BJR © 2022 The Authors. Published by the British Institute of Radiology

h : i 10.12 jr2021
Received: | Revised: | Accepted: | Published online: i eleriere)/ NPy Bl 2070t

30 September 2021 11 May 2022 24 May 2022 28 June 2022

Cite this article as:
van Amerom JFP, Goolaub DS, Schrauben EM, Sun L, Macgowan CK, Seed M. Fetal cardiovascular blood flow MRI: techniques and
applications. Br J Radiol (2023) 10.1259/bjr.20211096

PRENATAL IMAGING ADVANCES: PHYSIOLOGY AND FUNCTION
TO MOTION CORRECTION AND Al: REVIEW ARTICLE

Fetal cardiovascular blood flow MRI: techniques
and applications

1JOSHUA FP VAN AMEROM, PhD, ">DATTA SINGH GOOLAUB, PhD, 3ERIC M SCHRAUBEN, PhD, 5LIQUN SUN, MD, PhD,
12CHRISTOPHER K MACGOWAN, PhD and "*56MIKE SEED, MD

'Division of Translational Medicine, SickKids Research Institute, Toronto, Canada

?Department of Medical Biophysics, University of Toronto, Toronto, Canada

$Department of Radiology & Nuclear Medicine, Amsterdam University Medical Centers, Amsterdam, Netherlands
4Division of Cardiology, Hospital for Sick Children, Toronto, Canada

5Department of Paediatrics, University of Toronto, Toronto, Canada

®Department of Diagnostic Imaging, Hospital for Sick Children, Toronto, Canada

Address correspondence to: Dr Joshua FP van Amerom
E-mail: joshua.vanamerom@sickkids.ca

ABSTRACT

Fetal cardiac MRI is challenging due to fetal and maternal movements as well as the need for a reliable cardiac gating
signal and high spatiotemporal resolution. Ongoing research and recent technical developments to address these chal-
lenges show the potential of MRI as an adjunct to ultrasound for the assessment of the fetal heart and great vessels.
MRI measurements of blood flow have enabled the assessment of normal fetal circulation as well as conditions with
disrupted circulations, such as congenital heart disease, along with associated organ underdevelopment and hemod-
ynamic instability. This review provides details of the techniques used in fetal cardiovascular blood flow MRI, including
single slice and volumetric imaging sequences, post-processing and analysis, along with a summary of applications in

human studies and animal models.

INTRODUCTION

Prenatal growth relies on healthy circulation to deliver
oxygen and nutrients from the placenta to the fetal organs.'
In conditions such as congenital heart disease and intra-
uterine growth restriction, prenatal circulatory disrup-
tion can lead to underdevelopment of the brain, lungs
and the cardiovascular system itself, resulting in hemody-
namic instability and organ injury during the transition to
neonatal circulation.”® Understanding of fetal circulation
can contribute to prenatal diagnosis of these conditions and
inform pre- and perinatal management.

Ultrasound is the primary modality for evaluating the fetal
heart, including hemodynamic assessment.* However,
quantification of volumetric blood flow using standard
Doppler methods is subject to several sources of error that
compromise accuracy” * and recent advances in ultrasound
transducer hardware and velocity estimation methods are
still in the early stages of development.'®'* MRI can play
a role as a safe adjunct to ultrasound in the diagnosis of
cardiovascular disease.*'> While challenges of motion,
cardiac gating and achieving adequate spatiotemporal

resolution have limited the clinical use of fetal cardiovas-
cular MRI to date, ongoing research and technical devel-
opments show potential for evaluation of fetal cardiac
morphology, function, oximetry and blood flow in the late
second trimester through term.'*'

This article reviews the techniques commonly employed
in MRI of fetal cardiovascular blood flow, including both
single slice and volumetric imaging sequences, along with
methods for post-processing and analysis. Applications in
human studies and animal models are also summarized,
and the article concludes with a discussion of strengths,
limitations, and outlook.

BACKGROUND

Fetal cardiovascular circulation

The fetal cardiovascular system has shunts that allow for
streaming of blood between structures that are normally
isolated in the postnatal heart. These shunts, shown in
Figure 1, include the ductus arteriosus (DA) that connects
the main pulmonary artery (MPA) to the proximal
descending aorta (DAo), and the foramen ovale (FO),
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Figure 1. Human fetal circulatory system diagram. The fora-
men ovale, ductus arteriosus and ductus venosus allow for
mixing of the systemic and pulmonary circulations. These
shunts are open during fetal development and close at birth.
Shading indicates blood oxygen saturation measured in late
gestational age fetuses using MR oximetry. AAo, ascending
aorta; abdo, abdomen; DAo, decscending aorta; DA, ductus
arteriosus, DV, ductus venosus; FO, foramen ovale; Gl, gastro-
intestinal system; IVC, inferior vena cava; LA, left atrium; LV,
left ventricle; MPA, main pulmonary artery; PBF, pulmonary
blood flow; RA, right atrium; RV, right ventricle; UA, umbili-
cal arteries; UV, umbilical vein. Adapted with permission from
Ultrasound Obstet Gynecol 2021; doi: 10.1002/u0g.23707.

placenta

Oxygen Saturation

which allows oxygen rich blood from the placenta to stream
from the umbilical vein (UV) through the ductus venosus (DV)
and then across the atrial septum to the left side of the heart.' In
combination with physiologic changes in the vasculature, these
shunts allow for redistribution of blood to the brain either from
the left heart, through the ascending aorta (AAo), or from the
right heart as retrograde aortic arch flow, in conditions where
flow is obstructed or the blood is hypoxic.>'® Blood returns to
the heart from the brain and upper body by the superior vena
cava (SVC).

At 32 weeks gestational age, in mid-third trimester, typical
vessel diameters range from 4 mm in the DA and similarly sized
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right (RPA) and left pulmonary arteries (LPA) to 7 mm in the
great arteries.”’ ' Normal fetal heart rates in the second half of

gestation are usually in the range of 120-160 beats per minutes
(bpm).20

Cardiac gating

Synchronization of data acquisition with the fetal cardiac cycle
is essential for time-resolved flow MRI, however, the fetal elec-
trocardiogram (ECG) signal is not reliable in the MR scanner
environment. Two alternative methods are commonly used in
fetal MRIL

Metric optimized gating

Retrospective image-based cardiac gating using entropy to
measure data consistency was introduced as metric optimized
gating (MOG) specifically for flow MRI in the fetus.”! In this
technique, data is temporally overacquired, to ensure full
sampling of the lowest anticipated heart rate (e.g. 110 bpm), and
then rearranged to reconstruct cine image series according to a
parameterized model of the fetal heartbeat that minimizes the
entropy metric in a region of pulsatile flow. Use of a multiparam-
eter heart rate model that allows beat-to-beat variation®* avoids
flow errors that can occur with models that assume constant
heart rates.?! Fitting the heart rate model is usually performed as
an offline post-processing step.

Doppler ultrasound gating

MR-compatible Doppler ultrasound (DUS) probes are being
developed as an alternative to ECG in fetal MRI.?***® These non-
imaging devices provide triggers based on Doppler waveforms
of cardiac contraction and blood flow directly to the scanner
for data synchronization, allowing for immediate online image
reconstruction on the scanner system. DUS probe placement
occurs during patient preparation at the start of the exam and
re-positioning may be required if the fetal heart moves out of the
acoustic field of the transducer.

Motion compensation

Maternal respiration and gross fetal motion can lead to move-
ment of fetal cardiovascular anatomy within or through the
imaging volume. Such movement corrupts the data leading
to image artifact, however motion compensation techniques
can be used to limit such detrimental effects. Two straightfor-
ward approaches are to scan in late gestation when gross fetal
movement in the uterus becomes restricted or to use short scan
durations in combination with maternal breath hold. Another
approach is to use the data itself to track and correct for in-plane
motion as well as identify and discard periods of through-plane
movement.”%?

2D PHASE CONTRAST MR

Phase contrast (PC) MR is based on the accumulation of phase as
blood flows through a magnetic field gradient. Making use of this
mechanism, bipolar gradients are used to encode velocity along
a given direction into the phase of the MR images. To account
for non-velocity dependent contributions, a minimum of two
measurements are needed with different flow sensitivities. They
are then subtracted to yield a flow sensitive phase contrast image.
Through-plane flow measurements are achieved by prescribing
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Figure 2. Orientation of major fetal vessel cross-sectional slices
in coronal, sagittal, and axial reference localizer images show-
ing expected vessel arrangement in healthy human fetuses.
AAO0, ascending aorta; Ao, aorta; DAo, descending aorta; DA,
ductus arteriosus; IVC, inferior vena cava; LPA, left pulmonary
artery; LV, left ventricle; MPA, main pulmonary artery; RPA,
right pulmonary artery; RV, right ventricle; SVC, superior vena
cava; UV, umbilical vein. Figure and caption adapted with per-
mission from MRI of Fetal and Maternal Diseases in Pregnancy.
Springer, Cham. 2016. doi: 10.1007/978-3-319-21428-3_10.
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the imaging plane perpendicular to the axis of each vessel of
interest. The velocity encoding gradient strength is set to reflect
the maximum flow velocity being measured.

Fetal examinations using 2D PC MR require expert prescription
of imaging planes cross-sectional to vessels of interest, as shown
in Figure 2, and may involve repeating patient setup, localiza-
tion or slice prescriptions when fetal movements occur. Figure 3
provides examples of flow curves in the major vessels measured
by 2D PC MR in a healthy human fetus. Typical scan parameters,

van Amerom et a/

listed in Table 1, aim to balance competing goals of high spatio-
temporal resolution, good signal-to-noise and short scan dura-
tions. The field of view must be sufficiently large to avoid spatial
aliasing of maternal anatomy. In-plane voxel size should be
1.3 mm or less, as voxel size should be at most 1/3 the vessel
diameter to avoid volume flow measurement errors from partial
volume effects.®® A temporal resolution of about 30 ms, or 15
cardiac phases, is usually used for time-resolved cine acquisitions
which should be sufficient for accurate volume flow measure-
ment,’! though some high-frequency dynamic content of the
blood flow may not be captured.’* Accelerated imaging methods
can be used to reduce scan duration by undersampling data and
compensating with image reconstructions employing parallel
imaging or compressed sensing. Encoding velocity should be
set depending on the vessel of interest™ (Table 1) as inappro-
priate selection of encoding velocity can lead to poor velocity to
noise ratio and velocity underestimation.** Fetal cardiac MR is
typically performed at 1.5 T as increased magnetic and radiof-
requency field inhomogeneity at 3 T can lead to spatially local-
ized signal loss, appearing as shading and banding artifacts.*>~
However, the increased signal-to-noise at 3 T can improve visu-
alization of small fetal vessels in 2D PC MR*

Cartesian K-space sampling

Cartesian sampling, commonly used in MRI, follows an effi-
cient rectilinear grid through MR data acquisition k-space.
A segmented acquisition can be used to collect data synchro-
nized to the cardiac cycle over multiple heartbeats that are then
reconstructed as cine image series with all data combined as a
single cardiac cycle. In such a segmented acquisition, a subset
of k-space lines is sampled repeatedly for an entire cardiac
cycle and other subsets are collected during subsequent cardiac
cycles. Non-triggered acquisitions can also be used, particularly
to visualize flow direction®®*! or assess flow in weakly pulsatile
vessels,*> however, care should be taken to avoid quantification
errors when measuring pulsatile flows.*>**

The feasibility of cine 2D PC MR using Cartesian sampling
with MOG has been established in studies of both pregnant and
non-pregnant volunteers, which showed good reproducibility
and interobserver agreement.”*>* In a validation study using
an MR-compatible exercise bike to increase adult heart rates
to fetal range, good agreement and minimal bias were found
between MOG and conventionally gated PC MR?® Similarly, an
independent validation using a pulsatile flow phantom showed
good agreement between MOG and directly gated PC MR and
confirmed previous intra- and interobserver variability results,
but identified low velocity-to-noise as a potential cause for MOG
misgating leading to underestimation of peak velocities.**

Fetal PC MR has also been successful with DUS-based cardiac
gating, showing high interobserver agreement and good repro-
ducibility of DUS-gated cine PC MR in fetal sheep and human
fetuses.*>*” DUS-based PC MR measurements of peak velocity
in the human fetal descending aorta were highly correlated with
Doppler ultrasound imaging measurements, though PC MR
underestimated peak velocity as expected for the scan parameters
used.”” A study comparing DUS with MOG PC MR in human
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Figure 3. Representative volume flow as a function of cardiac cycle in the major fetal vessels, measured by 2D PC MR in a healthy
late-gestational age human fetus. AAo, ascending aorta; DAo, descending aorta; DA, ductus arteriosus; LPA, left pulmonary artery;
MPA, main pulmonary artery; RPA, right pulmonary artery; SVC, superior vena cava; UV, umbilical vein. Reprinted under CC BY 2.0
from J Cardiovasc Magn Reson 2012;14(1):79. Caption adapted from original.
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fetuses showed good agreement between descending aorta and
umbilical vein flows measured using the two gating methods.*®

Although Cartesian PC MR methods have been able to provide
insight into fetal blood measurement, they are not robust to fetal
motion.*>*® In case of motion corruption, scans can be repeated,
and probes may have to be repositione
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Golden angle radial K-space sampling
Golden angle radial k-space sampling uses trajectories in a stel-

late pattern with golden angle increments.*" This allows for quasi-

Table 1. Typical human fetal cardiovascular cine MR blood flow imaging parameters at 1.5 T.

uniform k-space coverage over arbitrary temporal windows. In
turn, real-time reconstructions are possible from undersam-
pled subsets of the acquisition with compressed sensing. These

Acquisition Conventional 2D PC MR 2 Radial 2D PC MR 4D Flow %
Trajectory Cartesian golden angle radial Cartesian
TR/TE (ms) 5.3/2.9 5.9/3.6 3.0/2.0
Flip angle (degrees) 20 20 6
Velocity sensitivity Through-plane Through-plane Fully encoded
Encoding velocity (cm/s) 150", 100* or 50° 1507, 100 or 50° 120
Acceleration GRAPPA,R=2 (Rig=1.7) CS,R>4 SENSE, R =2-3
CS SENSE, R = 4-6
Cardiac gating MOG or DUS MOG or DUS DUS
Motion correction - Automatic, based on ROI -
Maternal respiration Free breathing Free breathing Shallow
Field of view (mm) 340 x 234 x 5 340 x 340 x 5 300 x 300 x 50
Acquired voxel size (mm) 1.3x1.3x5.0 1.3x1.3x5.0 2.5x2.5%x2.5
Acquisition matrix 256 x 176 x 1 256 x 256 x 1 120 x 120 x 20
Segments 3 - 2-3
Reconstructed cardiac phases 15 15 20-30
Acquired temporal resolution (ms) 32 29" 24-36
Signal averages 1 1 1-2
Scan duration (s) 14-19 18 120-180

150 cm/s encoding velocity used for large arteries: ascending and descending aorta, main pulmonary artery and ductus arteriosus; 100 cm/s
encoding velocity used for branch pulmonary arteries and superior vena cava; § 50 cm/s encoding velocity used for umbilical vein; TE, excitation
time; TR, repetition time; MOG, metric optimized gating; DUS, Doppler ultrasound; GRAPPA, generalized autocalibrating partial parallel acquisition;
CS, compressed sensing; SENSE, sensitivity encoding; R, acceleration factor; Rq, effective acceleration factor; ROI, region of interest; * additional
temporal blurring depending on regularization in CS reconstruction
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real-time images can be used for retrospective motion correc-
tion and image-based cardiac gating.*>*’ Reconstructions are
performed in three major stages. First, real-time reconstruc-
tions with large temporal window (~370 ms) are used to iden-
tify and reject data corrupted by gross fetal movement and to
correct for in-plane motion. Second, motion-corrected real-time
reconstructions with short temporal window (~45 ms) are used
to derive a fetal heart rate model. Third, motion-corrected and
cardiac-gated data are reconstructed into cine PC MR image
sequences. Through this approach, motion-robust through-plane
flow reconstructions have been possible in human fetuses from
accelerated measurements.*”*? Moreover, by encoding velocity
in three orthogonal dimensions and having a flow compensated
acquisition in a single slice, the same approach allows for multi-
dimensional intracardiac blood flow visualization.?

Impact of motion correction on flow quantification
Uncorrected motion occurring during a PC MR acquisition can
corrupt the measurement in various ways. Reconstructed images

van Amerom et a/

may comprise data from several anatomical planes.”® With
spatial blurring and artifacts, such as ghosting and streaking,
arising from motion corruption, vessels become less conspic-
uous such that flow quantification inaccuracies may occur due to
erroneous vessel contours. The presence of motion corruption in
the acquired data can also impact the efficacy of metrics used in
imaged-based gating or self-gating methods which can result in
cardiac synchronization errors.

A recent study showed higher quality images and more accu-
rate flow measurements are possible with retrospective motion-
corrected compared with Cartesian PC MR*’ As summarized
in Figure 4, simulations showed mean and peak flow were over-
estimated in images with uncorrected motion, and these errors
were reduced to well within 5% for motion-corrected radial PC
MR Furthermore, the area of vessel contours drawn on PC MR
with uncorrected motion was overestimated, and this error was
approximately twice as large in uncorrected Cartesian PC MR
than in uncorrected radial PC MR. Similar vessel contour area

Figure 4. Impact of sampling and motion correction in simulated cine 2D phase contrast MR. (Top) Magnitude and velocity-
sensitive phase contrast images of the upper great vessels based on adult reference data, simulated with Cartesian and golden
angle radial k-space sampling under three motion states: none, small (£3 voxels displacement in each in-plane direction, approx-
imately +12% DAo diameter) and large (x5 voxels displacement,+20% DAo diameter). With large, uncorrected motion, identifica-
tion of the DAo (arrows) boundary becomes more difficult but is ameliorated with motion correction. (Bottom) Mean and peak
flow errors in the DAo. Vertical lines represent the standard deviation. Horizontal lines indicate significant differences. NS, not
significant; *, p < 0.05; **, p <1074 *** p < 10°8; DAo, descending aorta. Figure and caption adapted with permission from J Magn

Reson Imaging. 2021;53(2).
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Figure 5. Cine phase contrast MR using Cartesian and motion-corrected golden angle radial sampling trajectories showing fetal
three vessel view in systole. Mean and standard deviation of estimated in-plane displacement in the radial acquisition was 0.8 +
0.5 mm with a maximum of 1.5 mm in images acquired with 1.3 mm resolution. Vessel labels are shown at left for reference. AAo,
ascending aorta; MPA, main pulmonary artery; SVC, superior vena cava. Figure and caption adapted with permission from J Magn

Reson Imaging. 2021;53(2).
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differences were found with in vivo measurements in late gesta-
tional age human fetuses. An example comparison in a human
fetus is shown in Figure 5, with reduced image artifact and sharper
vessel boundaries in the motion-corrected radial PC MR image.
Opverall, good agreement was found between in vivo measures of
uncorrected Cartesian and motion-corrected radial PC MR flow
measurements across a range of vessels, however, there was high
variability and a small bias towards lower peak flows measured by
motion-corrected radial PC MR. A subanalysis of that same data
showed mean and peak flows were higher in uncorrected Carte-
sian PC MR with low image quality scores which were likely to
be corrupted by motion compared to matched motion-corrected
radial PC MR, in line with simulation results showing flow over-
estimation in the presence of motion. In addition, motion-robust
acquisitions reduced the need to repeat acquisitions corrupted by
brief in-plane movements.

4D FLOW MR

The extension of 2D PC MR to include volumetric coverage
combined with the addition of flow sensitivity along all spatial
dimensions is known as 4D flow MR.”* The data from 4D flow
MR consists of four volumetric data sets reconstructed over a
representative cardiac cycle: one magnitude volume of the
anatomy and three velocity volumes representing orthogonal
velocity directions. This technique has been extensively studied
as a research tool in adult and pediatric applications, namely
in congenital heart diseases such as bicuspid aortic valve,>>*
tetralogy of Fallot>”*® and Marfan syndrome.** Its quantitative
test-retest repeatability in large cardiac vessels relative to 2D PC
MRI suggest it may be suitable for surveillance of heart disease
and treatment decision-making, 5"
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By virtue of the abundance of information gained from 4D flow
MR, it should be well-suited to the task of assessing fetal cardio-
vascular hemodynamics. Blood flow quantification and 3D
hemodynamic visualization can be completed anywhere within
the imaging volume to give unique perspectives of the complex
fetal flow circuit, provided image quality is sufficient.

However, 4D flow MR requires collection of much larger datasets
than 2D PC MR, and scan times become prohibitively long at
the high spatial and temporal resolutions required for imaging of
fetal heart vessels. While vendor-provided mitigation techniques
such as parallel imaging reduce this requirement, the resulting
scans are still too long, upwards of several minutes, for use in
fetal imaging. Moreover, with these extended scan times, gross
fetal motion becomes even more problematic.

FLOW ANALYSIS

Data corrections

Correction of background phase offsets caused by eddy currents
are not commonly used in fetal cardiovascular 2D PC MR.
One report of flows quantified with and without the correction
showed little impact,*® however, care should be taken as the
correction itself could contribute error in some cases.*®

Pre-processing corrections are typically applied in 4D flow MR
For fetal imaging, these are often automatically applied before
retrospective quantification and visualization. Background phase
offsets require fitting of a 3D polynomial to the phase of static
tissue,** and this semi-automatic step is incorporated into most
commercial 4D flow MR processing software. As the amplitudes
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of fetal flows vary significantly throughout the cardiac vascu-
lature, exams are often performed with low velocity encoding
(<100 cm/s) to maximize velocity-to-noise ratio and quantita-
tive accuracy and, consequently, velocity unwrapping needs to
be performed. Due to the large data sets in 4D flow, this is often
done with automatic techniques®*® and then visually inspected
for further manual corrections.

Vessel contours

A region of interest is used to quantify blood flow within a vessel.
Regions are typically generated using software tools with semi-
automatic vessel contour detection that adapts the region to each
phase of the cardiac cycle,*® though a static contour may be suffi-
cient for vessels that experience less movement and pulsation,
like the DAo and UV.* Visual inspection and manual refinement
can mitigate segmentation errors when automatic propagation
is used to generate time-resolved vessel contours.” The contour
should contain the entire vessel or be slightly larger to avoid
significant flow underestimation errors that can occur with small
regions.48

Indexed flows

Fetal flows are often indexed to fetal weight to remove a depen-
dence on gestational age, since combined ventricular output in
relation to fetal body weight is constant over the last two-thirds
of gestation in healthy fetuses." Fetal weight can be calculated by
converting the body volume, estimated from segmentation of 2D
or 3D steady-state free precession MRI data, using a conversion
based on fetal density.**7¢8

Flow distribution

In some cases, flows that cannot be measured directly can instead
be derived using flow volume continuity equations, based on
the well-accepted assumption of incompressible blood in large
vessels.?*** In normal fetal circulation (Figure 1), these equa-
tions are

Qsve = Qaao — (Qpao — Qpa)

Qumpa = Qpa + (Qrpa + Qrpa) and

Qro + (Qrea + Qrpa) = Qaso + Qca

where Q is flow, Qr ps and Qrpy are the flows in the left and right
pulmonary arteries and Qcy is the flow to the coronary arteries.
Qrpa and Qgrpa are sometimes combined as total pulmonary
blood flow (PBF). Qcy is assumed to be 3% of the combined
ventricular output (CVO)" which is given by

Qcvo = Qmpa + Qano + Qca

and can be calculated as

Qcvo = (Qmpa + Qaao) 10.97

van Amerom et a/

In congenital heart disease circulations, these equations may
differ depending on subtype.?®

Oxygen transport

Oxygen saturation measurements from MR oximetry ”’" can be
combined with flow to calculate oxygen transport as the product
of flow and oxygen content.”! Fetal oxygen consumption is the
difference between oxygen transport in the umbilical vein and
oxygen transport in the umbilical arteries. In the human, cere-
bral oxygen consumption is often obtained using superior vena
cava as a surrogate for cerebral blood flow along with oxygen
saturations in the AAo and SVC.”!

69,70

4D flow visualization

A 3D segmentation of the vasculature of interest is commonly
used to distinguish blood from background tissue and air in
4D flow MR. This segmentation is made from an angiographic
image, which can be from a separate MRI scan such as contrast-
enhanced MR angiography or time-of-flight angiography or
calculated directly from 4D flow MR.”*

Visualization options for the rich data contained in 4D flow MR
include instantaneous streamlines, 3D velocity vector maps,
isosurface mapping of parameters and pathlines.”> For fetal
representation, pathlines, which trace the paths of virtual parti-
cles through a time-dependent velocity field, permit the seeding
of particles at a point of interest in the volume and following the
tortuous blood routes through the fetal vasculature.

APPLICATIONS

Human studies

Healthy fetal circulation

Normal distribution of blood in late gestational age human fetus
has been studied using cine PC MR.***** In these investigations,
flow was measured in the MPA, AAo, DA, DAo, SVC, UV and the
branch pulmonary arteries, as in Figure 2. Flows from a recent
study of 192 cases,” including 40 healthy fetuses, are shown in
Figure 6 along with a model of the normal distribution of blood
in Figure 7 which is in line with previous estimates based on
ultrasound in humans and radionuclide-labeled microspheres in
the fetal lamb.! MR oximetry was also used in the same study to
assess oxygen transport throughout the fetal circulatory system.
Other studies have reported the use of ungated 2D PC MR in the
umbilical vein to estimate oxygen delivery’* and 4D flow using
relatively low spatial resolution to visualize aortic flow.?

Congenital heart disease

Cine 2D PC MR has been used to assess the redistribution of
blood flow in human fetuses with various subtypes of congen-
ital heart disease.”®””>7® Overall, fetal organ perfusion was
maintained in most subtypes of congenital heart disease despite
obstructions leading to dramatic changes in other parts of the
circulatory system. For example, SVC flow, a surrogate for
cerebral blood flow, was generally at normal levels as shown in
Figures 6 and 7. In fetuses with right heart obstructions, such
as tetralogy of Fallot and tricuspid atresia, MPA and DA flows
were reduced, as expected, and most of the systemic systems
were supplied by an increase in blood flow through the AAo.”®
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Figure 6. Blood flow in the major vessels of normal controls and fetuses with cyanotic congenital heart disease. Scatter plots show
(top) the distribution and group mean (bar) of flow normalized by fetal weight, and (bottom) group-wise difference plot with
mean and 95% confidence interval for congenital heart disease subtypes compared to normal controls. Flows in congenital heart
disease subtypes with confidence intervals that do not cross zero in the difference plot are significantly different from normal
controls. Negative blood flows in the DA denote retrograde flow and left to right shunt in the FO. * Showing measured flows and, in
cases with missing measurements, flows derived from other measurements. ¥ Showing derived flows exclusively. AAo, ascending
aorta; CVO, combined ventricular output; DA, ductus arteriosus; DAo, descending aorta; EA, Ebstein’s anomaly; FO, foramen ovale;
HLH, hypoplastic left heart; MPA, main pulmonary artery; PBF, pulmonary blood flow; SVC, superior vena cava; TA, tricuspid atre-
sia; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; UV, umbilical vein. Reprinted with permission from Ultrasound
Obstet Gynecol 2021; doi: 10.1002/u0g.23707. Caption adapted from original.
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Conversely, in fetuses with hypoplastic left hearts, AAo flow was to be lower in fetuses with congenital heart disease and associated
dramatically reduced and supply to the brain was provided by with lower brain weight,”" a predictor of neonatal brain develop-
an increase in DA flow via retrograde flow through the aortic ment.””””® In a study of coarctation of the aorta, the combina-
isthmus and arch.?®”> Cerebral oxygen consumption was found tion of reduced flow in the ascending aorta in combination with
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Figure 7. Distribution of blood flow in late gestation human fetuses with normal hearts and cyanotic congenital heart disease
subtypes. Flows are shown as percentage of the combined ventricular output. Reported flows are based on median measured
values subject to a constrained model ensuring continuity of flow volume throughout the fetal circulatory system. Negative val-
ues indicate retrograde flow or, in the case of the FO, left to right shunt. Shading indicates blood oxygen saturation measured by
MR oximetry. AAo, ascending aorta; DA, ductus arteriosus; DAo, descending aorta; DV, ductus venosus; EA, Ebstein’s anomaly;
HLHS, hypoplastic left heart syndrome; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; MPA, main pulmonary artery;
PBF, pulmonary blood flow; RA, right atrium; RV, right ventricle; SVC, superior vena cava; TGA, transposition of the great arteries;
UV, umbilical vein; UA, umbilical arteries. Figure and caption adapted with permission from Ultrasound Obstet Gynecol 2021; doi:

10.1002/u0g.23707.
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changes in arch anatomy in 3D MRI in utero was found to be
predictive of the need for neonatal surgical repair.®® Flow quan-
tification with non-triggered 2D PC MR in fetuses with congen-
ital heart disease has been limited,”*** but has been employed to
reveal direction of blood flow to support diagnosis of left supe-
rior vena cava and anomalous pulmonary venous connections.*!
In vitro 4D flow MR in 3D printed phantom models of patient-
specific fetal hearts with normal and hypoplastic left ventricle
geometries has also been reported.®!

Intrauterine growth restriction

A study of late-onset intrauterine growth restriction showed
dramatically reduced fetal oxygen delivery due to placental insuf-
ficiency and lower brain weight Z scores on fetal and neonatal
MRI®? In these fetuses, flows measured by cine 2D PC MR
showed preferential flow to the brain with a reduction in pulmo-
nary blood flow due to brain sparing physiological adaptations.

Interventions

PC MR in hypoplastic left heart fetuses with obstructed pulmo-
nary venous drainage showed improved pulmonary blood flow
to normal levels following fetal atrial stenting to decompress the
left atrium and pulmonary veins.” Similarly, a reduction in retro-
grade DA flow was observed following treatment with transpla-
cental non-steroidal anti-inflammatory drugs to control circular
shunt in fetuses with Ebstein’s anomaly.” Acute maternal hyper-
oxygenation has been shown to increase fetal oxygen delivery
and lead to increased pulmonary blood flow due to pulmonary
vasodilation in fetuses with congenital heart disease.®’

intact ventricular septum

TGA Tetralogy of Fallot

pulmonary stenosis
n=34

from measurement) . deled flow (;

Animal models

Preclinical sheep, pig, and macaque models of pregnancy have
been used for decades to better characterize fetal physiology and
anatomy throughout pregnancy®** Flow MRI has only been
recently possible in these animal models thanks to the combination
of surgically implanted, invasive pressure probes to reliably detect the
fetal heart rate for use in cardiac gating®” and the administration of
anaesthesia to the mother and fetus to limit motion. The implanted
pressure probe can also be used to sample blood throughout scan-
ning to detect dynamic changes in fetal physiology. With animals
prepared in this way, high resolution 2D PC MR has been demon-
strated with good internal agreement at a number of vessel measure-
ment locations in fetal sheep.”>*! Similarly, with virtually no motion
(aside from maternal breathing) and the capability of longer scan
times, high resolution 4D flow MR is possible using scan lengths of
10-20 min. This has been demonstrated in large extracardiac vessels
in fetal macaques’ and the great vessels and hepatic vasculature in
fetal sheep.”>** With 4D flow MR, the first ever in vivo 3D visual-
ization and quantification of the streaming of oxygen- and nutrient-
rich blood from the ductus venosus through the foramen ovale were
demonstrated, as shown in Figures 8 and 9.

Combined with animal models of pregnancy, flow MRI techniques
are now being used to explore targeted therapies for intrauterine
growth restriction. Using 2D PC MR and 3D anatomical MRI,
the fetal weight of growth restricted fetal sheep has been shown
to increase after the administration of resveratrol, coupled with
increasing uterine blood flow.”” 4D flow MR, taken before and after
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Figure 8. Particle traces from 4D flow MR in fetal sheep. (Top)
Oblique ventral view of SVC (blue) and IVCp (red) return to
the right side-of the heart, shown at four time points over two
cardiac cycles. The MPA receives blood from both vessels,
serving as a conduit to the lungs and lower body. The AAo
only receives IVCp blood via right-to-left atrial shunting. (Bot-
tom) Ventral view showing preferential delivery of DV blood
to the left side of the heart. DV (red) and IVCd (blue) parti-
cles are shown at four time points over one cardiac cycle. The
two streams remain well-separated, with blood from the DV
primarily entering the left heart through the FO while IVCd
remains in the right heart. SVC, superior vena cava; IVCp,
proximal inferior vena cava; AAo, ascending aorta; MPA, main
pulmonary artery; DV, ductus venosus; IVCd, distal inferior
vena cava; FO, foramen ovale; RV, right ventricle; LV, left ven-
tricle. Figure and caption adapted from J Cardiovasc Magn
Reson. 2019; 21(1) under CC BY 4.0.

“—ov ~—ov *—ov

P
Ve,

e, a/ Ve, d/

Time = 186 ms Time = 310 ms Time = 434 ms

prostaglandin I, injection, has been used to examine drug effects
on ductal tone and flow physiology.”® Taken together, these studies
enhance understanding of fetal cardiovascular physiology and help
to inform translation of techniques and potential interventions to
human subjects.

DISCUSSION

Strengths and limitations

Cine PC MR is the gold-standard for cardiovascular flow measure-
ments in the post-natal population. With novel solutions to the unique
challenges of fetal cardiovascular MR, cine PC MR has been shown
to be feasible and reliable for characterizing healthy late-gestation
fetal circulation as well as circulations disrupted by congenital heart
disease or intrauterine growth restriction. However, prescription of
imaging planes cross-sectional to each vessel of interest can be chal-
lenging, and fetal and maternal motion can impact data quality if
uncorrected. Additionally, gating solutions require additional hard-
ware or post-processing software.

4D flow in animal models has provided visualizations of the complex
streaming of blood that occurs in the fetal circulation (Figure 8) as

BJR

Figure 9. Right lateral view of the segmented fetal sheep vas-
culature for quantitation of blood flow volumes. Color-coded
contours indicate locations of corresponding flow measure-
ments at right. (Right) Blood flow vs cardiac time at all meas-
urement locations, separated as (top) input to and (bottom)
output from the heart. Cardiac inputs from the DV, IVCd, IVCp,
and SVC display typical biphasic nature with greater pulsa-
tility proximal to the heart, whereas UV flow appears nearly
constant. Note UV flow was measured downstream from the
junction of the typical two UVs found in fetal sheep. Outputs
from the MPA, DA, AAo, BT, and DAo display large systolic
peaks and low diastolic flows. BT and PBF display retro-
grade diastolic flow, likely indicative of runoff to the placenta
through the aortic isthmus and DA. UV, umbilical vein; DV,
ductus venosus; IVCd, distal inferior vena cava; IVCp, proxi-
mal inferior vena cava; SVC, superior vena cava; FO, foramen
ovale; AAo, ascending aorta; BT, brachiocephalic trunk; DA,
ductus arteriosus; DAo, descending aorta; MPA, main pulmo-
nary artery; PBF, combined pulmonary blood flow. Reprinted
from J Cardiovasc Magn Reson. 2019; 21(1) under CC BY 4.0.
Caption adapted from original.
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well as a capacity for flow volume quantification at any location in the
acquired volume (Figure 9). However, in human studies without the
aid of anesthetics to allow for long scan durations, 4D flow has been
limited.

Outlook

Slice-to-volume (SVR) reconstructions, commonly used in fetal brain
MR, have been extended to visualize the human fetal heart.”””® The
SVR framework uses multiple 2D acquisitions covering the anatomy
of interest that are combined as a single volume in the image domain
using scattered data interpolation and super-resolution methods with
retrospective 3D motion correction. Recent works demonstrate that
SVR is capable of generating human fetal cardiovascular 4D flow
volumes, either from motion-corrected fully encoded radial cine
PC MR or real-time balance steady-state free precession images
using the inherent velocity sensitivity in the phase images.”®'®
These methods are a potential route to motion-robust visualization
and quantification of blood flow throughout the fetal cardiovascular
system.
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4D flow MR can provide whole-heart coverage without the need
for challenging 2D scan plane prescription during acquisition.
Such data can be used for retrospective assessment of flow distri-
bution as well as morphology and function. In the future, fetal flow
imaging with volumetric coverage may be incorporated in human
studies, either through further development of SVR methods or
by employing higher acceleration rates and motion-corrected
methods to achieve shorter, high resolution conventional 4D flow
MR.

van Amerom et a/

2D PC MR has been the most used technique for fetal flow
imaging and will likely see broader adoption as gating solutions
become more readily available and usable. Incorporating rapid
imaging with non-Cartesian trajectories will improve robustness
to motion and accuracy of flow measurements in examinations
of human fetuses. With continued development towards fetal
therapies that require sophisticated fetal imaging technology, the
techniques of fetal cardiovascular flow MR could play an increas-

ingly important role in diagnosis and treatment monitoring.
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