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Abstract

Background: Congenital heart disease (CHD) is the most common birth defect, affecting approximately eight per
thousand newborns. Between one and two neonates per thousand have congenital cardiac lesions that require
immediate post-natal treatment to stabilize the circulation, and the management of these patients in particular has
been greatly enhanced by prenatal detection. The antenatal diagnosis of CHD has been made possible through the
development of fetal echocardiography, which provides excellent visualization of cardiac anatomy and physiology
and is widely available. However, late gestational fetal echocardiographic imaging can be hampered by suboptimal
sonographic windows, particularly in the setting of oligohydramnios or adverse maternal body habitus.

Main body: Recent advances in fetal cardiovascular magnetic resonance (CMR) technology now provide a feasible
alternative that could be helpful when echocardiography is inconclusive or limited. Fetal CMR has also been used
to study fetal circulatory physiology in human fetuses with CHD, providing new insights into how these common
anatomical abnormalities impact the distribution of blood flow and oxygen across the fetal circulation. In
combination with conventional fetal and neonatal magnetic resonance imaging (MRI) techniques, fetal CMR can be
used to explore the relationship between abnormal cardiovascular physiology and fetal development. Similarly, fetal
CMR has been successfully applied in large animal models of the human fetal circulation, aiding in the evaluation
of experimental interventions aimed at improving in utero development. With the advent of accelerated image
acquisition techniques, post-processing approaches to correcting motion artifacts and commercial MRl compatible
cardiotocography units for acquiring gated fetal cardiac imaging, an increasing number of CMR methods including
angiography, ventricular volumetry, and the quantification of vessel blood flow and oxygen content are now
possible.

Conclusion: Fetal CMR has reached an exciting stage whereby it may now be used to enhance the assessment of
cardiac morphology and fetal hemodynamics in the setting of prenatal CHD.
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Background

Since its early development in the 1980s, fetal echocardi-
ography has been widely adopted as a screening tech-
nique for the prenatal diagnosis of congenital heart
disease (CHD). The benefits of prenatal detection in-
clude the prevention of morbidity associated with neo-
natal hemodynamic instability, as well as providing
families with a choice about whether to continue with a
pregnancy in which the fetus is affected by a severe con-
genital heart malformation [1-3]. In a small minority of
patients with the most severe forms of CHD, prenatal
diagnosis may lead to families being offered fetal inter-
ventions aimed at improving the outcome of the malfor-
mation [4—6]. Ultrasound generally allows for excellent
visualization of cardiac morphology and function, while
Doppler can be used to characterize fetal cardiovascular
physiology. The widespread availability of ultrasound in
maternal fetal medicine clinics and the familiarity of fetal
ultrasound techniques amongst perinatologists make it
an ideal modality for detecting CHD [7]. However, in
late gestation, fetal echocardiography can be hampered
by technical limitations resulting from maternal obesity,
oligohydramnios, adverse fetal position, multiple gesta-
tions and acoustic shadowing by the bony thorax, and
this has led to interest in the development of fetal car-
diovascular magnetic resonance (CMR) [8]. Of note, the
image quality of fetal CMR actually improves in late ges-
tation, especially when oligohydramnios or engagement
of the fetus in the pelvis limits fetal body movement,
thus limiting motion artifacts. Fetal CMR may therefore
have a role as an adjunct to ultrasound when technical
factors limit the diagnostic utility of fetal echocardiog-
raphy [9, 10]. One of the strengths of magnetic reson-
ance imaging (MRI) lies in its versatility in creating
contrast between different tissues [11]. This has been
exploited to reveal myocardial injury in a fetal sheep
model [12]. Although concerns have been raised about
the safety of MRI during embryogenesis and
gadolinium-based contrast agents are contraindicated in
pregnancy due to an increase in the risk of inflammatory
conditions in children exposed to these agents in utero,
fetal MRI is well tolerated and provided the equipment
is used correctly, safe for mother and fetus [13]. To
overcome the challenges imposed by maternal breathing
and fetal body movements while attempting to image
small cardiac structures beating at heart rates that are
typically in the 130-150 beats per minute range, a num-
ber of modifications have been made to conventional
post-natal CMR methods [14]. With the advent of accel-
erated imaging techniques, motion correction algorithms
and a range of techniques for synchronization of image
acquisition to the cardiac cycle, it is now possible to cap-
ture the anatomy and function of the fetal heart and
measure blood flow and oxygen content within fetal
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vessels. This review aims to provide an update on the
latest techniques available for imaging the fetal heart
using MRI, emphasizing the unique information fetal
CMR provides about fetal hemodynamics. In particular,
we will focus on the potential clinical utility of fetal
CMR in the setting of CHD.

Techniques and utility in fetal CMR

Fetal cardiovascular morphology and function

The most commonly used static CMR method for im-
aging fetal cardiac anatomy are balanced steady-state
free precession “bright blood” sequences (bSSFP), which
are referred to as TrueFISP, bFFE, FIESTA in vendor
specific terminology. A single-shot fast spin echo “black
blood” with half fourier transformation sequence is also
useful for imaging mediastinal vascular anatomy and the
airways and lungs (commercial names: HASTE, TSE,
SSESE). These sequences are well suited to fetal MRI be-
cause they offer relatively high spatial resolution with
short acquisition times. However, they are subject to ar-
tifacts arising from cardiac motion, and provide no in-
formation about cardiac function [14]. In conventional
postnatal CMR, high resolution cine imaging of the beat-
ing heart is achieved by triggering the image acquisition
to the different phases of the cardiac cycle using the
electrocardiographic (ECG) signal [15]. However, the
fetal ECG is difficult to detect, particularly in the MRI
environment. Non-invasive approaches to acquiring trig-
gered cardiac imaging in the fetus include metric opti-
mized gating (MOG), strategies based on “self-gating”,
and Doppler Ultrasound gating (DUS) [16-22]. When
gating is applied to cine bSSFP imaging, it is possible to
obtain stacks of dynamic images of the heart that cap-
ture the details of cardiac structures and provide an as-
sessment of ventricular contraction. However, each slice
of gated bSSFP cine imaging requires several seconds of
scan time, and this approach is therefore susceptible to
artifacts arising from fetal body motion and maternal
breathing movements. To overcome these artifacts, the
acquisition can be accelerated using a combination of
undersampling approaches such as golden angle radial
trajectory k-space filling with an advanced reconstruc-
tion algorithm that employs compressed sensing. When
combined with strategies for excluding data acquired
during gross fetal movements and correcting for minor
fetal and maternal respiratory movement using registra-
tion techniques, these accelerated imaging approaches
result in consistently high quality cine imaging [14, 23—
25]. An alternative approach to acquiring triggered fetal
cine imaging that is feasible in animal models is to
utilize an arterial blood pressure waveform obtained
from a catheter placed in the carotid or femoral artery
and connected to a blood pressure transducer. In com-
bination with procedural anesthesia, this approach has
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Fig. 1 Ventricular volumetry by post-processing a short-axis cine fetal CMR in fetal sheep. The top picture represents contoured 2-D cine images
of the fetal heart and reconstructed into ventricular volumes (bottom picture). Re-produced from Cho et al. (58) with permission from Wiley
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yielded novel measurements of right and left systolic and
diastolic ventricular volumes and ejection fractions in
fetal sheep (Fig. 1) [26].

Fetal circulation

Fetal blood flow

The current gold standard approach to the non-invasive
measurement of vessel blood flow in children and adults
is by velocity-encoded cine phase-contrast (PC) CMR
[27, 28]. Using similar cardiac gating approaches to
those described above for myocardial cine imaging, cine
PC CMR can be applied to the quantification of flow in
fetal vessels, allowing for the measurement of the right
and left ventricular output, and pulmonary and umbilical
blood flow [16, 29-31]. Quantification of superior vena
caval flow provides an approximation of cerebral blood
flow [32], while calculations based on the conservation
of flow can be used to estimate the shunt across the for-
amen ovale. Using multiplanar PC CMR, it is also pos-
sible to interrogate intracardiac flow dynamics. Thus,
fetal MRI can be used to quantify the distribution of the
fetal circulation and evaluate the impact of congenital
cardiac malformations on fetal organ perfusion [33]. In
animal models in which the imaging conditions can be

further optimized through invasive gating and proced-
ural sedation, complex flow dynamics such as the
streaming of the umbilical venous return across the for-
amen ovale and the spiral trajectory of ductus venosus
flow can be characterized by so-called four-dimensional
cine PC CMR [34, 35].

Fetal blood oxygen content

One of the unique properties of the MRI signal is its
sensitivity to changes in oxygen saturation and
hemoglobin concentration. This can be exploited using
quantitative relaxometry techniques known as T1 and
T2 mapping to quantify the oxygen content of blood in
fetal vessels, providing a completely novel approach to
the assessment of fetal hemodynamics. Using modified
versions of sequences developed for measuring T1 and
T2 in the myocardium it has been shown that the para-
magnetic effect of deoxyhemoglobin results in the time
constant of the transverse relaxation of blood being pro-
portional to its oxygen saturation, while its longitudinal
recovery rate is primarily dependent on hematocrit.
Interestingly, oxygen saturation also influences the rela-
tionship between T1 and hematocrit, while hematocrit
affects the conversion of T2 to hematocrit. However,
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using a combination of T1 and T2 measurements from
an individual vessel it is possible to calculate a unique
solution for both hematocrit and oxygen saturation.
Notwithstanding the negligible contribution of oxygen
dissolved in plasma, oxygen content can then be quanti-
fied as the product oxygen saturation and hematocrit
[36-38].

Fetal oxygen transport

The combination of fetal vessel flow and oximetry data
provides additional information regarding placental and
fetal hemodynamics, fetal oxygen transport and fetal me-
tabolism. Oxygen flow in a vessel is the product of oxy-
gen content and blood flow. When this approach is
applied in the umbilical vessel it can be used to quantify
fetal oxygen delivery (umbilical vein oxygen content by
umbilical vein flow). The combination of fetal oxygen
delivery and oxygen content in the umbilical arteries
(which is more easily measured in the descending aorta)
yields fetal oxygen consumption, a measure of fetal me-
tabolism, and fetal oxygen extraction, which may be in-
creased in low output states [10, 39]. Using a similar
approach, oxygen delivery and consumption of individ-
ual organs can be estimated using a combination of flow
and oximetry measurements in fetal vessels. For ex-
ample, cerebral oxygen delivery has been measured in
fetal sheep using a combination of carotid blood flow
measurements and oximetry measurements made in the
superior vena cava and ascending aorta [40]. The same
principle has been used to study the impact of the ab-
normal cardiac connections and obstructed blood flow
that characterize CHD on fetal streaming, and the asso-
ciated effect on cerebral oxygenation [41]. Measure-
ments of umbilical vein oxygen saturation have also
revealed evidence of subtle placental dysfunction in the
setting of fetal CHD [42].

Fetal CMR as a clinical diagnostic tool

Over the past two decades, a number of studies have in-
vestigated the utility of fetal CMR for the diagnosis of
CHD. Static, non-gated bSSFP imaging has been used to
visualize the gross morphological structures of the fetal
heart and great vessels. Fetal CMR has been used to de-
fine the viscero-atrial situs, cardiac position, atrio-
ventricular and ventriculo-arterial concordance, systemic
and pulmonary venous connections, great artery rela-
tionship, arch sidedness, and heart, chamber and vessel
sizes in healthy and congenitally malformed hearts [43—
48]. Studies have indicated there is a high degree of con-
cordance between fetal CMR and echocardiography [44,
49-51]. Fetal CMR has also been used in the setting of
cardiac tumours [52, 53]. In one study, fetal CMR had
an 88% sensitivity and 96% specificity for the detection
of CHD in relation to postnatal imaging, although the
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authors noted that MRI provided no additional diagnos-
tic value over ultrasound [51]. By contrast, another study
found fetal CMR was useful as an adjunct for the diag-
nosis of CHD when later confirmed by postnatal evalu-
ation. In this cohort, 15% of cases were correctly
diagnosed by CMR when echocardiography was incor-
rect. However, 18% of cases were correctly diagnosed by
echocardiography when CMR was incorrect and 3% of
cases were misdiagnosed by both echocardiography and
CMR [54]. In a large retrospective study comparing fetal
CMR with postnatal diagnosis at a single center in pa-
tients in whom there was some limitation of the ultra-
sound diagnosis, fetal CMR correctly diagnosed 99.2% of
cases that had normal hearts, 60.6% of cases with CHD,
and 87.9% of cases with other heart diseases [55]. Most
of the misdiagnoses were attributed to atrial and ven-
tricular septal defects, coarctation of the aorta, and pa-
tent ductus arteriosus. Several studies have focused on
the diagnostic value of fetal CMR in vascular anomalies,
in which it was reported to demonstrate high diagnostic
accuracy, provide diagnostic value, and be superior to
echocardiography [56—62]. It was suggested that the
transverse aortic arch view by fetal CMR is relatively
easy to obtain, to reproduce, and to interpret [58]. An al-
ternative technique to visualize the entire fetal vascula-
ture such as non-contrast magnetic resonance
angiography using time-of-flight MRI has been feasible
in late human pregnancy [63].

More recently, cardiac gated dynamic cine CMR im-
aging has been reported to deliver improved image qual-
ity of the cardiac anatomy while also providing a
functional assessment of the fetal heart [18, 20, 23, 24,
64]. When compared to grey-scale cine sweeps by echo-
cardiography, stacks of cine bSSFP CMR were reported
to have superior image quality but lacked resolution for
outflow tract abnormalities, small pulmonary arteries,
and valvular morphology. Difficulties in visualizing the
outflow tracts and pulmonary arteries were attributed to
fetal movement and could often be shown by a repeat
acquisition, which resulted in a longer scan [9]. Compar-
isons of measurements of various cardiac structures also
suggest that cine fetal CMR imaging agrees well with
measurements made using conventional echocardiog-
raphy [19, 65, 66]. In one case report of an unbalanced
atrioventricular septal defect, fetal CMR reliably detected
significant aortic arch hypoplasia and excluded an inter-
ventricular communication, resulting in a more appro-
priate perinatal management plan [67]. Motion
correction techniques have been successfully applied to
multiplanar stacks of black-blood imaging to achieve
very high resolution three-dimensional datasets, which
have been used to generate exquisite volume rendered
reconstructions of congenital cardiac abnormalities in-
volving the great vessels and systemic and pulmonary
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veins. The motion corrected approach to reconstruction
has been reported to improve fetal CMR visualization of
the mediastinal vessels from 53 to 97%, with diagnostic
imaging achieved in 90% of cases and good agreement
with echocardiographic findings [25]. In one case, this
approach to fetal CMR was used to successfully diagnose
a double aortic arch with atresia of the aortic isthmus of
the smaller arch [61].

The supplemental file 1. shows an example of how
fetal CMR was helpful in the management of a fetus pre-
senting in late gestation with a large congenital dia-
phragmatic hernia. The echocardiographic windows
were extremely challenging, and although there was a
suspicion of CHD, no diagnosis could be made. Fetal
CMR was performed at 35 weeks and provided reason-
able views of the heart, confirming the presence of bal-
anced ventricles with a large ventricular septal defect
and a single outlet to an overriding aorta with no central
pulmonary arteries. Postnatal echocardiography in this
case confirmed the presence of tetralogy of Fallot with
pulmonary atresia and major aorto-pulmonary collateral
arteries. Given the complexity of the cardiac diagnosis
combined with the severity of the diaphragmatic hernia,
the family opted for palliative management, and the in-
fant died soon after birth. In this example, the fetal
CMR provided additional information over the echocar-
diogram which helped with fetal counselling and helped
the family in their decision making about the postnatal
management.

Assessment of the fetal circulation

Our modern understanding of fetal circulatory physi-
ology is largely based on experiments performed in fetal
sheep. Adopting techniques for catheterizing exterior-
ized fetal sheep developed by Barcroft and Dawes [68,
69], Rudolph et al. developed an approach to measuring
the distribution of the fetal sheep circulation using
radioactive microspheres injected into the different ven-
ous compartments, the concentrations of which could
then be measured where they become lodged in the
microcirculation of each organ supplied by the right and
left heart [70]. This approach was combined with con-
ventional blood gas samples and pressure measurements
obtained from intravascular catheters to define the
hemodynamics of the fetal circulation. A number of hu-
man ultrasound studies have since provided estimates of
the distribution of the human fetal circulation [71-75].
However, through a combination of blood flow and ox-
imetry measurements, fetal CMR has provided a more
definitive picture of late gestational human fetal
hemodynamics, confirming many similarities with the
fetal sheep [29, 76]. In the human fetal circulation, just
as in the sheep, the circulation operates in parallel, with
shunts and the foramen ovale and the ductus arteriosus

Page 5 of 13

which allow blood to bypass the lungs. This is tolerated
in fetal life because gas exchange occurs at the placenta.
Thus, the highest oxygen saturations in the fetal circula-
tion are found in the umbilical vein (85%). As a result of
streaming of the umbilical venous return via the ductus
venosus and foramen ovale, the oxygen saturation in the
left heart and aorta is higher (68%) than in the right
heart and main pulmonary artery (49%). The oxygen sat-
uration in the descending aorta lies between these values
(57%), being derived from both right and left ventricles,
giving an arteriovenous difference across the fetal side of
the placenta of 28%. The combined ventricular output
(CVO) in the late gestation human is 465 ml/min/kg,
which is comprised of contributions of 57% from the
right ventricle and 43% from the left ventricle. Pulmon-
ary blood flow is higher in the human than the sheep,
accounting for 16% of the CVO, while umbilical flow is
29% and foramen ovale shunt is 27%. Despite the lower
umbilical flow (135 ml/min/kg) present in the human
fetal circulation, fetal oxygen delivery (25 ml/min/kg)
and consumption (6.8 ml/min/kg) are very similar to
sheep, due to the higher hematocrit present in the hu-
man (15.5g/dL) [40]. The unique streaming mechanism
responsible for relatively well-oxygenated blood reaching
the left heart and being supplied to the metabolically ac-
tive heart and brain, while more deoxygenated blood is
delivered to the lungs and placenta via the right heart,
ductus arteriosus can clearly be visualized in fetal sheep
using a “four dimensional” cine phase contrast CMR ac-
quisition, often referred to as 4D flow (Fig. 2) [34]. This
approach has also revealed a spiral trajectory of blood
flow through the ductus venosus, which may account for
the lack of mixing between the two streams as they flow
towards the right atrium in the inferior vena cava (Fig. 3)
[35]. With the advent of increasingly sophisticated ap-
proaches to image acquisition and processing, ap-
proaches similar to 4D flow are now being used to
interrogate complex flow dynamics in human fetuses
[77, 78].

The application of cine PC CMR and MR oximetry in
fetuses with CHD has provided an opportunity to con-
firm many of the observations made about the impact of
the abnormal cardiac anatomy on fetal cardiovascular
physiology. For example, in the setting of obstruction of
blood flow across one side of the heart, the output of
the contralateral ventricle increases. However, in the set-
ting of single ventricle physiology, the increase does not
entirely compensate, resulting in a reduction in com-
bined ventricular output [79]. This is most profound in
the setting of severe atrioventricular valve regurgitation
such as in fetuses with severe forms of Ebstein’s anom-
aly, in which reductions are seen in pulmonary, cerebral
and umbilical perfusion [80]. In other forms of CHD,
cerebral blood flow appears to be preserved, or even
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Fig. 2 Blood flow through a 3-D reconstructed cardiovascular system using 4-D flow CMR in fetal sheep. The left picture represents the 3-D
reconstruction of the major fetal vessels and cardiac shunts with rings representing where blood flow was assessed. The top left graph represents
the blood flow of inflow vessels and cardiac shunts of the heart. The bottom left graph represents the blood flow of outflow vessels and cardiac
shunts of the heart. UV, umbilical vessel; DV, ductus venosus; IVCd/p, distal/proximal inferior vena cava; SVC, superior vena cava; FO, foramen
ovale; AAo, ascending aorta; BT brachiocephalic trunk; DA, ductus arteriosus; DAo, descending aorta; MPA, main pulmonary artery; PBF, pulmonary
blood flow. Re-produced from Schrauben et al. (27) used under CC BY 4.0
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increased in the setting of transposition of the great ar-
teries [81]. However, in severe forms of left heart ob-
struction, perfusion of head and neck vessels is achieved
via retrograde arch flow via the ductus arteriosus [79].
The interruption of the normal streaming mechanism in
all major forms of CHD results in more desaturated
blood reaching the cerebral and coronary circulations,
which may account for the impaired brain growth and
development that is typical of newborns with CHD [41].
In fetuses with CHD associated with left atrial hyperten-
sion, such as hypoplastic left heart syndrome with an in-
tact or highly restrictive atrial septum, pulmonary blood
flow is impaired [79]. Similarly, pulmonary blood flow is
reduced in fetuses in which the pulmonary circulation is
supplied retrograde via the ductus arteriosus including
those with pulmonary atresia and severe forms of
Ebstein’s anomaly [80]. Umbilical blood flow is reduced
in the setting of fetal CHD that is associated with lower

cardiac output, and this further impacts fetal oxygen de-
livery [41]. The presence of CHD also appears to be as-
sociated with subtle decrements in placental function
which result in reduced umbilical venous oxygen satura-
tions [42]. Thus, the fetus with CHD is subject to a sub-
optimal fetal environment, while individual organs may
be underperfused and hypoxemic as a result of the heart
disease, potentially leading to issues with fetal develop-
ment included brain dysmaturation and pulmonary vas-
cular disease.

Development and monitoring of fetal interventions

The demonstration of reduced fetal oxygen delivery and
cerebral hypoxemia in fetuses with CHD has led to
interest in the potential of maternal hyperoxygenation as
a neuroprotective strategy in fetuses with CHD [41]. It
has long been known that increasing maternal fraction
of inspired oxygen (FiO,) results in an increase in fetal



Sun et al. Journal of Congenital Cardiology (2021) 5:4

Page 7 of 13

IVCp =DV + RHV + LHV + IVC

-

i
Speed (cm/s) =10% difference

‘ |vcp=24«r5i { /M“

descending

aorta
umbilical
vein

a L. .- Ventral

Time = 285 ms

Fig. 3 Blood flow through a 3-D reconstructed ductus venosus — inferior vena cava junction using 4-D flow CMR in fetal sheep. The left picture
represents the 3-D reconstruction major hepatic veins and inferior vena cava with rings representing where blood flow was assessed. The right
graph represents the blood flow across each vessel interrogated. UV, umbilical vein; PS, portal sinus; DV, ductus venosus; L/RHV, left/right hepatic
vein; IVCd/p. distal/proximal inferior vena cava. Re-produced from Schrauben et al. (61) with permission from Wiley

400
®UV ePS DV elVC,eHY ¢ RHV o IVC,
z'.\\
300 R ¥ \
— s » ' 3
(] (] \\ 1 \\
Q. P ’,’ \ I/ \
£ b \\ 4
£200 | :
- \‘ l’
g ) ,,:-——o——-c———c__
2 $--ce---o---8777
2 1008 -e-"7*" ol
w T Tre_ e’
fa
i
"*Lx/_:_.‘_\--a_\‘,’._,—"_—'&\
0 L4 . /.,--o
100 200 300 400

Cardiac time (ms)

J

PaO, and SaO,, and several randomized controlled trials
performed in the 1990s suggested that chronic maternal
hyperoxygenation was associated with improved out-
comes in growth restricted fetuses [82]. Acute maternal
hyperoxygenation results in an increase in umbilical vein
oxygen saturation in fetuses with normal hearts, and in
those with CHD [42]. In pregnant sheep ventilated with
an FiO, of 1.0, we observed no change in uterine or
cerebral blood flow and 20% increase in cerebral oxygen
delivery (unpublished data). We are currently conduct-
ing a pilot safety and feasibility study of chronic mater-
nal hyperoxygenation in fetuses with single ventricle
CHD (NCT03136835). The pulmonary vasodilator effect
of maternal hyperoxygenation has also resulted in inter-
est in intermittent doses as an approach to increasing
venous return to the underdeveloped left ventricle [83—
85]. In one case of borderline left ventricular hypoplasia,
the impact of acute maternal hyperoxygenation was
assessed by PC-CMR, revealing no increase in ascending
aortic flow despite a doubling of pulmonary blood flow,
which may explain why the response to chronic mater-
nal hyperoxygenation is inconsistent and likely related to
the degree of anatomical restriction imposed by mor-
phologic abnormalities versus underfilled left heart
structures [86]. In cases of Ebstein Anomaly with circu-
lar shunting, fetal CMR revealed an improvement in sys-
temic and cerebral blood flow following constriction of
ductus arteriosus flow induced by transplacental treat-
ment with non-steroidal anti-inflammatory drugs (NSAI
D) [80]. In this case series, severely diminished cardiac
output and cerebral oxygen delivery and consumption

identified by CMR contributed to decision making about
the timing of delivery, highlighting the potential clinical
value of fetal CMR in cases of severe hemodynamic
compromise.

An example of how fetal CMR can be used to aid
decision-making around fetal cardiac intervention, and
monitor the impact of an in utero procedure is provided
in the case illustrated in Table 1 and Fig. 4. The

Table 1 Fetal PC-CMR blood flow assessment demonstrating
the hemodynamic changes in TGA with IVS and RAS before and
after fetal balloon atrial septostomy. TGA transposition of the
great arteries, /VS intact ventricular septum, RAS restricted atrial
septum, MPA main pulmonary artery, AAo ascending aorta, SVC
superior vena cava, DAo descending aorta, UV umbilical vein, DA
ductus arteriosus, PBF pulmonary blood flow, CVO combined
ventricular output, FO foramen ovale

TGA IVS RAS

Flow (ml/kg/min) Oxygen Saturation

Before After Before After
MPA 129 128 68 72
AAO 266 210 77 71
SVC 76 129 65 60
DAO 207 216 73 74
uv 119 11 88 86
DA 11 41
PBF 68 50
[@Y(e] 407 407
FO 17 135
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Fig. 4 Echocardiography of the fetal heart in TGA IVS and RAS before and after fetal balloon atrial septostomy (BAS). Panel A and C represents
limited blood flow across the small FO prior to BAS. Panel B and D represents blood flow across the restrictive FO and additional superior atrial
communication (AC) after BAS. Panel A and B were acquired using 2-D echocardiography and Panel C and D were acquired using 3-D
echocardiography. TGA, transposition of the great arteries; IVS, intact ventricular septum; RAS, restricted atrial septum; FO, foramen ovale; SVC,
superior vena cava; TV, tricuspid valve

Fig. 5 Oxygen saturations of the four-chamber view in TGA with IVS and RAS before intervention (a) and after intervention (b) by fetal CMR Color
T2 mapping. TGA; transposition of the great arteries; IVS, intact ventricular septum; RAS, restricted atrial septum
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presence of an intact or highly restrictive atrial septum
has been shown to be an important prognostic factor in
fetuses with transposition of the great arteries [87]. In
recognition of the potential for severe hypoxemia follow-
ing birth in this setting, we have reported the use of late
gestational balloon atrial septostomy to achieve a more
stable transition from fetal to postnatal circulation [88].
In a second fetal case of transposition in which we sus-
pected a restrictive atrial communication we recently
performed fetal CMR. The results of the CMR revealed
that unlike in most fetuses with TGA, in which stream-
ing results in higher oxygen saturations in the left heart
and main pulmonary artery than the right ventricle and
aorta, in this fetus the oxygen saturations were actually
slightly higher in the right ventricle than the left (Fig. 5a),
while the PC CMR assessment of the distribution of
blood flow indicated there was a diminutive shunt across
the foramen ovale (Fig. 6). Following percutaneous in
utero balloon atrial septostomy, the flow assessment in-
dicated a significant increase in flow across the atrial
septum with equalization of oxygen saturations in the
right and left heart (Fig. 5b). The supplemental files 2
and 3 shows the application of PC-CMR and cine im-
aging to assess fetal blood flow and the four-chamber
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view heart structure, respectively, after intervention. The
baby was born 7 days later with arterial oxygen satura-
tions of 70% and successfully underwent repeat balloon
atrial septostomy and arterial switch. Of note, the pre-
procedural flow assessment was also suggestive of sig-
nificant aortopulmonary collateral flow, which may ac-
count for the relative preservation of oxygen saturations
in the left ventricle despite the lack of shunting at atrial
level. The presence of significant aortopulmonary collat-
erals has previously been reported in fetuses with trans-
position with atrial septal restriction and could be a
contributing factor to the development of pulmonary
vascular disease in these patients [81, 89].

Fetal CMR has also been used to investigate the im-
pact of potential fetal pharmacologic strategies aimed at
improving fetal development in animal models. Exam-
ples include the investigation of the impact of an umbil-
ical vein infusion of prostaglandin I, (PGI,) on fetal
circulatory physiology, which revealed an increase in
ductus venosus shunting of substrate-rich blood from
the placenta to the heart. However, the administration of
PGI, was also associated with vasodilation of the pul-
monary circulation, which decreased FO shunting,
resulting in no increase in cerebral oxygen delivery [90].

Before

60.
55.
50.
o
N
35.
30.
25.

Mean Sa0, (%)

Fig. 6 Fetal blood flow distribution and oxygen content before and after fetal balloon atrial septostomy in TGA with IVS and RAS by fetal CMR.
TGA; transposition of the great arteries; IVS, intact ventricular septum; RAS, restricted atrial septum

After
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In another set of experiments, CMR was used to meas-
ure uterine blood flow in pregnant sheep exposed to res-
veratrol to demonstrate an increase in uterine blood
flow and fetal weight (unpublished data).

Future directions and current limitations

The examples provided above give a sense of how, in a
few academic centers, fetal CMR is beginning to find a
role in selected fetal congenital heart disease cases. It
would appear possible that just as postnatal CMR is now
used by most large paediatric units caring for patients
with CHD, fetal CMR may ultimately be used in special-
ist centers for rare cases like those described above,
when echocardiography is so limited that additional
diagnostic information is required in order to determine
a safe perinatal management plan, or when a fetal inter-
vention is being contemplated or followed up. It is also
possible that fetal CMR will continue to be used by re-
searchers interested in studying fetal cardiovascular
physiology or developing new fetal treatments.

However, despite our enthusiasm for an increased role
for fetal CMR, we recognize there remain significant
limitations and barriers to wider adoption of the tech-
nique. Importantly, fetal CMR is currently only useful in
the third trimester, while many of the critical manage-
ment decisions about a fetus with CHD are often made
during the second trimester. Even in late gestation,
current fetal CMR techniques continue to be degraded
by motion artifacts, and while substantial advances have
been made in overcoming these artifacts, the techniques
required currently involve several postprocessing steps
and significant investments in terms of computer science
and manual analyses steps. Indeed, any form of MRI re-
mains relatively expensive and inaccessible in compari-
son to ultrasound. Further work and collaboration with
the MRI vendors is needed to make these postprocessing
steps more automated and less time consuming before
they are feasible for most clinical settings.

Conclusion

In summary, fetal CMR represents an exciting new im-
aging modality for characterizing the morphology and
physiology of fetal CHD. Many of the initial barriers to
imaging the fetal heart and cardiovascular system have
been overcome through technical innovations involving
accelerated imaging strategies and approaches to motion
correction. As a result, fetal CMR is providing new in-
sights into the impact of cardiac malformations on fetal
development, and may be helpful for visualizing the
anatomy when conventional echocardiographic imaging
is limited, and in patients requiring a sophisticated ap-
proach to perinatal management.
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