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Abstract: The field of prenatal cardiac imaging has revolutionized the way we understand and
manage congenital heart diseases (CHD) in the developing fetus. In the prenatal period, cardiac
imaging plays a pivotal role in the diagnostic pathway, from screening to classification and follow-up
of CHD. The ability to visualize the fetal heart in utero allows healthcare professionals to detect
abnormalities early, thus enabling timely interventions and informed decision-making processes
for both the mother and the medical team. Early CHD detection improves preparation for delivery,
postnatal care, and postnatal outcomes. Advancements in medical technology and imaging techniques
have provided clinicians with insights into the fascinating workings of the fetal heart. Several
imaging modalities have proven to be helpful in this field, with echocardiography undoubtedly
representing the primary modality for evaluating the fetus. By providing detailed anatomical and
functional information, fetal cardiac magnetic resonance (CMR) imaging contributes to better prenatal
counseling and enhances the coordination of care between obstetricians, maternal-fetal medicine
specialists, and pediatric cardiologists. Shortcomings of fetal CMR are due to technical concerns
related to the intrauterine position of the fetus and subsequent challenges to following a standard
scan protocol. The aim of this paper was to revise the current state-of-the-art in the field of fetal CMR
and its clinical applications and to delve into methods, challenges, and future directions of fetal CMR
in prenatal imaging.
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1. Introduction

In the last 20 years, fetal cardiology has developed into a highly specialized clinical
field that joins together perinatal medicine and pediatric cardiology [1-3]. This discipline
has acquired growing interest thanks to advancements in medical imaging technologies,
thus enabling healthcare practitioners to delve deeper into the structure and function of
the fetal heart. Early detection of CHD is crucial, as cardiac defects are the most common
birth anomalies, affecting approximately 1 in every 100 infants worldwide. Early diagnosis
allows for appropriate interventions and management strategies before birth, during
delivery, and in the postnatal period [3,4]. Fetal cardiology provides parents and healthcare
providers with vital information about the fetal heart’s health, enabling them to make
informed decisions about pregnancy, delivery, and subsequent care of the newborn [5].

Echocardiography has traditionally played a crucial role in fetal cardiology for assess-
ing anatomy, cardiac function, blood flow patterns, and heart rhythm. Improvements in
ultrasound technologies have made it possible to define in detail most forms of CHD, even
in the late first trimester [1,2].
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To optimize the diagnostic value of fetal ultrasound cardiac imaging, P. Quaresima et al. [3]
emphasized adherence to a standardized scan protocol, according to guidelines from major
scientific societies.

Recently, strain echocardiography (speckle tracking or tissue Doppler-based strain and
strain rate) was proposed to increase the diagnostic abilities of fetal imaging. By tracking
the movement of distinct points within the heart muscle over the cardiac cycle, myocardial
deformation parameters help in understanding fetal heart mechanics. Di Salvo et al. [4]
demonstrated that strain by speckle tracking provides information about the contraction
and relaxation of different segments of the fetal heart in order to identify subtle changes
in myocardial function in cardiomyopathies and CHD that might not be apparent using
traditional echocardiography alone. To study fetal arrhythmias, strain from tissue Doppler
should be preferred because it offers a higher frame rate (up to 300 fps, three times higher
than speckle tracking) [5,6]. Finally, three-dimensional (3D) echocardiography addresses
the capture of complete spatial information by acquiring multiple two-dimensional images
from different angles and reconstructing a 3D representation of the fetal heart, which allows
an enhanced visualization of complex cardiac anomalies [7,8].

Despite significant progress in fetal echocardiography, technological advances and
ongoing experience have enhanced our ability to evaluate fetal heart disease, with growing
interest in the use of cardiac magnetic resonance (CMR) imaging [9]. Like echocardiography,
CMR is safe for both mothers and fetuses. Fetal CMR offers the potential to obtain important
additional information about fetal cardiovascular physiology and to provide an alternative
modality for defining the cardiac anatomy and fetal hemodynamics, which might be useful
when ultrasound (US) imaging is hampered by a poor acoustic window [10].

2. Hardware Consideration

To perform fetal CMR, the first key decision is to choose between 1.5 Tesla (T) and
3 T machines. Both 1.5 T and 3 T magnetic resonance (MR) machines emit strong magnetic
fields and radiofrequency pulses to create detailed images. Thus, contraindications are
the same as for any MR examination: mothers implanted with pacemakers, cardioverter
defibrillators, or any MR-incompatible device must be excluded before scanning [11-13].
Concerns might arise regarding potential risks to the developing fetus due to the strong
magnetic fields and possible heating effects [14,15], although potential increased risks
based on higher magnetic fields were not demonstrated by [16]. In addition, MR machines
are nowadays designed with various safety features, such as gradient-induced acoustic
noise reduction and maternal and fetal monitoring, with the straightforward purpose of
enhancing safety during pregnancy.

The higher magnetic field generated by a 3 T machine might increase signal-to-noise
ratios and spatial resolution, achieving higher image quality [9]. This might be help-
ful for visualizing small fetal cardiac structures and for adding details about cardiac
morphology [17]. In addition, fetal CMR at 3 T enables comprehensive functional assess-
ment, including evaluation of blood-flow patterns, ventricular volumes, and myocardial
tissue characterization [18]. Higher magnetic field strengths can lead to shorter scan times
while maintaining image quality [19].

However, a 1.5 T CMR offers a safe and accessible tool when assessing CHD and
fetal cardiac function. While it may have some limitations in spatial resolution compared
to higher field strengths, it is often preferred for imaging pregnant patients due to its
weaker magnetic field [20]. The weaker field strength reduces the likelihood of potential
heating effects on the fetus and decreases the risks associated with strong magnetic field
exposure [15]. Geiger et al. [21] reported that fetuses examined at 1.5 T obtained a signifi-
cantly higher imaging quality than at 3 T because of lower sensitivity to motion artifacts
and fewer inhomogeneities of the radiofrequency field. In conclusion, 1.5 T CMR is usually
sufficient to perform fetal CMR. Higher magnetic fields might be used to address specific
clinical queries or for research purposes.
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To perform fetal CMR, a dedicated coil is not necessary, and a simple, commonly
available phased-array torso surface coil is usually employed. Mothers should preferably
lie in the supine decubitus position; left lateral decubitus is also possible. Fetal visualization
is first achieved with localizer sequences, and to optimize signal intensity of the fetal region,
the fetus should be positioned within the coil center. If the signal intensity is not adequate,
the coil must be repositioned accordingly. Scout sequences are obtained in the three
orthogonal planes of the mother’s abdomen (axial, sagittal, and coronal) using 6-8 mm
single-shot fast spin-echo (SSFSE) T2-weighted sections with a 1-2 mm gap and a large
field of view (320-400 mm) [21].

Fetal CMR protocol consists of static and cine imaging to investigate both anatomical
and functional characteristics of the fetal heart. Static imaging of the fetal heart includes
balanced steady-state free precession (bSSFP) and SSFSE (also defined as black blood) se-
quences such as half-Fourier acquisition single-shot turbo-spin echo (HASTE). Due to
their high spatial resolution and short acquisition time, these sequences allow whole fetal
body evaluation for extracardiac anomalies, precise depiction of macroscopic anatomy, and
detection of mediastinal vascular abnormalities. The drawback of static sequences is that
they provide gross anatomic information but no functional data. CINE-bSSFP sequences
with cardiac gating are employed to acquire more precise anatomic information, while
also adding functional assessment thanks to their high spatial and temporal resolution.
The dynamic evaluation of the fetal heart with these kinds of sequences is multiplanar,
scanning the fetal thorax on the axial, coronal, and sagittal planes and the fetal heart in the
four-chamber and short-axis views. The scan time of cine imaging is longer than that of
static imaging, thus possibly being affected by respiratory artifacts and fetal movements.
Multiple studies reported that scan time with such a study protocol varies between 30 and
60 min [22,23].

Fetal CMR aims primarily to quantitatively evaluate blood flow in the principal vessels.
In this regard, some studies have demonstrated the viability of 2D phase-contrast imaging
in fetuses of late gestational age. These sequences, however, are highly affected by fetal
motion artifacts and require long scan times. To overcome this evergreen challenge when
performing MR scans, 4D-flow imaging has been employed to acquire a comprehensive
blood-flow examination (for example, to evaluate shunt lesions or to investigate venous
and valvular flow) [24,25]. In everyday clinical practice, 4D-flow has been revealed as a
promising tool that needs some improvements to overcome the relatively low spatial and
temporal resolution and the extreme sensitivity to motion and respiratory artifacts. Actually,
4D-flow remains the most interesting way to deeply investigate blood flow phenomena of
fetal circulation [26].

The high complexity and large amount of information provided by fetal CMR should
be processed by an expert and experienced cardiologic and radiologic team.

3. Application of Fetal CMR Imaging in Understanding CHD

Magnetic resonance imaging is gaining greater importance in the field of fetal cardiology.

First of all, it should be considered in cases of poor echocardiographic acoustic window or
in the presence of concomitant extra-cardiac defects with an indication for MR, like esophageal
atresia, fetal diaphragmatic hernia, lung malformations, and airway blockages [20,22].

In addition, image quality of fetal CMR is not affected by oligohydramnios, late
gestational age, maternal obesity, multiple gestations, placental position, or progressive
calcification of the ribcage in late-gestation patients [11,21,27]. Fetal CMR can be a valuable
diagnostic tool in cases of intrauterine growth restriction (IUGR), a condition in which a
fetus fails to achieve its expected growth potential in the womb. In cases of severe IUGR, the
fetus might be at risk of cardiac dysfunction due to inadequate oxygen and nutrient supply.
In this regard, fetal CMR provides a well-established technique for measuring blood flow,
which may add additional hemodynamic information beyond Doppler assessment of blood
velocity [17]. Fetal CMR allows information about qualitative imaging biomarkers to be
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obtained, with the final purpose of understanding the biological processes of cardiovascular
fetal programming [28].

Furthermore, it is useful in the assessment of the fetal cardiovascular system, from
measurement of ventricular volumes and ejection fractions to the quantification of cardiac
output, systemic and pulmonary blood flow, valvular regurgitation, volumes and percent-
ages, and intra- and extracardiac shunt volumes and directions, as well as the parametric
analysis of myocardial microstructure and the determination of oxygen content in blood
vessels [26,29-32]. Monitoring cardiac function helps healthcare providers make decisions
about time and set of delivery and future management.

CMR allows non-invasive assessment of ventricular diastolic and systolic volumes for
both ventricular chambers. It clearly identifies endocardial and epicardial contours, both
for the left and right ventricles. In addition, cine CMR sequences can be used to measure
right and left ventricular myocardial mass. In a fetal animal model, Schrauben et al. used
CMR to study heart functioning. By using bSSFP, the authors derived ventricular volumes
from short-axis views. Unfortunately, the methods used in the afore-mentioned study
cannot be used for fetal CMR in humans. Moreover, despite assessment of ventricular
volumes and functional systolic parameters described, studies were limited to a few case
reports of small case series [33]. In conclusion, functional assessment is not considered a
common indication to perform a fetal CMR in clinical practice.

On the other hand, fetal CMR can offer details on great vessel anomalies like aortic
arch anomalies, vascular rings, aberrant left subclavian artery, retro-aortic innominate
vein, or bilateral superior vena cava [10,33] (Figure 1). Most importantly, several papers
demonstrated that CMR is superior to echocardiography for diagnosing aortic coarctation
and aortic arch anatomy [33,34]. It provides detailed, three-dimensional images of the
fetal heart and blood vessels, assessing the extent and location of the aortic coarctation.
It offers better spatial resolution and better visualization of structures surrounding the
aorta, which can aid in diagnosing associated anomalies or complications. Whereas fetal
echocardiography relies heavily on the operator’s expertise and experience to obtain high-
quality images, CMR is less operator-dependent and may yield consistent results regardless
of the operator’s experience. Future studies should evaluate the opportunity to use CMR
to select patients to be referred to a third-level center rather than allow delivery in a
peripheral hospital.

Figure 1. Example of fetal CMR image. Image of a 33 gestational week fetus demonstrating right
aortic arch (*); superior vena cava (°); and trachea (+); (#) left pulmonary artery; (%) left patent
ductus arteriosus.
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CMR can be useful in conotruncal diseases, in particular to better define pulmonary
artery anatomy. CMR can be considered in fetuses affected by tetralogy of Fallot with
unusual anatomies, like pulmonary valve atresia or suspected pulmonary branch(es) dis-
continuity, or in cases of major aorto-pulmonary collateral arteries (MAPCAs). To diagnose
these cardiac defects, fetal echocardiography remains the cornerstone of prenatal assess-
ment. Nevertheless, it is not accurate to visualize the afore-mentioned unusual anatomies,
which is, however, possible with fetal CMR. For example, CMR detects if one pulmonary
branch originates from the patent ductus arteriosus (e.g., pulmonary artery discontinuity).
Such a finding plays a crucial role in postnatal management, as the newborn can benefit
from immediate treatment with endovenous prostaglandin infusion to ensure adequate
pulmonary perfusion until pulmonary ductus arteriosus stenting.

To better identify the type of truncus arteriosus (see van Praagh or Collett—-Edwards
classifications); in particular, to rule out pulmonary artery discontinuity and to better
understand the anatomy of the aortic arch, CMR is of great value [35,36].

Joshua et al. [32] depicted fetal CMR as a promising tool for 3D representation of
the fetal heart in a workflow of slice-volume registration and post-processing volume
reconstruction using a dedicated software. Motion-compensated cine CMR sequences have
the potential to measure ventricular volumes and track longitudinal ventricular growth
in this setting [37,38]. Reconstructions confirm that correct spatial and temporal features
are reliably visualized, suggesting that CMR acquisition and framework reconstruction
has the potential for volumetric fetal heart assessment [39,40]. Finally, 3D reconstructions
might be used by software for post-processing, like virtual anatomy, augmented reality,
and 3D printing (Figure 2) [41]. These anatomical details are very important for planning
surgery, identifying variants at higher risk of associated genetic/chromosomic disorders,
and obtaining more effective parental counseling [42]. Overall, 3D heart models enhance
parental counseling by improving communication, understanding, and decision-making
regarding CHD. They provide a hands-on tool for medical professionals to increase parents’
awareness about their child’s heart defect, as they offer a powerful visual aid that can ease
the emotional burden on parents while ensuring that they are well-informed about their
child’s condition and treatment options [43].

Figure 2. 3D printing of a 28-gestational-week fetus with double-outlet right ventricle pulmonary
atresia. Double aortic arch, interrupted left aortic arch after PDA origin. PDA-dependent pulmonary
blood flow, patency of distal pulmonary trunk, pulmonary arteries. Left atrial appendage juxtaposi-
tion. (On the left: cranial view. In the middle: anterior view. On the right: posterior view.) RV: right
ventricle; LV: left ventricle; SVC: superior vena cava; LA: left atrium; LAA: left atrial appendage;
RAOA: right aortic arch; LAoA: left aortic arch; PDA: patent ductus arteriosus; VSD: ventricular
septal defect; PA: pulmonary artery; LPA: left pulmonary artery; RPA: right pulmonary artery;
PV: pulmonary vein, DsAo: descending aorta; AsAo: ascending aorta) (Courtesy of Materialise,
Leuven, Belgium).
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An additional application of fetal CMR is in the field of cardiac masses; using weighted-
specific sequences, it allows tissue typing of an intracardiac mass, depicting whether it
mainly consists of muscle tissue, fibers, or fat [44,45]. Vachon-Marceau et al. [46] reported
that CMR is helpful in fetuses referred for massive cardiac rhabdomyoma, as the lesion
can benefit from transplacental treatment with sirolimus, leading to a significant reduction
in the volume of the mass and an improvement in biventricular systolic function, thus
affecting future surgical treatment [47,48]. In addition, tissue definition of intracardiac
lesions by using CMR might address further investigations after birth, like genetic tests, in
the case of rhabdomyomas, which are, conversely, excluded in the presence of teratomas,
fibromas, etc.

Fetal CMR techniques have been developed for measuring blood flow and intravascu-
lar and intracardiac blood oxygen saturation, which implement hemodynamic information
otherwise not available through fetal echocardiography [26,49,50]. Flow quantification
and blood oxygen determination allow the implementation of knowledge on fetal cardiac
physiology and provide insight into the impact of cardiac pathology on fetal circulation,
brain perfusion, and oxygen distribution [31,51].

Current technological developments in the field of cardiac imaging have allowed a
comprehensive understanding of CHD, thus optimizing surgical management [52,53]. Fetal
CMR has shown a promising role in the planning of fetal cardiac interventions: in utero
balloon dilation of semilunar valves early in the second trimester has been performed with
the aim of increasing the chances of achieving a postnatal biventricular circulation [54,55].
Ongoing experience has documented that in utero atrial septum perforation, balloon
dilation, or stenting are now feasible. Nevertheless, larger multi-centric or randomized
studies should be planned to confirm the safety/effectiveness profile of in-utero procedures
for complex CHD [56]. Marini et al. [57] explored the potential of fetal CMR to provide
additional diagnostic information and treatment options in the setting of invasive in utero
cardiac and vascular interventions. Other authors have confirmed the ability of CMR to
identify pulmonary lymphangiectasia secondary to a restrictive atrial septum in hypoplastic
left heart syndrome. Those patients may greatly benefit from fetal atrial septostomy [58,59].

4. Challenges of Fetal CMR

In pediatric and adult populations, a combination of cardiac gating and breath-holding
or respiratory navigation is used to guarantee diagnostically useful image quality [9]. The
transfer of these concepts to fetal cardiovascular assessment is difficult because of the
small size of the fetal cardiovascular structure within a large field of view, short duration
of the fetal cardiac cycle, fetal gross stochastic movements, and high rate of maternal
breathing [60]. During examination, maternal breath-holds are brief and ideally avoided to
optimize maternal comfort. First, to achieve high-quality cardiac imaging, it is mandatory
to synchronize the cardiac cycle with the CMR. After birth, it can be easily obtained by using
an ECG gating, while it is unavailable in fetuses [61-63]. Geiger et al. [21] demonstrated
that non-gated dynamic steady-state free-procession CMR sequences allow for elementary
assessment of cardiovascular anatomy. To overcome this limit and to increase to expand
the diagnostic capabilities of CMR, alternative methods have been developed.

Metric optimized gating (MOG) retrospectively reconstructs oversampled data by
using a post-processing method to identify and correct heart rate abnormalities after
scanning [64]. MOG extracts the fetal heart rate by iteratively reconstructing CINE images
in post-processing [65]. Self-gated magnetic resonance imaging provides wireless cardiac
cycle synchronization involving the use of real-time image acquisition strategies [61,66,67].
This way, clear images can be reconstructed without motion artifacts. Self-gating and
MOG are limited by time-consuming post-processing, the need for special (and expensive)
software, the inability to adjust for heart rate variations, and relatively long reconstruction
times that prevent evaluation of images during MR examination.

The most common technology for measuring fetal heart rate is cardiotocography
(CTG), which operates by identifying the dominant frequency in a signal acquired with a
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non-imaging ultrasound transducer directed at the fetal heart. Typically, CTG returns a
time-averaged measure of the fetal heart rate at regular intervals without detecting every
single heartbeat of the fetus, which is insufficient for MR gating [68]. Unfortunately, the
CTG toll is normally not designed for the MR environment, regarding safety concerns,
because it is not MR-compatible. Thus, a MR-compatible device was built ad hoc for this
purpose: a Doppler ultrasound (DUS) probe [68,69] (Figure 3). MR-compatible DUS refers
to the integration of Doppler ultrasound technology with MR systems, allowing simultane-
ous or sequential acquisition of both ultrasound and MR data. This combined approach
can provide complementary information about anatomical structures and physiological
processes, enhancing the diagnostic capabilities of medical imaging. DUS probes have been
developed as an alternative to ECG sensors for gating the fetal heart rate and producing dy-
namic cine images. The probe is placed on an elastic belt set around the maternal abdomen
after finding the position with the most consistent fetal cardiac signal by using headphones.
This device is directly connected to the MR scanner for data synchronization and produces
a dynamic signal, monitoring fetal cardiac cycle motions based on a Doppler waveform [70].
Triggers derived from the waveform are transferred to the MR scanner to synchronize
data acquisition. This device is cheap and effective. In addition, a practical benefit of this
approach is the ability to use established cardiovascular protocols for fetal imaging with
immediate in-line image reconstructions to support clinical work flow. However, several
re-positionings due to fetal movements may be required [71].

(.-

:

Figure 3. Doppler ultrasound set for fetal CMR imaging. (A) Doppler ultrasound interface with
cable; (B) display; (C) headphones for practitioners to detect fetal heartbeat. (Adapted from Fetal
smart-sync Flyer, Northh Medical).

5. Limitations of Fetal CMR

MR offers the potential to obtain important additional information about cardiovas-
cular physiology in fetal patients with CHD and to provide an alternative modality for
defining cardiac anatomy, emerging as a challenging tool that is complementary to fetal US
in the setting of a suboptimal echocardiographic acoustic window. Nevertheless, this new
emerging technique has several limitations.

Fetal CMR imaging is available only in a few tertiary care centers. Special skills are
needed to perform and interpret the exam. In addition, the indication should be addressed
by a pediatric cardiologist skilled in fetal cardiology, and it requires highly specialized
radiologists to perform scan protocols and post-processing image analysis.

Long exam sessions, the need for ECG gating, and repeated sequences make it ex-
pensive and time-consuming. Thus, fetal CMR cannot be considered a primary screening
tool [29,72]. Image quality of CMR increases with gestational age because the fetus is
bigger and the movements are progressively less prominent. Therefore, it should mainly
be considered starting from the 25th week of gestation [73]. A higher magnetic field might
(partially) overcome these limits. Despite the fact that up to 7 T devices exist, they are not
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widely available and are mainly used for research purposes. In addition, the safety of such
high magnetic fields for fetuses should be stated.

Severe maternal obesity might limit the use of CMR as the patient would be too large
for the CMR scanner, and since wider patient tables reduce image quality. In addition,
claustrophobia and anxiety can lead to an increase in mothers’ movements during scanning,
thus resulting in motion artifacts, which lower a scan’s quality and worsen its diagnostic
value [21]. Sometimes scans may need to be stopped, in particular, by pregnant women in
most advanced stages of pregnancy, who may not tolerate prolonged immobilization in
closed spaces.

Failure of the maternal cardiovascular system to adapt to pregnancy vascular overload
might lead to placental dysfunction, resulting in fetal growth restriction (FGR) [74]. Fetal
CMR in the context of FGR is challenging, as the small size of fetal structures results in
lower spatial resolution, and reduced amniotic fluid might limit image quality. In addition,
FGR is associated with increased vulnerability to motion artifacts due to compromised
fetal well-being.

Recent studies have sought to determine how maternal factors may modify the risk of
fetal CHD by investigating the relationship between fetal heart development and maternal
angiogenic imbalance [75]. Pregnancies complicated by preeclampsia indirectly affect the
fetus by reducing the oxygen and nutrient supply, potentially leading to FGR and thus
impacting heart development [76]. This issue makes fetal CMR applicability challenging.

Despite the fact that there is no clear evidence of fetal injuries or spontaneous miscar-
riages due to magnetic fields generated by CMR, the exam is not recommended in the first
trimester of pregnancy [19]. The Food and Drug Administration (FDA) discourages the use
of fetal MR in the first trimester and fixes the specific absorption rate to 4 W/kg for maternal
whole-body MR studies, regardless of the magnetic field strength [72,73]. Gadolinium
administration in pregnancy is contraindicated due to potential teratogenicity in the first
trimester and fetal kidney excretion. Recommendations are to avoid gadolinium-enhanced
MR unless essential and consider non-enhanced MR in the first trimester [77].

6. Future Perspectives

The heart develops from a tubular framework, which, by a process of looping and
torsion, evolves into a four-chambered structure. Despite the fact that the macroscopic heart
structure is completed within the first two months of gestation, the heart ultrastructure
continues to evolve up to birth and beyond. Mekkaoui et al. [78] studied the myocardial
tissue of five hearts from 10 weeks of gestation to birth by using a 3 T CMR. They found
that myocardial fibers gradually develop from a single radially arranged layer to a double
longitudinal layer at birth. By using layer-specific speckle tracking echocardiography,
Castaldi et al. [79] demonstrated that the endocardial longitudinal layer develops first
and is well represented starting at 17 gestational weeks, while epicardial longitudinal
layer maturation is slower and is completed just at the end of gestation. Functional
data were confirmed by histological data. Dysfunctional myocardial fiber development
can be found in some CHDs, like hypoplastic left heart syndrome. In these patients,
fetal interventions (atrial septostomy or percutaneous aortic valve balloon valvotomy)
might invert the progression to univentricular heart physiology. Thus, high-magnetic-
field CMR (3-7 T) might be considered a promising tool for studying left ventricular
myocardial ultrastructure to increase accuracy of patients’ selection for surgery and to
better establish the right timing for the procedure in order to improve the chances of
postnatal surgery [53,54].

7. Conclusions

As medical science and technology continue to advance, the modern pediatric car-
diologist should not just suspect a CHD but rather build a plan for postnatal care. Fetal
echocardiography remains the cornerstone of first-line detection of CHD. It is a safe, easy-
to-perform, and highly sensitive examination that can be employed starting from the first



Diagnostics 2023, 13, 3523 90f 12

trimester of pregnancy. Once a complex CHD is diagnosed, further diagnostic tools are
available to define, in detail, the anatomy of the heart and great vessels. Fetal CMR can
overcome the limitations of US to improve image quality in cases with a poor acoustic
window. In addition, blood-flow software and tissue characterization algorithms can offer
important details on diagnosis and prognosis of complex and/or rare anatomy.

Nevertheless, the best fetal CMR results are actually achieved almost in the third
trimester of pregnancy (26-32 gestational weeks). The future perspective is to move up the
timing of fetal CMR scans to early in the second trimester (hopefully, from 18 gestational
weeks), keeping the same spatial /temporal resolution and compliance with safety concerns.

Finally, images obtained from CMR can be used for teaching or counseling purposes;
they can be 3D-printed or downloaded in virtual anatomy or augmented reality software,
opening up new frontiers in diagnostic and interventional cardiology. Technological
advancements are expected to enhance image quality, diagnostic accuracy, and clinical
outcomes. As research and technology evolve, fetal CMR is likely to revolutionize prenatal
care and improve the outcomes of infants born with CHD.

Author Contributions: Conceptualization, G.D.S.; Writing—original draft preparation, review and
editing, A.P,; supervision, B.C.; writing—review and editing, R.B., M.A., ER. and A.C. (Alessia
Cerutti); visualization, A.C. (Annachiara Cavaliere); I.C.; project administration, B.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interests.

References

1.  Balasubramanya, R.; Valle, C. Uterine Imaging; StatPearls Publishing: Treasure Island, FL, USA, 2023. Available online: http:/ /www.
ncbi.nlm.nih.gov/books/NBK551551/ (accessed on 19 August 2023).

2. McBrien, A.; Hornberger, L.K. Early fetal echocardiography. Birth Defects Res. 2018, 111, 370-379. [CrossRef] [PubMed]

3. Quaresima, P; Fesslova, V,; Farina, A.; Kagan, K.O.; Candiani, M.; Morelli, M.; Crispi, F.; Cavoretto, PI. How to Do a Fetal Cardiac
Scan. Arch. Gynecol. Obstet. 2023, 307, 1269-1276. [CrossRef] [PubMed]

4. DiSalvo, G.; Russo, M.G,; Paladini, D.; Felicetti, M.; Castaldi, B.; Tartaglione, A.; di Pietto, L.; Ricci, C.; Morelli, C.; Pacileo, G.;
et al. Two-dimensional strain to assess regional left and right ventricular longitudinal function in 100 normal foetuses. Eur. J.
Echocardiogr. 2008, 9, 754-756. [CrossRef] [PubMed]

5. Di Salvo, G.; Russo, M.G.; Paladini, D.; Pacileo, G.; Felicetti, M.; Ricci, C.; Cardaropoli, D.; Palma, M.; Caso, P.; Calabro, R.
Quantification of regional left and right ventricular longitudinal function in 75 normal fetuses using ultrasound-based strain rate
and strain imaging. Ultrasound Med. Biol. 2005, 31, 1159-1162. [CrossRef] [PubMed]

6. Santoro, G.; Pacileo, G.; Russo, M.G. (Eds.) New Insight in Pediatric Cardiology: From Basic to Therapeutics; Bentham Science
Publishers: Sharjah, United Arab Emirates, 2012. [CrossRef]

7. Marella, N.T.; Gil, A.M.; Fan, W.; Aristizabal, C.A.; Asrani, P.; Harrington, ].K.; Channing, A.; Setton, M.; Shah, A.M.; Levasseur,
S.; et al. 3D-Printed Cardiac Models for Fetal Counseling: A Pilot Study and Novel Approach to Improve Communication. Pediatr.
Cardiol. 2023, 44, 1800-1807. [CrossRef] [PubMed]

8. Pena, ].L.B,; da Silva, M.G,; Faria, S.C.C.; Salemi, VM.C.; Mady, C.; Baltabaeva, A.; Sutherland, G.R. Quantification of Regional
Left and Right Ventricular Deformation Indices in Healthy Neonates by Using Strain Rate and Strain Imaging. J. Am. Soc.
Echocardiogr. 2009, 22, 369-375. [CrossRef]

9. Goncalves, L.E; Lindblade, C.L.; Cornejo, P.; Patel, M.C.; McLaughlin, E.S.; Bardo, D.M.E. Contribution of fetal magnetic
resonance imaging in fetuses with congenital heart disease. Pediatr. Radiol. 2022, 52, 513-526. [CrossRef]

10. Lloyd, D.EA.; van Amerom, J.EP.; Pushparajah, K.; Simpson, ].M.; Zidere, V.; Miller, O.; Sharland, G.; Allsop, J.; Fox, M.; Lohezic,
M.; et al. An exploration of the potential utility of fetal cardiovascular MRI as an adjunct to fetal echocardiography. Prenat. Diagn.
2016, 36, 916-925. [CrossRef]

11. Mamalis, M.; Bedei, I.; Schoennagel, B.; Kording, F.; Reitz, ].G.; Wolter, A.; Schenk, J.; Axt-Fliedner, R. The Evolution and

Developing Importance of Fetal Magnetic Resonance Imaging in the Diagnosis of Congenital Cardiac Anomalies: A Systematic
Review. J. Clin. Med. 2022, 11, 7027. [CrossRef]


http://www.ncbi.nlm.nih.gov/books/NBK551551/
http://www.ncbi.nlm.nih.gov/books/NBK551551/
https://doi.org/10.1002/bdr2.1414
https://www.ncbi.nlm.nih.gov/pubmed/30430770
https://doi.org/10.1007/s00404-023-06951-8
https://www.ncbi.nlm.nih.gov/pubmed/36786908
https://doi.org/10.1093/ejechocard/jen134
https://www.ncbi.nlm.nih.gov/pubmed/18490298
https://doi.org/10.1016/j.ultrasmedbio.2005.05.011
https://www.ncbi.nlm.nih.gov/pubmed/16176782
https://doi.org/10.2174/97816080522641120101
https://doi.org/10.1007/s00246-023-03177-y
https://www.ncbi.nlm.nih.gov/pubmed/37199756
https://doi.org/10.1016/j.echo.2008.12.007
https://doi.org/10.1007/s00247-021-05234-1
https://doi.org/10.1002/pd.4912
https://doi.org/10.3390/jcm11237027

Diagnostics 2023, 13, 3523 10 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Loomba, R.S.; Chandrasekar, S.; Shah, PH.; Sanan, P. The developing role of fetal magnetic resonance imaging in the diagnosis of
congenital cardiac anomalies: A systematic review. Ann. Pediatr. Cardiol. 2011, 4, 172-176. [CrossRef]

Rajiah, P,; Kay, E; Bolen, M.; Patel, A.R.; Landeras, L. Cardiac Magnetic Resonance in Patients with Cardiac Implantable Electronic
Devices. J. Thorac. Imaging 2020, 35, W1-W17. [CrossRef]

De Wilde, J.; Rivers, A.; Price, D. A review of the current use of magnetic resonance imaging in pregnancy and safety implications
for the fetus. Prog. Biophys. Mol. Biol. 2005, 87, 335-353. [CrossRef]

Ray, J.G.; Vermeulen, M.].; Bharatha, A.; Montanera, W.J.; Park, A.L. Association Between MRI Exposure During Pregnancy and
Fetal and Childhood Outcomes. JAMA 2016, 316, 952-961. [CrossRef] [PubMed]

Machado-Rivas, F; Jaimes, C.; Kirsch, ].E.; Gee, M.S. Image-quality optimization and artifact reduction in fetal magnetic resonance
imaging. Pediatr. Radiol. 2020, 50, 1830-1838. [CrossRef]

Dong, S.-Z.; Zhu, M,; Li, F. Preliminary experience with cardiovascular magnetic resonance in evaluation of fetal cardiovascular
anomalies. J. Cardiovasc. Magn. Reson. 2013, 15, 40. [CrossRef]

Sun, L.; Macgowan, C.K,; Portnoy, S; Sled, J.G.; Yoo, S.; Grosse-Wortmann, L.; Jaeggi, E.; Kingdom, J.; Seed, M. New advances in
fetal cardiovascular magnetic resonance imaging for quantifying the distribution of blood flow and oxygen transport: Potential
applications in fetal cardiovascular disease diagnosis and therapy. Echocardiography 2017, 34, 1799-1803. [CrossRef]
Weisstanner, C.; Gruber, G.M.; Brugger, P.C.; Mitter, C.; Diogo, M.C.; Kasprian, G.; Prayer, D. Fetal MRI at 3T—Ready for routine
use? Br. ]. Radiol. 2017, 90, 20160362. [CrossRef] [PubMed]

Marini, D.; van Amerom, J.; Saini, B.S.; Sun, L.; Seed, M. MR imaging of the fetal heart. ]. Magn. Reson. Imaging 2020, 51, 1030-1044.
[CrossRef] [PubMed]

Geiger, J.; Tuura, R.O.; Callaghan, EM.; Burkhardt, B.E.U.; Kellenberger, C.J.; Buechel, E.R.V. Feasibility of non-gated dynamic
fetal cardiac MRI for identification of fetal cardiovascular anatomy. Fetal Diagn. Ther. 2023, 50, 8-16. [CrossRef]

Udine, M,; Loke, Y.-H.; Goudar, S.; Donofrio, M.T.; Truong, U.; Krishnan, A. The current state and potential innovation of fetal
cardiac MRI. Front. Pediatr. 2023, 11, 1219091. [CrossRef]

Manganaro, L.; Savelli, S.; Di Maurizio, M.; Francioso, A.; Fierro, F.; Tomei, A.; Coratella, F.; Ballesio, L.; Ventriglia, F. Fetal
MRI of the cardiovascular system: Role of steady-state free precession sequences for the evaluation of normal and pathological
appearances. Radiol. Med. 2009, 114, 852-870. [CrossRef] [PubMed]

Knapp, J.; de Sousa, M.T.; Lenz, A.; Herrmann, J.; Zhang, S.; Kording, F.; Hergert, B.; Adam, G.; Bannas, P.; Schoennagel, B.P. Fetal
4D flow MRI of the great thoracic vessels at 3 Tesla using Doppler-ultrasound gating: A feasibility study. Eur. Radiol. 2023, 33,
1698-1706. [CrossRef] [PubMed]

Schrauben, E.M.; Saini, B.S.; Darby, ].R.T.; Soo, ].Y.; Lock, M.C,; Stirrat, E.; Stortz, G.; Sled, ].G.; Morrison, J.L.; Seed, M.; et al. Fetal
hemodynamics and cardiac streaming assessed by 4D flow cardiovascular magnetic resonance in fetal sheep. J. Cardiovasc. Magn.
Reson. 2019, 21, 8. [CrossRef] [PubMed]

Roberts, T.A.; van Amerom, J.EP,; Uus, A; Lloyd, D.FA.; van Poppel, M.P.M.; Price, A.N.; Tournier, J.-D.; Mohanadass, C.A;
Jackson, L.H.; Malik, S.J.; et al. Fetal whole heart blood flow imaging using 4D cine MRI. Nat. Commun. 2020, 11, 4992. [CrossRef]
[PubMed]

Leiner, T.; Bogaert, ].; Friedrich, M.G.; Mohiaddin, R.; Muthurangu, V.; Myerson, S.; Powell, A.].; Raman, S.V.; Pennell, D.J. SCMR
Position Paper (2020) on clinical indications for cardiovascular magnetic resonance. J. Cardiovasc. Magn. Reson. 2020, 22, 76.
[CrossRef] [PubMed]

Clarke, G.; Li, J.; Kuo, A.; Moody, A.; Nathanielsz, P. Cardiac magnetic resonance imaging: Insights into developmental
programming and its consequences for aging. J. Dev. Orig. Health Dis. 2021, 12, 203-219. [CrossRef] [PubMed]

Arya, B. Fetal Cardiac Imaging for Congenital Heart Disease—Is Cardiac Magnetic Resonance Imaging the Future? JAMA Netw.
Open 2021, 4, €214617. [CrossRef] [PubMed]

Tsuritani, M.; Morita, Y.; Miyoshi, T.; Kurosaki, K.; Yoshimatsu, J. Fetal Cardiac Functional Assessment by Fetal Heart Magnetic
Resonance Imaging. J. Comput. Assist. Tomogr. 2019, 43, 104-108. [CrossRef]

Portnoy, S.; Seed, M.; Sled, ].G.; Macgowan, C.K. Non-invasive evaluation of blood oxygen saturation and hematocrit from T;
and T relaxation times: In-vitro validation in fetal blood. Magn. Reson. Med. 2017, 78, 2352-2359. [CrossRef]

Van Amerom, J.F; Lloyd, D.E,; Deprez, M.; Price, A.N.; Malik, S.J.; Pushparajah, K.; van Poppel, M.P.; Rutherford, M.A.; Razavi,
R.; Hajnal, ].V. Fetal whole-heart 4D imaging using motion-corrected multi-planar real-time MRI. Magn. Reson. Med. 2019, 82,
1055-1072. [CrossRef]

Lloyd, D.E,; van Poppel, M.P,; Pushparajah, K.; Vigneswaran, T.V.; Zidere, V.; Steinweg, J.; van Amerom, J.F,; Roberts, T.A.; Schulz,
A.; Charakida, M.; et al. Analysis of 3-Dimensional Arch Anatomy, Vascular Flow, and Postnatal Outcome in Cases of Suspected
Coarctation of the Aorta Using Fetal Cardiac Magnetic Resonance Imaging. Circ. Cardiovasc. Imaging 2021, 14, €012411. [CrossRef]
Vigneswaran, T.V.; Bellsham-Revell, H.R.; Chubb, H.; Simpson, ].M. Early Postnatal Echocardiography in Neonates with a
Prenatal Suspicion of Coarctation of the Aorta. Pediatr. Cardiol. 2020, 41, 772-780. [CrossRef]

Collett, RW.; Edwards, J.E. Persistent Truncus Arteriosus: A Classification According to Anatomic Types. Surg. Clin. North Am.
1949, 29, 1245-1270. [CrossRef]

Van Praagh, R.; Van Praagh, S. The anatomy of common aorticopulmonary trunk (truncus arteriosus communis) and its
embryologic implications: A study of 57 necropsy cases. Am. J. Cardiol. 1965, 16, 406—425. [CrossRef]


https://doi.org/10.4103/0974-2069.84665
https://doi.org/10.1097/RTI.0000000000000462
https://doi.org/10.1016/j.pbiomolbio.2004.08.010
https://doi.org/10.1001/jama.2016.12126
https://www.ncbi.nlm.nih.gov/pubmed/27599330
https://doi.org/10.1007/s00247-020-04672-7
https://doi.org/10.1186/1532-429X-15-40
https://doi.org/10.1111/echo.13760
https://doi.org/10.1259/bjr.20160362
https://www.ncbi.nlm.nih.gov/pubmed/27768394
https://doi.org/10.1002/jmri.26815
https://www.ncbi.nlm.nih.gov/pubmed/31190452
https://doi.org/10.1159/000528966
https://doi.org/10.3389/fped.2023.1219091
https://doi.org/10.1007/s11547-009-0419-1
https://www.ncbi.nlm.nih.gov/pubmed/19568700
https://doi.org/10.1007/s00330-022-09167-7
https://www.ncbi.nlm.nih.gov/pubmed/36271920
https://doi.org/10.1186/s12968-018-0512-5
https://www.ncbi.nlm.nih.gov/pubmed/30661506
https://doi.org/10.1038/s41467-020-18790-1
https://www.ncbi.nlm.nih.gov/pubmed/33020487
https://doi.org/10.1186/s12968-020-00682-4
https://www.ncbi.nlm.nih.gov/pubmed/33161900
https://doi.org/10.1017/S2040174420001233
https://www.ncbi.nlm.nih.gov/pubmed/33349289
https://doi.org/10.1001/jamanetworkopen.2021.4617
https://www.ncbi.nlm.nih.gov/pubmed/33779739
https://doi.org/10.1097/RCT.0000000000000781
https://doi.org/10.1002/mrm.26599
https://doi.org/10.1002/mrm.27798
https://doi.org/10.1161/CIRCIMAGING.121.012411
https://doi.org/10.1007/s00246-020-02310-5
https://doi.org/10.1016/S0039-6109(16)32803-1
https://doi.org/10.1016/0002-9149(65)90732-0

Diagnostics 2023, 13, 3523 11 of 12

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Pasieczna, M.; Duliban, J.; Grzyb, A.; Szymkiewicz-Dangel, J. 4D imaging of fetal right ventricle—Feasibility study and a review
of the literature. Int. ]. Cardiovasc. Imaging 2022, 38, 319-329. [CrossRef]

Rubert, N.C,; Jategaonkar, G.; Plasencia, J.D.; Lindblade, C.L.; Bardo, D.M.E.; Goncalves, L.F. Four-dimensional fetal cardiac
imaging in a cohort of fetuses with suspected congenital heart disease. Pediatr. Radiol. 2023, 53, 198-209. [CrossRef]

Mamalis, M.; Koehler, T.; Bedei, I.; Wolter, A.; Schenk, J.; Widriani, E.; Axt-Fliedner, R. Comparison of the Results of Prenatal and
Postnatal Echocardiography and Postnatal Cardiac MRI in Children with a Congenital Heart Defect. . Clin. Med. 2023, 12, 3508.
[CrossRef]

Cho, S.K.S.; Darby, ].R.T; Saini, B.S.; Lock, M.C.; Holman, S.L.; Lim, ].M.; Perumal, S.R.; Macgowan, C.K.; Morrison, J.L.; Seed,
M. Feasibility of ventricular volumetry by cardiovascular MRI to assess cardiac function in the fetal sheep. J. Physiol. 2020, 598,
2557-2573. [CrossRef]

Bertelli, F.; Raimondi, F.; Godard, C.; Bergonzoni, E.; Cattapan, C.; Gastino, E.; Galliotto, F.; Boddaert, N.; El Beheiry, M.; Masson,
J.-B.; et al. Fast-track virtual reality software to facilitate 3-dimensional reconstruction in congenital heart disease. Interdiscip.
Cardiovasc. Thorac. Surg. 2023, 36, ivad087. [CrossRef]

A Lloyd, D.E,; Pushparajah, K.; Simpson, ].M.; van Amerom, J.E.P.; van Poppel, M.PM.; Schulz, A.; Kainz, B.; Deprez, M.; Lohezic,
M.; Allsop, J.; et al. Three-dimensional visualisation of the fetal heart using prenatal MRI with motion-corrected slice-volume
registration: A prospective, single-centre cohort study. Lancet 2019, 393, 1619-1627. [CrossRef]

Cattapan, C.; Bertelli, F.; Guariento, A.; Andolfatto, M.; Veronese, P.; Vida, V.L. 3D ultrasound-based fetal heart reconstruction: A
pilot protocol in prenatal counselling. Rev. Esp. Cardiol. 2021, 74, 549-551. [CrossRef] [PubMed]

Roy, C.W.; Macgowan, C.K. Dynamic MRI of a Large Fetal Cardiac Mass. Radiology 2019, 290, 288. [CrossRef] [PubMed]
Miihler, M.R; Rake, A.; Schwabe, M.; Schmidt, S.; Kivelitz, D.; Chaoui, R.; Hamm, B. Value of fetal cerebral MRI in sonographically
proven cardiac thabdomyoma. Pediatr. Radiol. 2007, 37, 467-474. [CrossRef] [PubMed]

Vachon-Marceau, C.; Guerra, V.; Jaeggi, E.; Chau, V.; Ryan, G.; Van Mieghem, T. In-utero treatment of large symptomatic
rhabdomyoma with sirolimus. Ultrasound Obstet. Gynecol. 2019, 53, 420-421. [CrossRef]

Ebrahimi-Fakhari, D.; Stires, G.; Hahn, E.; Krueger, D.; Franz, D.N. Prenatal Sirolimus Treatment for Rhabdomyomas in Tuberous
Sclerosis. Pediatr. Neurol. 2021, 125, 26-31. [CrossRef]

Pluym, L.D.; Sklansky, M.; Wu, J.Y.; Afshar, Y.; Holliman, K.; Devore, G.R.; Walden, A.; Platt, L.D.; Krakow, D. Fetal cardiac
rhabdomyomas treated with maternal sirolimus. Prenat. Diagn. 2020, 40, 358-364. [CrossRef]

Seed, M.; van Amerom, ].EP.; Yoo, S.-].; Al Nafisi, B.; Grosse-Wortmann, L.; Jaeggi, E.; Jansz, M.S.; Macgowan, C.K. Feasibility
of quantification of the distribution of blood flow in the normal human fetal circulation using CMR: A cross-sectional study.
J. Cardiovasc. Magn. Reson. 2012, 14, 79. [CrossRef]

Goolaub, D.S.; Xu, J.; Schrauben, E.M.; Marini, D.; Kingdom, J.C.; Sled, ].G.; Seed, M.; Macgowan, C.K. Volumetric Fetal Flow
Imaging with Magnetic Resonance Imaging. IEEE Trans. Med. Imaging 2022, 41, 2941-2952. [CrossRef]

Sun, L.; Marini, D.; Saini, B.; Schrauben, E.; Macgowan, C.K.; Seed, M. Understanding Fetal Hemodynamics Using Cardiovascular
Magnetic Resonance Imaging. Fetal Diagn. Ther. 2020, 47, 354-362. [CrossRef]

Freud, L.R.; Tworetzky, W. Fetal interventions for congenital heart disease. Curr. Opin. Pediatr. 2016, 28, 156-162. [CrossRef]
Caro-Dominguez, P.; Secinaro, A.; Valverde, I.; Fouilloux, V. Imaging and surgical management of congenital heart diseases.
Pediatr. Radiol. 2023, 53, 677-694. [CrossRef] [PubMed]

Gardiner, HM. In utero intervention for severe congenital heart disease. Best Pract. Res. Clin. Obstet. Gynaecol. 2019, 58, 42-54.
[CrossRef] [PubMed]

Sizarov, A.; Boudjemline, Y. Valve Interventions in Utero: Understanding the Timing, Indications, and Approaches. Can. . Cardiol.
2017, 33, 1150-1158. [CrossRef] [PubMed]

Mustafa, H.J.; Aghajani, F.; Jawwad, M.; Shah, N.; Abuhamad, A.; Khalil, A. Fetal cardiac intervention in hypoplastic left heart
syndrome with intact or restrictive atrial septum, systematic review, and meta-analysis. Prenat. Diagn. 2023. [CrossRef] [PubMed]
Marini, D.; Xu, J.; Sun, L.; Jaeggi, E.; Seed, M. Current and future role of fetal cardiovascular MRI in the setting of fetal cardiac
interventions. Prenat. Diagn. 2020, 40, 71-83. [CrossRef]

Victoria, T.; Andronikou, S. The fetal MR appearance of “nutmeg lung”: Findings in 8 cases linked to pulmonary lymphangiectasia.
Pediatr. Radiol. 2014, 44, 1237-1242. [CrossRef]

Seed, M.; Bradley, T.; Bourgeois, J.; Jaeggi, E.; Yoo, S.-]. Antenatal MR imaging of pulmonary lymphangiectasia secondary to
hypoplastic left heart syndrome. Pediatr. Radiol. 2009, 39, 747-749. [CrossRef]

Donofrio, M.T.; Moon-Grady, A.].; Hornberger, L.K.; Copel, ].A.; Sklansky, M.S.; Abuhamad, A.; Cuneo, B.F; Huhta, ].C.; Jonas,
R.A,; Krishnan, A.; et al. Diagnosis and Treatment of Fetal Cardiac Disease: A scientific statement from the American Heart
Association. Circulation 2014, 129, 2183-2242. [CrossRef]

Yamamura, J.; Frisch, M.; Ecker, H.; Graessner, J.; Hecher, K.; Adam, G.; Wedegartner, U. Self-gating MR imaging of the fetal
heart: Comparison with real cardiac triggering. Eur. Radiol. 2011, 21, 142-149. [CrossRef]

Kiihle, H.; Cho, S.K.S.; Barber, N.; Goolaub, D.S.; Darby, ].R.T.; Morrison, J.L.; Haller, C.; Sun, L.; Seed, M. Advanced imaging of
fetal cardiac function. Front. Cardiovasc. Med. 2023, 10, 1206138. [CrossRef]

Yamamura, J.; Kopp, L; Frisch, M.; Fischer, R.; Valett, K.; Hecher, K.; Adam, G.; Wedegéartner, U. Cardiac MRI of the fetal heart
using a novel triggering method: Initial results in an animal model. J. Magn. Reson. Imaging 2012, 35, 1071-1076. [CrossRef]
[PubMed]


https://doi.org/10.1007/s10554-021-02407-9
https://doi.org/10.1007/s00247-022-05500-w
https://doi.org/10.3390/jcm12103508
https://doi.org/10.1113/JP279054
https://doi.org/10.1093/icvts/ivad087
https://doi.org/10.1016/S0140-6736(18)32490-5
https://doi.org/10.1016/j.recesp.2020.11.006
https://www.ncbi.nlm.nih.gov/pubmed/33281102
https://doi.org/10.1148/radiol.2018182025
https://www.ncbi.nlm.nih.gov/pubmed/30457477
https://doi.org/10.1007/s00247-007-0436-y
https://www.ncbi.nlm.nih.gov/pubmed/17357805
https://doi.org/10.1002/uog.20196
https://doi.org/10.1016/j.pediatrneurol.2021.09.014
https://doi.org/10.1002/pd.5613
https://doi.org/10.1186/1532-429X-14-79
https://doi.org/10.1109/TMI.2022.3176814
https://doi.org/10.1159/000505091
https://doi.org/10.1097/MOP.0000000000000331
https://doi.org/10.1007/s00247-022-05536-y
https://www.ncbi.nlm.nih.gov/pubmed/36334120
https://doi.org/10.1016/j.bpobgyn.2019.01.007
https://www.ncbi.nlm.nih.gov/pubmed/30772145
https://doi.org/10.1016/j.cjca.2017.06.009
https://www.ncbi.nlm.nih.gov/pubmed/28843326
https://doi.org/10.1002/pd.6420
https://www.ncbi.nlm.nih.gov/pubmed/37596875
https://doi.org/10.1002/pd.5626
https://doi.org/10.1007/s00247-014-2994-0
https://doi.org/10.1007/s00247-009-1223-8
https://doi.org/10.1161/01.cir.0000437597.44550.5d
https://doi.org/10.1007/s00330-010-1911-7
https://doi.org/10.3389/fcvm.2023.1206138
https://doi.org/10.1002/jmri.23541
https://www.ncbi.nlm.nih.gov/pubmed/22246623

Diagnostics 2023, 13, 3523 12 of 12

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.
78.

79.

Roy, C.W.; Seed, M.; van Amerom, ].F.P,; Al Nafisi, B.; Grosse-Wortmann, L.; Yoo, S.; Macgowan, C.K. Dynamic imaging of the
fetal heart using metric optimized gating. Magn. Reson. Med. 2013, 70, 1598-1607. [CrossRef] [PubMed]

Jansz, M.S.; Seed, M.; van Amerom, ].EP,; Wong, D.; Grosse-Wortmann, L.; Yoo, S.; Macgowan, C.K. Metric optimized gating for
fetal cardiac MRI. Magn. Reson. Med. 2010, 64, 1304-1314. [CrossRef] [PubMed]

Larson, A.C.; White, R.D.; Laub, G.; McVeigh, E.R.; Li, D.; Simonetti, O.P. Self-gated cardiac cine MRI. Magn. Reson. Med. 2004, 51,
93-102. [CrossRef] [PubMed]

Haris, K.; Hedstrom, E.; Bidhult, S.; Testud, F.; Maglaveras, N.; Heiberg, E.; Hansson, S.R.; Arheden, H.; Aletras, A.H. Self-gated
fetal cardiac MRI with tiny golden angle iGRASP: A feasibility study. . Magn. Reson. Imaging 2017, 46, 207-217. [CrossRef]

De Sousa, M.T.; Hecher, K.; Yamamura, J.; Kording, F.; Ruprecht, C.; Fehrs, K.; Behzadi, C.; Adam, G.; Schoennagel, B.P. Dynamic
fetal cardiac magnetic resonance imaging in four-chamber view using Doppler ultrasound gating in normal fetal heart and in
congenital heart disease: Comparison with fetal echocardiography. Ultrasound Obstet. Gynecol. 2019, 53, 669—-675. [CrossRef]
Haris, K.; Hedstrom, E.; Kording, F.; Bidhult, S.; Steding-Ehrenborg, K.; Ruprecht, C.; Heiberg, E.; Arheden, H.; Aletras, A.H.
Free-breathing fetal cardiac MRI with doppler ultrasound gating, compressed sensing, and motion compensation. J. Magn. Reson.
Imaging 2020, 51, 260-272. [CrossRef]

Kording, F.; Yamamura, J.; Much, C.; Adam, G.; Schoennagel, B.; Wedegértner, U.; Ueberle, F. Evaluation of an Mr Compatible
Doppler-Ultrasound Device as a New Trigger Method in Cardiac Mri: A Quantitative Comparison to ECG. Biomed. Tech. 2013, 58
(Suppl. 1), 000010151520134267. [CrossRef]

Kording, F.; Yamamura, J.; de Sousa, M.T.; Ruprecht, C.; Hedstrom, E.; Aletras, A.H.; Grant, P.E.; Powell, A]; Fehrs, K.; Adam, G,;
et al. Dynamic fetal cardiovascular magnetic resonance imaging using Doppler ultrasound gating. J. Cardiovasc. Magn. Reson.
2018, 20, 17. [CrossRef]

Ramdass, S.; Adam, S.; Lockhat, Z.; Masenge, A.; Suleman, FE. Foetal magnetic resonance imaging: A necessity or adjunct? A
modality comparison of in-utero ultrasound and ultrafast foetal magnetic resonance imaging. S. Afr. J. Radiol. 2021, 25, 2010.
[CrossRef]

Wielandner, A.; Mlczoch, E.; Prayer, D.; Berger-Kulemann, V. Potential of magnetic resonance for imaging the fetal heart. Semin.
Fetal Neonatal Med. 2013, 18, 286-297. [CrossRef] [PubMed]

Ghanchi, A.; Derridj, N.; Bonnet, D.; Bertille, N.; Salomon, L.J.; Khoshnood, B. Children Born with Congenital Heart Defects and
Growth Restriction at Birth: A Systematic Review and Meta-Analysis. Int. |. Environ. Res. Public Health 2020, 17, 3056. [CrossRef]
[PubMed]

Brodwall, K.; Leirgul, E.; Greve, G.; Vollset, S.E.; Holmstrem, H.; Tell, G.S.; Oyen, N. Possible Common Aetiology behind Maternal
Preeclampsia and Congenital Heart Defects in the Child: A Cardiovascular Diseases in Norway Project Study. Paediatr. Perinat.
Epidemiology 2016, 30, 76-85. [CrossRef] [PubMed]

Thilaganathan, B. Preeclampsia and Fetal Congenital Heart Defects. Circulation 2017, 136, 49-51. [CrossRef]

Gatta, G.; Di Grezia, G.; Cuccurullo, V.; Sardu, C.; Iovino, F.; Comune, R.; Ruggiero, A.; Chirico, M.; La Forgia, D.; Fanizzi, A.;
et al. MRI in Pregnancy and Precision Medicine: A Review from Literature. ]. Pers. Med. 2021, 12, 9. [CrossRef]

Mekkaoui, C.; Porayette, P.; Jackowski, M.P,; Kostis, W.J.; Dai, G.; Sanders, S.; Sosnovik, D.E. Diffusion MRI Tractography of the
Developing Human Fetal Heart. PLoS ONE 2013, 8, €72795. [CrossRef]

Castaldi, B.; Angelini, A.; De Filippi, E.; Susin, E; Cattapan, I.; Fedrigo, M.; Boso, D.; Peruzzo, P.; Comunale, G.; Milanesi, O.; et al.
Young Investigator Award session—Basic Science. Eur. Heart |. Cardiovasc. Imaging 2017, 18, iii80-iii81. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/mrm.24614
https://www.ncbi.nlm.nih.gov/pubmed/23382068
https://doi.org/10.1002/mrm.22542
https://www.ncbi.nlm.nih.gov/pubmed/20632406
https://doi.org/10.1002/mrm.10664
https://www.ncbi.nlm.nih.gov/pubmed/14705049
https://doi.org/10.1002/jmri.25599
https://doi.org/10.1002/uog.20167
https://doi.org/10.1002/jmri.26842
https://doi.org/10.1515/bmt-2013-4267
https://doi.org/10.1186/s12968-018-0440-4
https://doi.org/10.4102/sajr.v25i1.2010
https://doi.org/10.1016/j.siny.2013.05.006
https://www.ncbi.nlm.nih.gov/pubmed/23742821
https://doi.org/10.3390/ijerph17093056
https://www.ncbi.nlm.nih.gov/pubmed/32354021
https://doi.org/10.1111/ppe.12252
https://www.ncbi.nlm.nih.gov/pubmed/26479038
https://doi.org/10.1161/CIRCULATIONAHA.117.028816
https://doi.org/10.3390/jpm12010009
https://doi.org/10.1371/journal.pone.0072795
https://doi.org/10.1093/ehjci/jex287

	Introduction 
	Hardware Consideration 
	Application of Fetal CMR Imaging in Understanding CHD 
	Challenges of Fetal CMR 
	Limitations of Fetal CMR 
	Future Perspectives 
	Conclusions 
	References

