramatically improved during the past decade, our under-
standing of postnatal lung growth is still limited. Therefore,
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MRI is increasingly being used to study the postoperative
changes in newborns’ lung volumes with CDH, contributing
to understanding lung catch-up growth [122]. It has been
shown that increased lung volume progressively takes place
after surgical repair and that the ipsilateral lung’s contribu-
tion to the total lung volume increase was even more signifi-
cant in the most severe forms [122]. Recently, the feasibility
of MRI for postnatal assessment of pulmonary vascularity
in infants with CDH was investigated, showing a strong cor-
relation with prenatal and postnatal markers of PH severity
[123]. Although with limitations, this highlights the poten-
tial role of postnatal MRI for further understanding lung
parenchymal and vascular hypoplasia, lung catch-up growth,
and long-term pulmonary morbidity in infants with CDH.

Advances in technologies are opening doors to innova-
tive MRI applications. Through additive manufacturing,
Prayer et al. developed a 3D-printed life-sized model of the
diaphragm, diaphragmatic defect, liver, and liver veins of
a term CDH fetus, based on MRI acquisitions. A physical
life-sized model derived from 3D segmentation data could
help counsel the parents regarding such a complex malfor-
mation and support the pediatric surgeon in defining the
optimal surgical strategy, including potentially identifying
cases suitable for tissue-engineering-based treatment [69].
Regenerative tissue-engineering techniques may represent
the future of personalized treatment in patients with CDH
[124, 125]. In the future, fetal MRI may permit a 3D print-
able template for a prenatally available, ready-to-use, and
tailor-made diaphragmatic patch obtained through regenera-
tive tissue solutions [69].

Conclusions

In the last years, huge progress has been made in the pre-
and postnatal evaluation of fetuses with CDH [2, 7, 15, 73,
126, 127]. Fetal MRI has contributed chiefly to increasing
our knowledge and predictive accuracy and will continue to
strengthen its crucial role in the near future. However, none
of the available markers accurately predict postnatal out-
comes, particularly PH and long-term morbidity. In addition,
several unexpected factors could step in the postnatal course
to modify the final prognosis [8]. Therefore, imaging data
must be combined with clinical variables and experience to
perform a comprehensive prognostic assessment.
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