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Introduction

Fetal magnetic resonance imaging (fMRI) is a second-

level diagnostic modality performed after morphological
ultrasonography that offers crucial insights for fetal and
placental assessment [1, 2]. It boasts numerous advan-
tages, including safety, high-resolution tissue contrast,

and the ability to surpass the limitations of ultrasound (US)
examinations. fMRI indications encompass both the central
nervous system and fetal body assessments. Common indi-
cations pertaining to the central nervous system include
ventriculomegaly, midline malformations, posterior fossa
malformations, supratentorial parenchymal lesions or de-
struction, ischemic hemorrhagic lesions, infective diseases,
facial malformations (e.g., cleft lip/palate), and neural
tube defects [3]. In the evaluation of the fetal body, typical
indications for fMRI include congenital diaphragmatic
hernia, neck masses, fetal airway obstruction, congenital
pulmonary malformations, meconium peritonitis, sacro-
coccygeal teratoma, abdominal/pelvic masses, and lower
urinary tract obstruction [4].

Recent technological advances have led to the devel-
opment of new sequences and new software capable of
providing and interpreting qualitative and quantitative
data for investigating different pathological conditions and
fetal malformations [5]. Furthermore, new studies show

safety in exposing fetuses' to high magnetic fields such

as those from 3T MRI [6]. This review aims to describe

the latest news in fMRI. It places particular emphasis on
the new fMRI sequences, specifically diffusion-weighted
imaging (DWI) techniques, including intravoxel incoherent
motion (IVIM); on the transition from 1.5T to 3T magnets;
and on the possibilities that artificial intelligence (Al) and
radiomics offer for fMRI.

Advanced clinical perspectives:
State of the art in fetal MRI

MRI has numerous indications concerning the brain and
fetal body, and the study of the placenta [1, 7].

Due to the scarcity of evidence in the literature and
the objective difficulties of execution to date, it is not
possible to include areas of the musculoskeletal structures,
particularly the limbs and the osteo-cartilaginous compo-
nent of the forming spine.

Studies of the fetal central nervous system account
for 80% of fMRI requests. The most frequent indications
according to international guidelines include ventricu-
lomegaly, hydrocephalus, midline abnormalities (Fig. 1),
TORCH infections, ischemic hemorrhagic lesions, cortical
malformations, and posterior cranial fossa abnormalities
[8-10].

n T2-weighted images acquired on a 3T scanner in sagittal (1A), axial (1B), and coronal (1C) planes in a syndromic fetus with dysgenesis of the

corpus callosum and lobar holoprosencephaly.

'Siemens Healthineers disclaimer: MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician
must evaluate the benefits of the MR examination compared to those of other imaging procedures. This disclaimer does not represent the opinion of the authors.
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Fetal body indications concern neck, thoracic, and abdom-
inal structures. This is despite the fact that — excluding
congenital diaphragmatic hernia and neck masses — indi-
cations for abdominal examination are not well defined.

The most studied cervical lesions are teratoma,
cystic lymphatic malformations, and hemangioma [11].

The indication for further diagnostic investigation with
MRI for the fetal thorax is justified by the fact that lung
anatomy and morphology are clearly recognized in T2-
weighted sequences. In addition, DWI acquisitions make it
possible to study the degree of lung maturity, given that
the apparent diffusion coefficient (ADC) value increases
with advancing gestational age (GA).

The examination is proposed in fetuses with conge-
nital chest mass, congenital pulmonary airway malforma-
tion, and congenital diaphragmatic hernia. This is because
these conditions are associated with pulmonary hypoplasia
(Figs. 2 and 3).

In our clinical practice, most examinations are gen-
erally performed at 20 to 23 gestational weeks to confirm
and/or exclude a malformation after a second-level mor-
phologic US examination. In addition, examinations are
now increasingly being requested in the third trimester to
choose delivery modality and subsequent treatment of
the fetus in cases of malformative, metabolic, or placental
pathologies.

Important indications are represented by placental in-
sertion abnormalities and placenta accreta spectrum (PAS)
disorders. Therefore, a correct diagnosis and an accurate
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choice of delivery timing is essential. In our clinical
practice, and according to scientific literature, the most
frequent indications concerning the fetal brain are TORCH
infections, midline abnormalities, ventriculomegaly, and
posterior cranial fossa pathology. As for indications con-
cerning the fetal body, the most frequent are congenital
diaphragmatic hernia; neck masses; abnormalities of the
urinary, gastrointestinal, and pulmonary tracts; complex
malformations; and growth restriction.

Application of a proper study protocol includes the
use of T2-weighted, T1-weighted with and without fat
saturation, TrueFISP, and DWI sequences. T2-weighted
sequences allow morphological visualization of normal
fetal anatomical structures or possible abnormalities.
T1-weighted sequences with and without fat suppression
enable better characterization of the content of the
different structures, detecting the presence of adipose,
hemorrhagic, and proteinaceous components.

The use of DWI sequences allows recognition of hyper-
cellular tissue formations, such as tumor formations, which
result in more difficult movement of free water molecules
and are represented by signal hyperintensity. In addition,
diffusion sequences are particularly useful in the study
of ischemic-hemorrhagic lesions, twin-to-twin transfusion
syndrome, and the study of fetal kidneys in cases of sus-
pected agenesis/ectopy.

Recently, we have also begun using advanced
diffusion models such as IVIM, which allows us to discrimi-
nate diffusion perfusion. IVIM also makes it possible to

T2-weighted images acquired on a
3T scanner in coronal (2A) and axial
(2B) planes in a fetus with congenital
diaphragmatic hernia. Herniated
intestinal loops (yellow *) and stomach
(red *) in the chest.

T2-weighted images
acquired in coronal
(3A) and axial (3B)
planes, and T1-weight-
ed fs image acquired in
axial plane (3C) on a
3T scanner in a fetus
with dilated intestinal
loop. Dilated intestinal
loop (red *) and
bladder (yellow *).
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assess — thanks to perfusion parameters, particularly f and
D* — the microstructural tissue changes that occur in the
fetal lungs and kidneys during gestation [12] and may help
distinguish the various patterns of placental microvascular-
ization in cases of small for gestational age (SGA) and fetal
growth restriction (FGR).

When studying placental tissue, which is highly
perfused, it is very important to also obtain separate
estimations of perfusion and diffusion.

Perfusion measures blood circulation in the vascular
bed per unit volume. It is an important marker of tissue
viability and can be measured directly using intravascular
contrast agents or metabolic tracers.

However, due to a lack of sufficient evidence in
humans about the safety of contrast agents during preg-
nancy, tissue viability is often assessed using non-invasive
techniques and indirect markers of tissue perfusion (such
as Doppler US). In this context, the IVIM technique has
been adapted to fMRI.

FGR is associated with several short- and long-term
complications. It is defined as an estimated fetal weight
that is less than the 10th percentile for GA by prenatal
US evaluation.

In SGA and FGR, various degrees of structural abnor-
malities of the placental parenchyma, such as hypercel-
lularity, tissue heterogeneity, and high fibrin deposition
by fibroblasts, are responsible for the decrease in diffusion
during the gestational period.

In prenatal clinical practice, US examination alone
does not discriminate between SGA and FGR placentas
because it does not allow for measuring perfusion in depth
or microvascularization. IVIM, however, shows a signifi-
cantly higher perfusion fraction f in normal placentas,
lower in FGR placentas, and an intermediate value in SGA
placentas [13].

Moreover, a significant positive correlation was found
between f and body weight in FGR and SGA placentas, and
a significant negative correlation was found between D
and GA in the SGA and FGR group but not in the normal
pregnancy group [13]. Therefore, f measured in the
placenta can predict body weight.

IVIM can also be applied to the study of fetal body
development. Some studies suggest that the progressive
increase in renal and pulmonary blood flow characterizes
normal pregnancy, resulting in an increase in overall tissue
perfusion [12]. Therefore, perfusion fraction f in IVIM
has the potential to investigate perfusion and diffusion
qualities of the microstructural tissue changes that occur
in renal and lung parenchyma during intrauterine life.
These findings may be useful for distinguishing normal
fetuses from pathological fetuses with intrauterine
growth restriction.

The fetal brain is also much more perfused than the
adult brain, so it could be investigated with the IVIM
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model. However, to achieve sufficient spatial resolution
to study the fetal brain, the acquisition time of the IVIM
protocol [14] may be too long. A recent study [15] shows
that the fetal brain can be studied by quantifying ADC
but renouncing the perfusion estimation: By normalizing
DWI at different values of b data with DWI at a b-value of
50 s/Imm?, the perfusion bias in estimating ADC values is
greatly reduced.

This proves that one of the main advantages of IVIM
is the possibility to quantify not only the perfusion fraction
but also the diffusion coefficient D without the bias due
to the perfusion component present in the DWI signal
obtained at low b-values. For this reason, the D parameter
evaluated with the IVIM model is more sensitive to changes
in tissue hypercellularity than the ADC parameter.

Transition to 3T

The recommendations from the Fetal Imaging Task Force
of the European Society of Paediatric Radiology [16]
regarding the preferred magnetic fields for various indica-
tions in fMRI are outlined as follows:

1. For neurological indications, particularly those involv-
ing the posterior cranial fossa, brain parenchymal
lesions, and small median structures, it is preferable
to use 3T MRI if available.

2. In cases involving fetal body indications, such as
identifying herniated organs in diaphragmatic hernia
cases, assessing smaller abdominal and pelvic organs,
and evaluating cartilages, 3T MRl is preferred when
accessible.

3. Ininstances of polyhydramnios, 1.5T MRl is favored.
This is due to the more prominent shielding effects
and resulting artifacts observed at 3T.

4. GA should not influence the choice of magnetic
field strength.

The guidelines from the International Society of Ultrasound
in Obstetrics and Gynecology, updated in 2023 [17], do
not express a preference between 3T or 1.5T scanners.
They acknowledge that 1.5T scanners can achieve satisfac-
tory image resolution even at 18 months’ GA, while also
recognizing the higher resolution of images obtained by
3T scanners with a comparable energy deposition rate on
tissues. However, for conditions like polyhydramnios, they
recommend a 1.5T scanner, due to its reduced suscepti-
bility to artifacts related to fluid waves [17].

Over the past few decades, 3T scanners have transi-
tioned from being primarily used in research to becoming
valuable clinical tools for fMRI [18]. The increased signal-
to-noise ratio resulting from the higher field strength can
be leveraged to accelerate acquisition, which is essential
for compensating for sudden fetal movement or enhancing
spatial resolution to achieve a more accurate depiction of
the fetus.
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The initial survey of fetal imaging practices in Europe,
published in 2020, revealed that merely 30% of fMRI exam-
inations are conducted at 3T. The reasons for this include
the fact that not all centers have 3T magnets, as well as
concerns regarding potential fetal harm and an uptick in
artifacts.

Concerns regarding potential fetal harm were associ-
ated with the rise in specific absorption rate (SAR), the
elevated noise produced by 3T magnets with the possible
impact on the fetal auditory system, and the potential
for causing intrauterine growth retardation [16]. However,
there is currently no evidence suggesting that 3T MRI
results in growth retardation or harms the auditory system
[6, 19].

As magnetic field intensity increases, so does the
release of radiofrequency energy, which raises SAR.

The Food and Drug Administration (FDA) in the USA has
established a threshold value of 4 W/kg for the maternal
whole body [20]. Consequently, when transitioning from
1.5T to 3T, it is imperative to adjust the sequence param-
eters, as safety systems prevent exposure surpassing
these threshold values [21].

The increase in field strength also leads to artifacts
such as chemical shift, B1 inhomogeneity, and standing
wave [22]. While these issues may be present at 1.5T,
they become more pronounced and require attention at
3T. Dielectric artifacts pose a challenge in fetal imaging,
manifesting as darker regions within the image due to the
shorter wavelengths of radiofrequency waves compared
to the scanned object [23]. This effect is accentuated when
the abdominal diameters of patients exceed the radio-
frequency wavelength (a common occurrence in pregnant
women), particularly due to the dielectric properties of
amniotic fluid [24].

Furthermore, variations in T1 and T2* relaxation times
between different tissues depend on the magnetic field
strength [22], posing a challenge in achieving the desired
image contrast. Specifically, the T2* of the fetal placenta is
significantly lower at 3T than 1.5T, potentially compromis-
ing the accurate evaluation of D and D* IVIM parameters.
To address this limitation, DWI acquisitions should employ
echo times substantially shorter than T2*.

Victoria et al. [25] compared 1.5T and 3T MRl in
fetuses with matched GA and similar anomalies, assessing
and scoring the resulting images. The evaluated anatom-
ical structures were the intestine, liver, kidney, airway,
cartilage, and spine. Scores for image evaluation ranged
from O to 4, with 4 representing the highest image quality.
The study revealed a general advantage of 3T imaging,
which yielded higher scores than 1.5T imaging, with the
best scores achieved using a TrueFISP sequence [25].

Regarding placental assessment, a recent study
by Bourgioti et al. [26] involving 182 pregnant women
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demonstrated that the diagnostic efficacy of 1.5T and
3T MRl in evaluating PAS is largely comparable [26].

Fetal neuroimaging

Investigating the brain in small fetuses is one of the
most difficult tasks in clinical imaging, primarily due to
the unpredictable movements of the unborn child. This
endeavor entails delineating small anatomical structures
and discerning the transient layers of the developing
cerebral hemispheres, which, due to the low contrast,
poses significant challenges [27].

Nevertheless, 3T MRI scanners offer potential solutions
to these challenges concerning contrast, as outlined in the
preceding paragraphs. T2-weighted images, in particular,
afford optimal contrast for delineating anatomical differ-
ences within the fetal brain, especially regarding water and
lipid content in the mature brain. Furthermore, the height-
ened signal acquired through stronger gradients can be
leveraged to enhance resolution and acceleration factors.

The swift imaging strategy used in fMRI is a beneficial
approach that has already demonstrated efficacy in pedi-
atric imaging. Turbo spin-echo sequences are particularly
prone to motion artifacts, which can compromise the
accurate diagnosis of brain abnormalities. In response to
this challenge, Righini et al. [28] explored a shorter two-
dimensional (2D) turbo spin-echo and fluid-attenuated
inversion-recovery (FLAIR) sequence designed for investi-
gating pediatric brains, capitalizing on the advantages
offered by 3T scanners. The condensed protocol lasts
only 52 seconds and is an intriguing option for fetal brain
imaging with the aim of ascertaining whether the motion
artifact is tolerable or requires exclusion.

It is widely recognized that 3T scanners present signifi-
cant advantages in the field of neuroimaging, especially
concerning fMRI, where assessing the fetal cerebral blood
oxygenation status is crucial for identifying fetuses at
risk of brain injury [29]. Central to this effort is the precise
quantification of susceptibility in fetal cerebral vessels,

a task accomplished through quantitative susceptibility
mapping (QSM) facilitated by susceptibility-weighted
imaging (SWI), a multi-echo gradient sequence known
for its lengthiness and sensitivity to motion. However,
emerging advancements in high-acceleration imaging
technologies offer a promising pathway to achieving
optimal outcomes with reduced scan time.

One such technology is wave-controlled aliasing in
parallel imaging (Wave-CAIPI) SWI, which has been able
to shorten brain scans from 5 to 2 minutes in adults [30].

This technique integrates two imaging methodologies,
Wave and CAIPIRINHA, which involve oscillated gradients
applied in both the slice and phase-encoding directions
during readout, resulting in a corkscrew k-space trajectory.
Additionally, parallel imaging incorporating coil sensitivity
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knowledge helps mitigate undersampling artifacts and
g-factor noise, thereby enhancing tolerance for high
acceleration factors [31].

While this technology holds promise for fMRI, its appli-
cation requires further exploration. The utility of Wave-
CAIPI SWI extends beyond susceptibility quantification for
QSM; it is also applicable to other neuro sequences, such
as T1-weighted magnetization-prepared rapid gradient-
echo (MPRAGE) and T2-weighted sampling perfection with
application-optimized contrasts using different flip angle
evolution (SPACE), enabling visualization of even smaller
structures within a reasonable acquisition time [32].

Patient preparation and safety measures:
Essential considerations

When conducting fMRI, ensuring the comfort of patients
is crucial, as abdominal discomfort and patient movement
can significantly affect the overall quality of the exami-
nation. It may be necessary to determine whether the
patient can maintain the supine position for a certain
amount of time; otherwise, adopting a lateral position
could make the examination more comfortable. Once the
patient is prepared, one or two 18-channel body matrix
coils are employed in conjunction with the spine array
coil. When conducting scans during pregnancy, utmost
consideration must be given to both maternal and fetal
safety. Radiofrequency exposure should be limited to
prevent excessive heating, and normal mode settings
for limiting SAR should be adopted. The lowest gradient
modes available for each sequence are employed when-
ever feasible, and low SAR RF pulse types are used.
Guidelines from the International Society of Ultra-
sound in Obstetrics and Gynecology [17] suggest including
at least T2-weighted sequences in three orthogonal planes
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of the fetal brain and body, and T1-weighted and gradi-
ent-echo (GRE) echo-planar imaging (EPI) sequences in one
or two orthogonal planes, preferably frontal and sagittal
[17]. In view of these guidelines, we propose the following
3T MRI protocol.

Optimizing fundamental protocols for
3T MRI scanning

The examination includes T1-weighted VIBE in the axial
plane of the brain with and without fat suppression using
the Dixon technique, as well as a T2 HASTE sequence in
the axial, sagittal, and coronal planes of the brain.

Brain tissue T1 contrast is generally diminished at 3T
compared to 1.5T [22]. Compensating for this loss of T1
contrast may necessitate a longer repetition times (TR) and
the correction of the flip angle, thereby increasing acqui-
sition time. Parallel imaging combined with VIBE allows for
acquisitions during breath-hold, mitigating some fetal and
maternal motion (Figs 4A, 4B).

Commonly used in fetal imaging, free-breathing
single-shot turbo spin-echo (SS-TSE or HASTE) sequences
facilitate the capture of entire volumes slice by slice [22]
(Fig. 4C). However, unexpected fetal motion can compro-
mise image quality, potentially requiring reacquisition.
Depending on factors like body region and patient physio-
logy, another unpredictable artifact is the dielectric artifact,
or B1 inhomogeneity [23]. Pregnant individuals often have
abdominal diameters exceeding ~30-50 cm, making the
dielectric artifact difficult to avoid. Moreover, the presence
of amniotic fluid can disrupt B1 homogeneity within the
imaging field [23]. Techniques such as using saturation
bands and adjusting flip angles help mitigate dark regions
in images, but they may inadvertently increase RF power
deposition, necessitating longer TR to stay within SAR

n Transverse view of a 29-week-old fetus: (4A) T1-weighted in-phase acquisition, (4B) T1-weighted fat-saturated image, (4C) T2-weighted
acquisition.
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limits. This is the reason why employing a prescan B1 filter
could be an option to adopt, since it can minimize signal
discrepancies caused by dielectric resonances, especially at
higher field strengths [33]. Depending on fetal positioning,
relocating the shading artifact may be beneficial, particu-
larly if the fetal brain is distant from the body array coil.

True fast imaging with steady state precession (True-
FISP) provides high signal-to-noise ratio and T2/T1 image
contrast, and it contributes to a more effective study of the
fetal body. It employs a GRE sequence where the excited
magnetization is maintained in the transverse plane using
balanced gradient pulses [34]. It is advantageous for heart
and vessel evaluation, due to bright-blood signal that
contrasts with the dark-blood appearance in SS-FSE. Ad-
justing the offset frequency may be necessary to mitigate
increased banding artifacts by relocating them outside the
region of interest [35]. Different offsets lead to varying
image contrasts due to the complex signal evolution within
tissues. Modifying the frequency offset may also result in
a different, possibly preferrable contrast (Fig. 5).

Over the last few years, fMRI has been considered an
additional prenatal diagnostic tool that has significantly
enhanced our understanding of and diagnostic accuracy
in assessing placental and fetal abnormalities [36].

Thanks to advancements in DWI methodologies [37],
and to the use of ADC maps [38, 39] and IVIM imaging
protocols [36—42], it has become feasible to acquire
quantitative data for assessing fetal microstructure and
perfusion. These quantitative measures offer insights
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that supplement US examinations. The IVIM model uses
DWI sequences at different diffusion weights (b-values),
making it possible to separately quantify perfusion fraction
f, which measures the perfusion fraction of water mole-
cules perfused in microcapillaries with a D* rate and diffu-
sion coefficient D. The DWI acquisitions are characterized
by several b-values that are lower (less than 150s/mm?)
than in standard diffusion imaging in order to quantify
perfusion parameters f and D*, in addition to D without
the perfusion bias [41, 43] (Fig. 6). Generally, 10 b-values
between 0 and 1000 are acquired with a total image acqui-
sition time of about 4 minutes 30 seconds. This method
does not involve substantial increases in SAR that would
impair the implementation of the sequence, and offers
excellent anatomic resolution.

Exploring fetal cardiac MRI

Fetal cardiac MRI (fCMR) is gaining importance in diagnos-
ing congenital heart diseases (CHDs) in fetuses, especially
when traditional US imaging faces limitations like poor
acoustic windows due to factors such as maternal obesity,
oligohydramnios, fetal lie, or calcified ribs [44, 45]. CHDs
are the prevalent prenatal fetal abnormalities, with an
incidence rate of 9 per 1000 births, making early detection
and diagnosis essential. The most common CHD types in
fetuses include atrial septal defects and coarctation of the
aorta, but various other malformations can also occur [11].

Single slice sagittal views of the frequency scout featuring 12 different offset frequencies (only 6 are displayed). The frequency scout is
typically planned in one or a few slices around the organ of interest. The operator and/or radiologist select the “best” frequency based on their
preference for contrast and/or the absence of banding artifacts around the point of interest. Subsequently, the actual T2-weighted balanced
steady-state free precession sequence is acquired.
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n DWI obtained with b = 50 sifmm?, and intravoxel incoherent motion f and D maps of the placenta. The normal pregnancy placenta appears
with homogeneous colors in the f and D maps. In particular, the estimated value of f in fetal placenta is equal to 0.44 + 0.06 in healthy normal
placenta, and to 0.16 = 0.04, 0.26 = 0.04, and 0.27 = 0.04 in central previa placenta, SGA placenta, and IUGR placenta, respectively.

However, performing cardiac imaging in fetuses presents
several challenges, including unpredictable motion arti-
facts, the need for ECG gating, the requirement for a large
field of view to avoid maternal anatomical structures, and
the small size of fetal cardiovascular structures [46]. Fetal
vascular and cardiac dimensions at full GA are quite small,
necessitating high spatial and temporal resolution to mini-
mize motion artifacts while maintaining diagnostic image
quality. Different approaches have been developed to
address these challenges [47].

One key strategy is cardiac gating, which synchronizes
image acquisition with the fetal heartbeat. This ensures

8 magnetomworld.siemens-healthineers.com

images are obtained during specific cardiac phases, reduc-
ing motion artifacts and improving diagnostic accuracy
[48]. Cardiac gating can be achieved using methods such
as metric-optimized gating (MOG), self-gating, or Doppler
ultrasound gating (DUS). DUS has shown promise by
synchronizing the fetal heartbeat with MRI scanning
without the need for extensive post-processing [49].
Regarding the reduction of acquisition time, a new
technique has emerged that uses an undersampled k-space
acquisition and compressed-sensing (CS) reconstruction
techniques. CS relies on incoherent undersampling, data
sparsity, and non-linear iterative reconstruction to
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Sequence T2 HASTE DWI IVIM TrueFISP T1 VIBE Dixon TrueFISP Cine
TE (ms) 150 67 1.9 1.3 2.1
TR (ms) 1500 4500 500 6 610
TF 115 - 115 - 170
FA (°) 135 - 46 9 50
Slice thickness (mm) 2.5 3.5 3 3 3
Gap (mm) 0 0 0 0 0

2,2,2,2,2,3,
AVG 1 5469 1 1 1
Voxel size (mm?3) 0.8x0.8x2.5 1.7x1.7x%x3.5 1.1x1.1x3 1.2x1.2x3 1.2x1.2x3
0, 10, 30, 50, 70, 100,
b-values ~ 200, 400, 700, 1000 ~ ~ ~
s/mm? Diffusion mode:
3D diagonal

Acquisition time 0:55 4:30 0:22 0:19 0:14
(m:s)

Table 1: 3T protocol parameters
Example protocol conducted on a 3T MAGNETOM Vida (Siemens Healthineers, Erlangen, Germany). The examination is performed using
the flexible body array combined with the spine array.

Cardiac views of a fetal

obtain images much faster than traditional methods [50].
In cardiac imaging, this has enabled the acquisition of
cine images in just 15-25 seconds, significantly reducing
examination times and motion artifacts.

fCMR can be performed using both 1.5T and 3T MRI
scanners. Before acquiring cardiac sequences, static
sequences like T2-weighted turbo spin-echo or half-Fourier
single-shot turbo spin-echo are used to visualize the fetal
thorax in various planes. Cine TrueFISP imaging is then per-
formed to assess cardiac and vascular anatomy, enablin
g the assessment of various congenital anomalies and
cardiac function parameters such as ventricular volumes
and myocardial thickness [51-53] (Fig. 7).

heart: (7A) 4-chamber view,
(7B) short-axis view.

Phase contrast MR (PC-MR) sequences are employed to
measure fetal blood flow in vessels and detect shunts or
valve dynamics. However, PC-MR has limitations, including
limited flow information and long acquisition times [54].
On the other hand, 4D flow MRI offers a comprehensive
analysis of flow patterns throughout the cardiac cycle,
co-registering morphological images with flow data.
Although it has advantages over fetal echocardiography,
it requires careful planning due to fetal movements
during image acquisition [55].

Finally, T1 and T2 mapping sequences may provide
insights into oxygen delivery and consumption, which is
important for understanding fetal physiology, particularly
in CHD and heart failure [56].

magnetomworld.siemens-healthineers.com 9
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New horizons

New avenues are opening up for fMRI. Three-dimensional
(3D) reconstructions of the fetal diaphragm offer valuable
insights in cases of congenital diaphragmatic hernia; they
facilitate the visualization, localization, classification, and
quantification of the defect. Specialized software enables
segmentation of the diaphragm and the diaphragmatic
defect, enabling 3D visualization across three orthogonal
planes. These reconstructions can help optimize postnatal
surgical planning, predict patch placement requirements,
and customize patch design based on 3D-printable
templates [57].

Integrating Al software into preprocessing and
postprocessing MRI techniques is currently emerging as
a promising approach for automating image acquisition,
enhancing quality, and saving time [58]. Al expedites the
labor-intensive segmentation process for various organs
through automation.

Kulseng et al. [59] trained a convolutional neural
network to automatically estimate placental and fetal
volumes. They then compared the Al-derived values with
manually calculated ones. The Al-derived values exhibited
strong agreement with the manually calculated values for
both placental and fetal volumes, demonstrating that Al
can help reduce the processing time from over an hour
to mere seconds.

Al can also be used for estimating GA. Shen et al. [60]
developed an attention-guided multi-view deep learning
network that was trained using a diverse dataset of 741 MR
images of typical developing fetuses ranging from 19 to
39 weeks' GA. This model demonstrated the ability to pre-
dict GA with a mean absolute error of 6.7 days.

Uncontrollable, extensive, and irregular fetal move-
ments pose challenges in fMRI acquisition. This makes the
process heavily reliant on operator skill, increases magnet
use and associated costs, and often results in lengthy
examinations that can be burdensome for patients. In
addressing this limitation, Singh et al. [61] proposed using
a novel motion correction algorithm. They developed a
real-time image-based motion-tracking approach based on
deep learning, which directly predicts fetal head motion
from acquired images. This system employs a deep regres-
sion recurrent neural network model comprising an
encoder and a decoder. Integration of this technique with
additional real-time components and its implementation
in MRI could facilitate tracking of fetal head movements
during each section acquisition, thereby assisting operators
with scan orientation.

Similarly, Xu et al. [62], with the objective of reducing
examination times, outlined a deep learning algorithm
capable of predicting fetal position using 15 key points
distributed across various body parts (such as the ankles,
knees, hips, bladder, shoulders, elbows, wrists, and eyes).
Additionally, other researchers [63] have demonstrated
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the feasibility of obtaining high-resolution 3D images of
the fetal thorax and vascular structures by employing an
open-source reconstruction algorithm coupled with motion
correction software on 2D images. The resultant 3D images
exhibit excellent spatial congruence with US measure-
ments and noticeably enhance visualization and diagnostic
quality compared to the original 2D MRI data.

Among the emerging frontiers of fMRI lies radiomics.
Radiomics is an image analysis method in which a multi-
tude of data is extracted from image data using predefined
statistical operations. The objective is to unveil features
that are otherwise visually imperceptible and that charac-
terize specific tissues or forecast particular outcomes [64].
Prayer et al. [65], examining the 1.5T MRI data of 30 fetus-
es, showed that employing a standardized fMRI protocol
enables the extraction of reproducible lung radiomics
features. These features prove beneficial in complementing
observed-to-expected lung volume assessments for pre-
dicting neonatal outcomes. Similarly, Song et al. [66] illus-
trated that MRI-based placental radiomics can effectively
predict FGR. They further demonstrated that integrating
radiomic features derived from MRI with fetal US indicators
enhances the diagnostic accuracy of FGR.

Diffusion nuclear MRI (NMR) is constantly evolving in
parallel with the development of increasingly sophisticated
diffusion models to better investigate different human
tissues. The work of Maiuro et al. [67, 68] represents
one of the frontiers regarding the study of characteristics
of highly perfused tissues, such as the placenta. In one of
their works [68], a two-compartment perfusion IVIM mod-
el is used to highlight alterations in pathological placentas.
In the model, f1 is the fastest perfusion fraction related to
perfusion in microcapillaries and villi, and f2 is the slowest
perfusion fraction related to trophoblast cell perfusion,
to highlight alterations in pathological placentas.
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