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Abstract

Fetal magnetic resonance imaging (MRI) examinations have become well-established procedures
at many institutions and can serve as useful adjuncts to ultrasound (US) exams when diagnostic
doubts remain after US. Due to fetal motion, however, fetal MRI exams are challenging and
require the MR scanner to be used in a somewhat different mode than that employed for more
routine clinical studies. Herein we review the techniques most commonly used, and those that are
available, for fetal MRI with an emphasis on the physics of the techniques and how to deploy
them to improve success rates for fetal MRI exams. By far the most common technique employed
is single-shot T2-weighted imaging due to its excellent tissue contrast and relative immunity to
fetal motion. Despite the significant challenges involved, however, many of the other techniques
commonly employed in conventional neuro- and body MRI such as T1 and T2*-weighted
imaging, diffusion and perfusion weighted imaging, as well as spectroscopic methods remain of
interest for fetal MR applications. An effort to understand the strengths and limitations of these
basic methods within the context of fetal MRI is made in order to optimize their use and facilitate
implementation of technical improvements for the further development of fetal MR imaging, both
in acquisition and post-processing strategies.
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1. Introduction

Those of us who have had the pleasure of observing the development of clinical MRI from
its inception in the mid-1980’s through current times can’t help but note the difference
between how exams are performed now vs. then. In the good old days, radiologists would
commonly be standing shoulder-to-shoulder with the technologists running the scans, back-
seat driving for better or worse. Today, scanning technologists rarely have face-to-face
encounters with reading radiologists who may, or may not, communicate with technologists
from remote satellite stations during individual MR examinations. Perhaps this is why it is
so refreshing to enter the MR console room and witness a fetal MRI examination being
performed. It is as if one has been transported back-to-the-past! There is the radiologist, not
just back seat driving but, as often as not, actually running the scans! An interactive, fervent,
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process is occurring wherein planes are being proscribed on the fly from the preceding scan
to try to target suspect anatomy before the fetus twists and turns away from view. In this
regard, fetal MRI involves using the scanners differently than in most other applications,
more in the “real-time” mode commonly associated with ultrasound procedures. It is indeed
a testament to the steady development of hardware and software over the last 30 years that
fetal MRI has been able to become a well-established, if challenging, endeavor.

The cost and complexity of MRI compared to ultrasound (US) have largely relegated fetal
MRI to that of an adjunct modality which is, however, deemed useful when diagnostic
questions remain after US (1-9). Clinical indications for fetal MRI run the gamut from
central nervous system disorders (1, 6, 10-20), abdominal, pulmonary, and musculoskeletal
concerns (21-23), and evaluation of maternal organs critical for fetal development and
delivery such as the placenta (24-28) and cervix (29-32). The field has achieved a maturity
that has endowed it with excellent review articles regarding multiple clinical findings and
uses to date (5, 14, 15, 33-39). Digital atlases of the fetal brain based on fetal MRI have
been generated (40-43) and work on MRI based biometric fetal growth markers continues to
move forward (44-48).

It is of interest to note that the majority of information available from fetal MRI
examinations to date has been extracted using single-shot T2-weighted (SST2W) imaging.
We contend that with careful attention to detail, and with some obvious restrictions, it is
possible to obtain T1-weighted images, T2*-weighted images, T2/T1-weighted
cinematographic images, diffusion weighted images and their associated diffusion parameter
maps, spectroscopic data, and even arterial spin labeled images, all tools that have yet to be
fully exploited in fetal MRI. In this work we will discuss in some detail the MR
methodology, current and potential, for use in fetal MRI examinations. Technical issues
arising in the use of different methods in the context of fetal MRI will be addressed and
observations on what is currently lacking or inadequate as a consequence of the special
challenges encountered will be made. Some developments being taken to improve the
methodology, including motion correction and compensation schemes as well as post-
processing approaches to provide more robust anatomical and/or functional information, are
examined.

2. Technique Review

Before launching into detailed discussions of each technique applicable to fetal MRI, it may
be useful to state a “golden rule”, proffered by a fetal imaging radiologist and contributing
coauthor, which should be considered quite seriously when designing each protocol. Since
the major challenge is to capture quiescent periods of fetal motion, one should try to keep
each scan to ~ 25 s or less, have a look at the images generated, reposition the slices and/or
change technique, and scan again. Avoiding the scanner specific “autoprescans” (49) for
repeat scans with the same sequence is strongly recommended, as these will unnecessarily
waste examination time with little or no benefit in image quality (one autoprescan per
technique). An allotted 45 minute slot will be filled up quite efficiently with this approach,
and the probability of a successful diagnostic outcome will be increased. Of course this ~ 25
s “golden rule” will affect the types of sequences which can be run, the parameters
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associated with such sequences and the volume coverage, or number of slices, interrogated
per scan. With this in mind we begin our technical review of the methods applicable to fetal
MRI.

a. Single-shot T2-weighted Imaging: The front-line fetal imaging technique

Fetal motion is irregular and unpredictable, rendering images acquired with conventional,
multi-slice, two-dimensional (2D) scanning techniques that last several minutes,
diagnostically useless. Towards the latter stages of pregnancy, engagement of the head
within the uterus can significantly reduce fetal motion, though this can hardly be predicted
beforehand and is of limited value for fetal imaging performed in earlier stages of
pregnancy. Therefore, barring pharmacologic interventions such as fetal paralysis obtained
with neuromuscular blockers as deployed in the early 90°s (50-53), the need for some sort
of “snapshot” imaging to avoid image degradation from fetal motion has been obvious from
the earliest days of fetal MRI. Indeed some of the very first echo planar imaging (EPI)
methods, based upon multiple gradient echo trains, were applied to study the fetus (54-57).
By the mid-nineties, scanner hardware and software development had proceeded to the point
where a single-shot T2-weighted (SST2W) imaging method based on RF spin echoes rather
than gradient echoes became available, and it was quickly realized that this approach could
be harnessed for the best anatomical evaluation of the fetus in utero (1-4). The field of fetal
imaging has since been dominated by the use of this SST2W imaging. For example, a fairly
recent fetal brain MRI review article by Glenn (20) displayed 25 fetal brain images, 23 of
which were obtained with SST2W imaging with tissue contrast largely identical to that
found in conventional T2-weighted brain scans acquired more slowly using multiple
“shots”. Similarly, in a review of tumors encountered in the fetal body (9), the MR images
dispersed among the figures contained 12 SST2W images, 2 T1-weighted gradient echo
images and one steady state free precession (SSFP) image with a T2/T1 type of contrast
(vide infra). A perusal of the bulk of clinically oriented fetal MRI articles and reports
published in the last 15 years yields similar results with an overwhelming display of SST2W
fetal images to illustrate sundry anatomical and pathological findings. Though clearly the
front-line technique for fetal imaging, it is of interest to note that SST2W imaging has found
limited clinical application elsewhere, e.g. cholangiography where very heavily T2-weighted
imaging is deemed diagnostic (58), and rapid imaging of nonsedated neonates and children
for example to monitor ventricular size in infants with shunt catheters.

Reasons for the popularity of SST2W imaging for fetal imaging studies are fairly simple —
the ability to largely “freeze” motion and to supply excellent T2-contrast. Reasons for its
unpopularity for most other applications are equally simple to understand — relatively low
spatial resolution and the limitation to T2-contrast governed by point spread function
considerations and the desire to avoid image blurring. These features warrant some
discussion of the underlying physical principles to understand the relative strengths and
weaknesses and allow thought for potential improvements. The currently available SST2W
sequences go by a number of vendor specific names: Single-Shot Fast Spin Echo (SSFSE) -
General Electric Medical systems; HAIf-fourier Single-shot Turbo spin Echo (HASTE) —
Siemens; Single-Shot half-Fourier Turbo Spin Echo (SShTSE) — Philips; Rapid Acquisition
with Relaxation Enhancement (RARE) — Bruker Instruments. The vendor free acronym we
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employ, SST2W, is employed herein because it succinctly describes the most important
attributes of the method which are its single-shot (SS) nature (minimizing intra-scan motion
artifact and T1-weighting), and its relatively pure T2-weighting, not T2*, T1 or T2/T1,
which best describes its tissue contrast. Some basic facts about SST2W sequence are the
following; I) A single slice selective excitation pulse is followed by a series of slice selective
refocusing pulses, each of which causes a “spin-echo” to be formed whose individual
duration is on the order of 2 to 3 ms. Il) Each spin echo is “read out” with appropriate
digitization, e.g. very high bandwidth readouts during the frequency encoding which is
preceded and followed by appropriate “wind” and “rewind” phase encode gradients such
that each echo forms a line in “k-space” from which, following acquisition of all echoes, an
image is generated using 2D Fourier transformation. 111) The effective echo time (ETE)
which determines the degree of T2 contrast weighting is governed by the specific ordering
of the phase encodes with respect to the individual spin-echo times such that the specific
echo times used for the low order phase encode lines determine the ETE associated with the
T2 contrast (59-64). With several caveats discussed below, the signal S in SST2W imaging
is given by

S=Cpe ETER:

where C is a proportionality constant associated with receiver coil sensitivity and voxel size,

p is the spin density, and R2:1/T2 is the irreversible transverse relaxation rate, in s71, a rate
distinct from the so-called reversible transverse relaxation rate Ry’ which comes into play in
gradient echo imaging as discussed further below.

Since the fetus and its organs tend to be small and the pregnant mothers’ abdomens large, it
is difficult to use otherwise desirable small fields-of-view (FOV’s) and avoid wrap-around
artifact, particularly along the phase encode direction. As a consequence, fairly large FOV’s
are usually employed (generally > 30 cm) with fairly large matrix sizes (256 x 256 or larger)
required to attain reasonable in-plane spatial resolutions (~1x1 to 2x2 mm?) for fetal organ
imaging, but smaller FOVs (e.g. 24-28 cm) may be used in fetal brain imaging when
possible. An SST2W imaging sequence would then theoretically have to have at least 256
echoes to do the job. With modern hardware, echo spacings on the order of 3 to 5 ms are
available which make 256 echo train lengths quite long compared to, say, fetal brain
parenchyma T2 values which, extrapolating from newborn data (65), can be greater than 200
ms. Thus it may be anticipated that T2 decay would severely deteriorate signals from the
later echoes within the SST2W echo trains and so degrade image quality. As a consequence,
the vendor supplied SST2W sequences tend to utilize half-Fourier acquisitions in which
only slightly more than half of the k-space lines are acquired. The remaining k-space lines
are generated using idealized Hermitian conjugate symmetry of k-space with some phase
corrections supplied by ~ 10 % oversampling of the idealized ¥ k-space. The result is echo
trains lasting on the order of 500ms, which generate k-space datasets suitable for image
reconstruction, largely freezing intra-scan motion (66).

Given the constraints discussed above, typical SST2W images have 1x1 to 2x2 mm? in-
plane spatial resolutions with slice thicknesses between 2 and 4 mm. Furthermore, when
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proscribing multiple slices or a “stack” of slices, sequential slice acquisitions with minimum
delays between successive slice samplings will minimize the time required to cover a
selected volume. This is critical to avoid the effects of inter-slice fetal motion during the full
volume interrogation where scans lasting more than 20 to 30 seconds often lead to poor
results. As an example, proscribing 26, 4-mm thick slices each sampled in ~ 700 ms will
yield a total scan time of only ~ 18 s and provide coverage of over 10 cm of fetus in the slice
selection direction. The effective TR with respect to spin-lattice relaxation time T1
differences is infinity, since no pulses have interrogated any slice of interest prior to the
excitation pulse. Though “cramming” as many slices as possible into a specified period of
time during which one hopes for little fetal motion (say a 25 s rule) is obviously beneficial,
some deleterious effects do occur which can be avoided with a judicious delay between slice
samplings. For instance, amniotic fluid has a long T1 and is often also in a state of
convective motion. Thus amniotic fluid saturated in one slice can find itself in an adjacent
slice during the latter slice’s interrogation, demonstrating signal loss and spoiling the
pristine quality of an image in which a fetus is viewed within a bright bath of amniotic fluid.

Another, perhaps more subtle effect is that of magnetization transfer (MT) when performing
multi-slice acquisitions (67). Namely, sampling adjacent slices applies off-resonance
irradiation to the other slices, resulting in a reduced signal in the latter from tissues
harboring macromolecules. Figure 1 compares an SST2W image from a “crammed” TR
multi-slice acquisition with a single slice acquisition of the same slice, barring some minor
fetal/maternal displacement between the two acquisitions. The images demonstrate these
two deleterious, if not devastating, effects on image quality. Both the flow of saturated
amniotic fluid or MT effects can clearly be reduced by allowing for delays between
sequential slice sampling, though this must be weighed against the effects of prolonging the
overall scan time needed for a stack of slices, breaking the “golden rule” and so inviting
potentially more serious image degradation from inter-slice fetal motion. The latter can
obliterate the careful slice proscriptions designed to select specific anatomical planes for
desired displays of, for example, fetal brain, lung, or palate. To minimize slice crosstalk and
spin history artifacts sequence may be performed in an interleaved manner, typically with 2
concatenations. When the slice distance is too short, e.g. with 2 mm slice thickness and no
slice gap, 3 or even 4 concatenations may be used to minimize possible effect of motion-
induced spin history artifacts.

A further, oft unconsidered default parameter in SST2W imaging is the flip angle of the
refocusing pulses which, in the purest form of multi-echo imaging is set to 180°. On close
examination of the default settings of refocusing flip angles for the SST2W sequences
provided by the standard vendors, however, values considerably less than 180° and in the
120° to 150° range are found. This is justified for at least two reasons, the first being that it
is a simple way to reduce the amount of power transmitted to the mother and child, so-called
specific absorption rate (SAR) considerations (68—74). The second is that stimulated echoes
will arise further out in the echo train which have mixed T1 and T2 relaxation properties
(75-78), allowing for more signal to become available at later echo times than would have
arisen from the primary echoes generated with perfect 180° refocusing pulses. We have also
noted that for at least one vendor (GE), reducing the flip angle results in shorter RF pulse
durations which results in reduced echo spacing and hence less overall T2 decay throughout
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the echo train, potentially improving image quality. An example of the effects on image
quality and typical tissue signal intensities as one varies the RF refocusing flip angles
between 110° and 150° are shown in Figure 2 and Figure 3, respectively. The improvements
in signal with larger flip angles are not very dramatic, making the use of the lower flip
angles prudent from a power absorption perspective. Indeed, since SST2W sequences are
associated with some of the highest SAR values of all imaging sequences, such
considerations are important and will become even more relevant as 3T scanners become
employed for fetal imaging more often, as they invariably will.

The above discussions point towards some potential improvements in SST2W imaging. For
example, the use of variable refocusing flip angles along the echo train, currently employed
in long echo train 3D FSE acquisitions (79) might be gainfully applied to the SST2W 2D
echo trains in the future for improved image quality and reduced SAR values as will be
required at higher field strengths like 3T. Also with the advent of multi-coil arrays, multiple
receiver channels and the explosion of parallel imaging reconstruction methods (80) in
recent years, the echo trains associated with SST2W imaging may be further reduced from
their current values while maintaining the requisite number of phase encoding steps needed
for high spatial resolution. This would alleviate some of the blurring artifact associated with
T2 decay at the expense of some SNR, an approach that may prove particularly useful in
achieving shorter effective echo times required for either Proton Density (PD) or T1-
weighted contrasts with single-shot RF echo trains. Alternatively, parallel imaging
approaches may be used to increase spatial resolution along the phase encode dimension by
utilizing echo train lengths currently employed. Improving spatial resolution may also be
considered by limiting the field-of-view with inner volume methods (81, 82) to avoid
aliasing artifacts that hamper smaller FOV imaging. The degree to which such methods can
be gainfully exploited remains to be examined.

To summarize, default settings of the common vendor supplied SST2W sequences include
half-Fourier acquisitions with RF refocusing flip angles in the 120° to 150° range. As
currently implemented, they are well-suited for generating, in approximately 500 ms or less,
a T2-weighted image largely free of intra-scan motion artifacts, in-plane spatial resolutions
of 1x1 to 2x2 mm? and slice thicknesses from 2 to 4 mm. At 1.5 T, where the bulk of fetal
imaging with SST2W imaging has been performed, few complaints regarding SST2W fetal
imaging are justified, apart from perhaps the low spatial resolution. Future efforts to
improve SST2W imaging may take the form of more careful consideration of RF refocusing
flip angle variations as well as advanced k-space sampling strategies which go above and
beyond simple half-Fourier methods. Certainly some of these considerations will be needed
as 3T scanners become accessible for fetal imaging and SAR issues become more prominent
along with potentially shorter T2 relaxation times.

b. Single-shot T1-weighted (SST1W) imaging with inversion recovery methods

From a clinical perspective, it may be argued that T1-weighted imaging is often less
sensitive to pathology than T2-weighted imaging, though of course the generality of this
statement cannot be used to deny the valuable anatomical and contrast specific diagnostic
uses of the former. The single-shot readouts with long spin-echo trains used so successfully
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for T2-weighted fetal imaging can also be used for single-shot T1-weighted (SST1W)
imaging with two fairly simple modifications that are available on most scanners. First, a
slice-selective inversion pulse is applied at a specified inversion time (TI) prior to each slice
selective excitation pulse of the SST1W echo train which serves to introduce the T1-
weighting. Second, the ETE of the echo train is lowered to minimize the T2-weighting by,
for example, using centric phase encode reordering in which the smallest phase encodes are
acquired from the earliest echoes (83). The signal intensity from such a sequence may be
approximated with the following equation:

S:C|1—67TI'R1 ‘efETE.Rz (2)

where R1=1/T1 is the longitudinal, or spin-lattice relaxation rate (in s~1) and the other
terms have been previously defined. The absolute value sign in Equation 2 reflects the
common practice of magnitude reconstruction from k-space data. Though phase
reconstruction methods would preserve the sign of the T1-weighting term and double the
dynamic range of this weighting, such reconstructions are generally challenging if worthy of
further consideration in the context of fetal imaging (83), particularly as magnitude
reconstruction complicates T1 interpretation as two tissues with widely disparate T1 values
may appear with the same signal intensity. Figure 4 is a typical SST1W fetal image acquired
using this approach in which we utilized a T1 of 2 s and an ETE of 30 ms, chosen so that fat
is bright, brain parenchyma intermediate, and CSF dark, as expected for classic T1-weighted
imaging. Figure 5 shows simulations based on Equation 2 for these tissues which provided a
rationale for this choice of a 2 s Tl given typical longitudinal relaxation rates, provided in
the figure legend, for these tissues. Figure 5 also demonstrates how, due to magnitude
reconstruction, some TI values can lead to similar signal intensities from tissues with
different T1 values, a feature that might be avoided using phase reconstruction methods. We
note that Malamateniou et al. (83) advocated use of a shorter T1 of 400 ms, followed by
inversion of the magnitude signal intensity, for display in efforts to generate some grey/
white matter contrast in fetal brains, though we find our TI of 2000 ms to be suitable as well
for basic T1-weighting which separates fat (bright) from brain (isointense) from CSF (dark).

The use of an inversion pulse and inversion time TI invariably reduces signal-to-noise from
all tissues in inversion recovery SST1W. A further image quality detractor is the lowering of
the ETE towards the beginning of the echo train which reduces T2 effects but also means
that higher phase encoding steps have T2-diminished signal intensities. This results in blurry
images or, in more technical terms, a degraded point spread function (84). Steps towards
ameliorating this problem may be made in the future by considering variable flip angle
refocusing trains as discussed above, and by using parallel imaging schemes to reduce the
length of the echo trains without compromising spatial resolution albeit with reduced SNR.
Phase reconstruction and more efficient interleaving of slice inversions and slice
interrogations to reduce overall scan times, as performed in modern multi-shot fluid
attenuated inversion recovery (FLAIR) sequences, are two further possibilities that would
improve SST1W fetal imaging which, despite current efforts, remains less satisfying than
SST2W fetal imaging.
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c. Gradient Echo Imaging: Spoiled and Unspoiled sequences for T1, T2* and
cinematographic T2/T1 weightings

Like children, gradient echo imaging sequences come in at least two flavors - spoiled and
unspoiled — with both having their charms. The nomenclature among the vendors is, of
course, varied and confusing and for the purposes of this discussion we will restrict
ourselves to calling spoiled versions Spoiled GRadient echo (SPGR) sequences to
emphasize the “spoiling” aspect as explained below. For the unspoiled versions we will use
an original term (85) Steady State Free Precession (SSFP) sequences to emphasize the “free
precession” aspect in which the inherent intra-voxel frequency effect is not forgotten due to
imaging gradients and/or RF phase cycling. Because of this however, the very
characterization of SSFP as a “gradient echo” sequence from a tissue contrast perspective as
opposed to the frequency encoding sequence diagram perspective is questionable as spin-
echo like behavior is also involved in tissue contrast (86), albeit in a complicated fashion as
discussed further below.

Thus we first turn our attention to the spoiled versions. The act of “spoiling” refers to a
technical feature within the pulse sequence such that immediately prior to each RF pulse no
net transverse magnetization components exist - they have been “spoiled”. For short TR
periods, the spoiling is performed typically with a combination of “spoiler” gradients and by
varying the phases of the RF pulses used to solicit signals from the sample (87). For longer
TR periods (TR > T2* where T2* is discussed in detail below) the long delay following
echo collection largely insures that T2* decay has substantially diminished the transverse
components. All or some of these steps are taken to insure that, as much as possible, there is
a total lack of transverse magnetization prior to each RF pulse. In this manner, spoiled
gradient echo signals collected after RF pulses reflect only the longitudinal magnetization
that was available prior to the pulse. This steady state longitudinal magnetization in turn
depends upon the T1 of the tissue in question, the flip angle of the RF pulses employed and
the repetition time TR between RF pulses. Further tissue contrast is determined by the echo
time TE selected for signal formation via read gradient reversal, not RF refocusing, and
determines the degree of T2* weighting, not T2-weighting, in spoiled gradient echo
imaging. Thus an SPGR sequence consists simply of a string of RF pulses with flip angle a,
and varying RF phases, separated by a repetition time TR with each readout pulse followed
by a gradient echo readout at time TE which is then followed by spoiler gradients. The
equation governing the signal from tissue in SPGR is:

S_C[ 1 —e_TR'RQ]sina.e_TE'B%
- [1—cosa.e

—TR,.R]] 3

where Ry* = 1/T2* is a transverse relaxation rate that is the combination of both reversible
and irreversible transverse relaxation rates R, and Ry, respectively with Ry* = R, + Ry, If
these brief but factual statements regarding transverse relaxation rates are confusing, the
reader is directed towards the more comprehensive treatment by Ma and Wehrli regarding
reversible vs. irreversible transverse relaxation processes (88). For our purposes, it is
sufficient to know that some transverse relaxation, or dephasing in the transverse plane, is
caused by “irreversible” processes such as the microscopic, time-varying, magnetic dipole-
dipole interactions between spins. This “irreversible” T2 decay is governed by the rate
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constant R, and is impervious to the application of RF pulses. On the other hand, some
processes, like static spin dephasing due to inherent frequency distribution within a voxel is
largely “reversible” in the sense that an RF pulse results in a rephasing of the spins at a
specific time after the pulse. These reversible processes are to be associated with the
relaxation rate Ry’ which is actually a measure of the half-width of the inherent distribution
of frequencies within a voxel, though only in the case of a Lorentzian distribution does a
specific mathematical relationship between the half-width and R, exist (88, 89). In a pure
spin echo or multiple spin echo sequence with 180° refocusing pulses, full rephasing of
reversible relaxation largely occurs so that the decay is governed by irreversible T2 decay
alone. For spoiled gradient echo sequences, the rephasing of the spins is not due to
refocusing RF pulses but rather due to a gradient reversal with the result that both reversible
and irreversible transverse relaxation mechanisms contribute to the decay whose rate
constant is then governed by Ry* = R, + Ry’ The difference between T2 and T2* weighting
is key in such applications as blood product detection where reversible dephasing caused by
susceptibility effects associated with iron containing blood products result in substantial T2*
dephasing which will not be so obvious in T2-weighting. It is also of interest to note that
newborns, and by extrapolation fetuses, have much longer brain parenchyma T2* values
than adults (90) so that longer TE’s may be necessary to appropriately weight fetal T2*
SPGR sequences compared to those used in adults. Figure 6 is an excellent example of T2*
weighted fetal imaging with an SPGR sequence in which a hypointense, periventricular
lesion stands out as a suspected blood product resulting from a hemorrhagic process. This
lesion was not appreciated in any of the other sequences applied in this examination (see
Figure caption).

Golden rule scan time considerations applied to T2*-weighted SPGR fetal imaging will
generally require the operator to severely limit the number of slices per scan. For example,
the image shown in Figure 6 utilized a 150 ms TR, a 25 ms TE and a 20° flip angle (FA)
with each echo being read in approximately 8 ms. With the spoiling following each echo
acquisition, only 4 slices could be interrogated within the TR interval and with 128 phase
encodes, the entire scan for the four slices took approximately 20 s. Also, a key difference
from the SST2W imaging is that data is being collected in an interleaved manner for all the
slices throughout the entire scan time, making the overall process much more susceptible to
motion degradation effects. Thus it is prudent to limit the number of slices so that short
scans are performed, images examined, and new slices proscribed or repeated as appropriate,
until the entire anatomy of interest has been properly interrogated. Again, avoiding pre-
scans for all acquisitions after the first is recommended to increase the probability of
diagnostic success. The combination of sequence parameters we have settled on for T2*-
weighted imaging appears to provide the necessary tissue contrast, SNR and spatial
resolution for the primary application, detecting blood-products, while adhering to the
golden rule with the major drawback being the reduced volume coverage per scan.

It is also possible to obtain T1-weighting with SPGR sequences by simply increasing the flip
angle and reducing the echo time to minimum values. Malamateniou et al. (83), for example,
compared such T1-weighted SPGR methods, acquiring 12 slices in 17 s with a 142 ms TR
and 6 ms TE periods for comparison with their inversion recovery SST1W method discussed
above. They found the former lacking in image quality with increased sensitivity to motion
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artifact as a consequence of the interleaved nature of the multi-slice acquisition compared to
the single-shot approaches like SST1W inversion recovery.

Recent developments with 3D SPGR imaging provide another promising approach for T1-
weighted fetal imaging. In particular fast 3D SPGR sequences that utilize asymmetric partial
k-space sampling along with interpolation (zero filling), short TR/TE periods, and parallel
imaging techniques can provide good-quality T1-weighted imaging of the fetus. Such 3D
SPGR sequences, with vendor names like VIBE from Siemens (volumetric interpolated
breath-hold examination), LAVA from GE (Liver Acquisition with Volume Acquisition —
General Electric Medical systems), or THRIVE from Philips (T1-weighted High Resolution
Isotropic Volume Examination), are specifically designed to achieve short total acquisition
time (<30 seconds) for applications like breath-hold liver imaging (91-93), automatically
adhering to the golden rule. Noise reduction filters are used to compensate for the reduction
in SNR caused by partial k-space sampling. An optimized inversion pulse and a fat selective
pre-pulse are used to improve image contrast and achieve uniform fat suppression. Typical
parameters for a T1-weighted MRI of the fetal brain with VIBE which we use are TR/
TE=3.64/1.28 ms with a flip angle of 9°. Figure 7 shows such a VIBE scan of a fetus
acquired at 3T. Despite the short acquisition times, VIBE is generally more sensitive to
motion than single-shot 2D methods as the 3D data is being acquired from the entire 3D
volume throughout the full scan time. Thus it is prudent to apply such methods when the
fetus is relatively still and also preferably with maternal breath-hold.

We now turn our attention to the “unspoiled” family of gradient echo sequences with vendor
names like FIESTA (fast imaging employing steady-state acquisition), true-FISP and b-
SSFP where the b stands for “balanced” or compensated imaging gradients, the means by
which their effects on the natural “free precession” of the spin system is removed. The
balancing act means that for every gradient applied for the image formation process, a
counter-gradient is also applied so that the spin system has no memory (or as little as
possible) of the imaging gradients prior to witnessing each RF pulse. In this manner, and in
distinction with the spoiled approach, transverse magnetization components are retained and
available for manipulation by the RF pulse. This difference between spoiled and unspoiled
gradient echo imaging, the lack or non-lack of transverse magnetization prior to each RF
pulse, may seem like a small, technical detail. In fact, however, it has a tremendous impact
in terms of, SNR, SNR/unit time, tissue contrast, and artifact. Figure 8 shows simulation
results of magnitude signal vs. flip angle for a tissue like fetal brain parenchyma that
exemplifies how unspoiled gradient echo imaging provides much higher SNR as compared
to spoiled gradient echo sequences. As Sheffler and Lehnhardt noted in their review of the
clinical applications (85), unspoiled gradient echo sequences offer “...the highest possible
signal-to-noise ratio (SNR) per unit time of all known sequences.” Given this fact, it is of
interest to contemplate why SSFP does not play a much larger role than it does in basic
anatomical imaging, albeit it has proven extremely, indeed uniquely, useful in some specific
applications. These include localizer or “scout” imaging, cardiac imaging (85, 86, 94) and
some fetal imaging, including specific anatomical imaging and studies in which a selected
slice, or a modest few slices, are scanned rapidly and serially with time to study fetal
motion. Examples where the latter can be helpful include assessing the fetus’s ability to
move its feet in anomalies like neural tube defect, and the examination of palate, pharynx,
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trachea, and airways during swallowing to assess conditions like cleft palate or airway
obstruction (95-97).

The reason for a lack of widespread SSFP use can be traced to its relatively poor tissue
contrast compared to T2-weighted imaging, as shown by the comparison of SST2W and
SSFP fetal images in Figure 9. In addition, a banding artifact is often seen in SSFP images
due to the complicated off-resonance frequency dependence, as shown in the fetal image of
Figure 10. Though the banding artifact has become less of a problem with modern scanners
using short (~ 5 ms or less) TR periods, the intrinsic tissue contrast of SSFP continues to
hinder its widespread application for high-resolution anatomic imaging. A major advantage
of SSFP in the context of fetal imaging, however, its ability for rapid serial imaging of one
or a few selected slices in seconds or less in which up to half of the full magnetization
available from some tissues, particularly fluid in which T1 ~ T2 remains available for high
SNR imaging. Attempts to perform such serial imaging with equivalent scan time SPGR
sequences would practically extinguish all signal. To justify these remarks, an examination
of the somewhat more complicated expressions for SSFP signal, as handed down several
decades ago (98) must be examined. These expressions, though complicated, have some
useful approximate forms and can be fully explored using elementary computational
software available today such as Matlab.

The steady state transverse magnetization from a string of 6, pulses separated by < as a
function of time t, from t = 0 immediately after a pulse through t = v immediately before the
next pulse, reads:

c) | g—wte—Rat_ —iw(t—7) ;—Ra(t+7)
S:(“)[ ] [1—tcoswr] )
with

a:1—e(_(R1 +2R2)7) —Cose[e_RlT—e_QRT"L
b=(1+cosf)e 2T [1—e 7], ®)
c=imyosind [1—e~1017],

where @ is the angular frequency of a single isochromat, mgq the equilibrium magnetization
(taken as unity in all further calculations), and Ry and Ry are the longitudinal and
irreversible transverse relaxation rates, respectively. Clearly this set of relations is
considerably more daunting than the signal intensity expressions for SST2W, inversion
recovery SST1W and spoiled gradient sequences provide in Equations 1 to 3. Furthermore,
they contain a dependence on the isochromat frequency  that the others do not, a
consequence of the “free precession” aspect in which all imaging gradients are balanced and
transverse magnetization is retained prior to each RF pulse. As mentioned above, this
frequency dependence is the root cause of banding artifacts that hampered SSFP in the early
days when scanner gradient subsystems could not accommodate short repetition times.

Figure 11 presents simulations of SSFP signal as a function of frequency for several tissues:
CSF (T1=T2=35), fetal brain (T1 =15, T2=0.255s) and muscle (T1 =1.5s, T2 =0.035
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s). Note that the value used for fetal brain in this comparison is somewhat longer than the
nominal value (65). SSFP simulation parameters for the figure were a relatively large flip
angle of 75°, TE = TR/2 and TR periods of 5 ms (blue) but also a 25 ms (red) TR for
comparison for the CSF tissue. Such plots show the good and the bad of SSFP, high signal
even at very short TR values (good!) but huge signal losses at specific frequencies appearing
at 1/TR intervals (bad!). It is indeed remarkable that in the “passbands” the signal for T1 =
T2 type tissues (fluid) is as high as ¥ the available magnetization practically independent of
the TR and T1. With such TR values in SPGR sequences, the signal would be nearly
extinguished for long T1 tissues at all flip angles. The bad part lies in the so-called transition
zones where at distinct frequencies, separated by 1/TR, signal drops to nearly 0. The
capability of modern scanners to utilize TR periods on the order of 5 ms vs 25 ms, where in
the latter case the banding would be intolerable (Figure 11, red solid line), greatly expanded
the use of SSFP towards the turn of the century. These bands are however, still visible in
fetal imaging as shown in Figure 10 which was acquired with a TR of 4.5 ms, pushing the
bands out towards the outer limits of the FOV and well-away from the fetus, though other,
subtler, bands attributed to frequency shifts in maternal bowel and closer to the fetus may
also be present (arrows). Note from Figure 11 how the signal in the passband from CSF-like
tissue is the largest, followed by fetal brain parenchyma and then followed by muscle, which
has quite low signal. This is completely consistent with the ratio of their T2/T1 values.
Indeed a useful approximation that can be extracted from Equations 4 and 5 for passband
conditions (wt = ), flip angle = 90° and the typical limits Ryt Ryt<< 1 (a fun exercise
involving expanding the exponentials to first order) is a signal approximately proportional to
R1/(R1 + Ry) which, in turn is approximately % as Ry approaches R, and is approximately
equal to T,/T; for T{>> T, justifying the tissue contrast remarks made above. Note that the
same approximation applied to the signal for SPGR sequences (Equation 3) yields a signal
proportional to TR/T4, showing how quickly signal diminishes with decreasing TR values
and increasing T1 values, something that does not happen with SSFP.

We conclude that the primary difference between spoiled gradient echo sequences and
unspoiled gradient echo sequences is that with the former, rapid imaging can be performed
with well-controlled degrees of either T1- or T2*-weighting but with diminishing SNR as
scan speed is increased. With the latter, very rapid imaging with very high SNR can be
performed serially but only with a T2/T1 type of tissue contrast which, on its own might
prove somewhat limited but is useful for monitoring the anatomy through fluid tissue
contrast, anatomic fetal motions, and perhaps, flowing blood abnormalities. Blindly
applying spoiled gradient echo sequences used for T1 or T2*-weighted imaging in general
clinical applications like brain, spine or joint imaging with large volume coverage directly to
fetal imaging will be disappointing due to the relatively long scan times associated with the
volume coverage and spatial resolutions typically employed. Simple considerations in this
regard to keep to the golden rule of 25 s scans or less and then have the scans applied
multiple times can vastly improve the success rate of these fetal imaging methods.

d. Echo Planar Imaging: Diffusion Potential for Diffusion Imaging

Echo Planar Imaging (EPI) is arguably the fastest practical way of making images. The
method utilizes multiple gradient echoes to acquire many lines in k-space after a single
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excitation or during an RF refocused spin-echo. Using bipolar gradient readouts, sampling
along the “ramps” of the gradient pulses and reading out the individual echoes with very
high receiver bandwidths, 64 k-space lines or more can be acquired in 50 ms or less, making
EPI images quickly indeed but also prone to low resolution, low signal-to-noise, and
geometric distortion. Figure 12 shows axial and coronal EPI scans of a fetus. Due to its
incredible speed, and despite its drawbacks, EPI plays an important role in applications such
as diffusion imaging, perfusion imaging, cardiac imaging, and functional brain imaging. The
cost of the rapid acquisition is higher susceptibility of EPI to a number of artifacts,
particularly along the phase encoding direction, which can cause signal loss, ghosting,
chemical shift artifacts and off-resonance effects due to magnetic field susceptibility
variations and By field inhomogeneities. There are ways to reduce these artifacts through
pre-scan calibration and post-processing, and despite the challenges, EPI remains a unique
sequence for diffusion and perfusion imaging in many applications including fetal MRI.

Diffusion imaging, in which the images are sensitized to microscopic motions of the water
molecules by sandwiching a refocussing pulse with diffusion sensitization gradients (99)
relies heavily on EPI for at least two reasons. The first is to minimize the effects of
uninteresting bulk motion such as pulsations and involuntary movements by “snapshot”
imaging and the second is that one can quickly gather images with multiple different
diffusion sensitization directions to probe anisotropies in the microscopic motions of the
water molecules such as the preferred directional motion along white matter tracts. In typical
diffusion EPI methods, a single TR of 2 and 3 s can accommaodate sampling multiple slices
with a single diffusion direction and so-called b-factor, a vector representing the strength
and orientation of the diffusion sensitization. For diffusion imaging, a given slice may be
imaged several times with different diffusion encodings or b-factors. These images of the
slice are typically combined to create maps of diffusion parameters such as apparent
diffusion coefficient (ADC) and anisotropy. In the simplest scheme, a single diffusion
encoding of each slice is obtained; this provides an image in which contrast is diffusion
weighted, but does not permit calculation of individual parameters such as ADC or
anisotropy. A minimum of three diffusion encodings (plus a reference image with no
diffusion encoding) of each slice is necessary to calculate ADC. A minimum of six is
necessary to make simple anisotropy maps. For more sophisticated modeling of water
displacements, over 100 encodings have been acquired in some instances. Using the speed
of EPI, several signal averages can be employed to increase SNR and baseline (low b-factor)
and multiple high b-factor data sets of the volume can be acquired in only several minutes of
scan time. In the context of fetal imaging, it is prudent to perhaps minimize the number of
directions, b-factors and signal averages to keep scan times low. It may also be wise to
perform diffusion imaging towards the end of the exam as the high pitched gradient sounds
accompanying EPI scans can easily waken a sleeping fetus.

From a clinical standpoint, the most useful diffusion parameter is the ADC (in convenient
units of um2/ms), which shows acute and subacute tissue injury from a variety of causes,
including stroke (100). The importance of such an assessment in fetal brain MRI is obvious
and several attempts have been made to perform fetal brain diffusion imaging (101-113).
The inherent sensitivity to all motion, however, generally means that successful fetal
diffusion brain imaging is primarily demonstrated in fetuses with pelvic head engagement
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(104) or in fetuses with low fetal activity due to the use of maternal sedation (110). Even
with sedation and/or fetal head engagement, residual motion artifacts due to maternal
breathing and small fetal movements can significantly degrade fetal diffusion-weighted
imaging. As a consequence, most fetal DWI studies have reported only crude ADC values
with the more sophisticated diffusion analyses yielding directional information, such as the
fractional aniosotropy (FA) and/or related tractography results being more difficult to
achieve. Figure 13 shows coronal slices of a fetal DWI scan of a 39-week fetus including the
computed ADC, FA, and color FA maps. The fetus was relatively quiet during this scan so
diagnostic quality ADC images were obtained. Small motion artifacts significantly degraded
the FA maps. This example highlights the need for motion correction in fetal DWI and
indeed, some valuable recent work on the correction of inter-slice motion and fetal DWI
reconstruction has been performed (110, 114, 115) which will be discussed further in
Section 3.c.

We have attempted some ambitious fetal brain diffusion imaging with single-shot DWI-EPI
using 12 to 32 gradient directions, b factors anywhere from 400 to 700 s/mm?, TR values
between 6 to 12 seconds, TE between 60 to 100 ms, FOV’s between 250 to 300 mm?2, matrix
size between 128x128 to 150%150, and slice thicknesses from 2 to 4 mm. The b values used
for fetal brain are generally less than those used in the adult brain due to the generally higher
diffusion coefficients found in the former (38). For 3D motion correction and analysis
multiple DWI scans in the axial or coronal slice select directions have been performed with
total scan times between 3 to 7 minutes. Figure 14 shows an axial SST2W image and the
ADC and color FA maps of a 36-week gestation age fetus with dural sinus fistula. The
images acquired for this fetus showed enlargement of the torcular and transverse sinuses
with dural arteriovenous fistula/malformation, but with no evidence of brain injury. The
ADC and color FA maps also confirmed intact corpus callosum and no evidence of white
matter injury, which led to good neurodevelopment prognosis in this fetus. This was
compatible with postnatal imaging and outcomes. For best results DWI scans should be
analyzed with post-processing methods that include motion correction and reconstruction to
assess white matter structure and connectivity. By using motion correction techniques it has
been possible to detect and visualize corticospinal tracts, thalamocortical tracts,
sensorimotor pathways, and the corpus callosum tracts using in-vivo fetal DWI (104, 107,
108, 115, 116). The spatial resolution and quality of fetal DWI and its robustness to motion
remain to be improved. Data from in-vitro DWI and histology (117-122) may be used as
reference to confirm in-vivo DWI and tractography findings.

Diffusion imaging of the fetal lung has also been examined as a potential tool for assessing
lung maturity with somewhat mixed results. Lung measures of diffusion parameters may
reflect both capillary perfusion and water diffusion in the extracellular, extravascular space
and can potentially demonstrate lung maturity and functionality. Fetal lung DWI will of
course also suffer from intermittent fetal motion. Maternal sedation or retrospective inter-
slice motion correction may be used to reduce motion artifacts. The first report of an
increase in ADC with gestation age (GA) (123) utilized DWI with low b-factors and was
performed at 0.5 T in 26 fetuses, from 19 to 39 weeks GA. In another study published in
2008 (124) the “best motion-artifact-free coronal slice that displayed the large surface of the
lungs” was used to measure ADC and no significant correlation was found between ADC
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and GA based on DWI of 53 fetuses with normal lungs. A high b factor of 700 s/mm? was
employed in this study. In another 2008 article (125) a highly correlated increase of ADC
with GA was measured using EPI1-DWI1 in 50 fetuses, deemed to have normal lung
development, from 18 to 36 weeks GA. An impressive Pearson correlation figure from the
linear regression of ADC vs. GA, r=0.816, was reported. The positive slope of ADC with
GA was not explicitly provided but from the scatterplot and accompanying Table, a linear
growth of ADC from around 1.6 to 3.5 pm?/ms appears to occur over the 18 to 35 week GA
range. The authors suggest that increased fluid secretion from pulmonary epithelium,
“massive angiogenesis surrounding the alveoli”, and an unbinding of fluid from hyaluronic
acid with lung development may all contribute to an increasing ADC with GA, making ADC
a potentially useful marker for lung maturity. Finally, in 2009 Cannie et al. (126) carried out
a study based on six different b values (b=0, 100, 250, 500, 750, and 1000 s/mm?) and found
a positive correlation between ADC calculated at low b values with GA and a negative
correlation between ADC calculated at high b values with GA. They showed that these
opposite effects canceled each other when average ADC was calculated. Important
information may be carried by the ADC at both low and high b values in the range of 0 to
700 s/mm?2,

e. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) of the proton has been used to detect changes in
brain metabolites, i.e. N-acetylaspartate, choline, myo-inositol, creatine, lactate, and
glutamate, during early brain development throughout gestation (127-135). Of course these
metabolites of the brain are some 10,000 times less abundant than the water and fat
molecules used to generate the signals from which MR images are made so that 1H MRS is
generally performed very differently than MRI, albeit with the same equipment.
Specifically, the simplest approach is to perform single voxel MRS methods in which three
orthogonal slice selective pulses define a region, typically 1 cm? or larger, from which
metabolic information is extracted and the water signal suppressed. The metabolic
information appears as a proton spectrum in which the signals from the different metabolites
appear at specific frequencies, or ppm values, within the spectrum. The two main techniques
that have been used in fetal MRS are single voxel Stimulated Echo Acquisition Mode
(STEAM) sequences comprised of three slice selective 90° pulses and single voxel Point
Resolved Spectroscopy (PRESS) sequences consisting of a slice selective 90° pulse and two
orthogonal slice selective 180° refocusing pulses. STEAM is typically used for short TE
values (20 to 30 ms) and a richer metabolic content while PRESS is typically used for longer
TE values, e.g. 135 ms, with less metabolic information (i.e., loss of signal from metabolites
with shorter T2 relaxation time constants) but generally more interpretable and reproducible
spectra. Repetition times (TR’s) on the order of 1.5 to 2.5 seconds allow for sufficient T1
relaxation between signal averages and, with some 30 signal averages, lead to scan times on
the order of a minute for single voxel on the order 15x15x15 mm?3 with acceptable
metabolite SNR.

Metabolic changes in the brain may precede functional and structural brain abnormalities
and early detection of lactate and/or glutamate levels in fetuses at risk for hypoxic-ischemic
encephalopathy, achieved with MRS may thus prove quite useful. Changes in brain
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metabolites and deviations from normative values may also be useful for early detection of
neuronal damage. Normal changes of the metabolites have been studied during brain
maturation and the myelination process; N-acetylaspartate gradually increases and choline
slowly decreases during the process of myelination throughout the third trimester (131, 133).
Creatine has been shown to increase with GA in 58 fetuses in the GA range of 22—-39 weeks;
but this was only observed at a short TE (30 msec) and was not observed at the longer TE of
135 msec.

Figure 15 and Figure 16 present brain spectra from a 20-week GA fetus and a 33-week GA
fetus, respectively. Prominent resonances from creatine and NAA are seen at 33 weeks.
There is perhaps an inverted doublet from lactate at 33 weeks as well. Lactate has a negative
in-phase doublet at TE=144ms, and a positive in-phase doublet at TE=288ms (39), but these
were not detected in earlier studies on normal fetal brain development (128, 131); however,
an elevated value of lactate has shown to be present in conditions such as gastroschesis and
IUGR (132, 135). The significance of the lactate peak in fetal brain pathology remains to be
further studied. It is important to bear spatial interference effects (136) in mind when
choosing timing parameters for lactate spectroscopy. For a comprehensive review of the
human fetal brain chemistry with MRS the reader is referred to (133). MRS can also be used
in evaluating other fetal organs, for example in detecting lipid peak in the fetal liver (137),
and surfactant/albumin in the fetal lung (138). It may also be a useful tool in evaluating the
maturity and function of the fetal heart, liver, and lung; however these applications seem to
be extremely difficult due to the small size of the structures and intermittent fetal and
maternal motion.

3. Other Considerations

In the current clinical environment of most care centers fetal imaging and assessment is
primarily performed with ultrasound. MRI is more expensive and more difficult to schedule.
Also unlike ultrasound, where pleasant discussions between examiner and examinee can
take place in a private setting, MRI is performed in a constrained, claustrophobic, somewhat
alien environment with documented psychological distress levels (139). On the other hand,
the MR exam itself, when performed with standard safety screening protocols for exclusion,
is, in our view, safe for both mother and fetus at currently available clinical field strengths
up to 3 Tesla. Given the additional value of MRI as a complement to ultrasound, this risk-
benefit interplay should be taken into account when choosing MRI. In this section we
discuss the safety concerns, hardware updates including high magnetic fields and multi-
channel coils, and motion correction and post-processing strategies.

a. Safety Concerns

Among the safety concerns related to fetal MRI are the risks of peripheral nerve stimulation,
exposure to acoustic noise, and exposure to radiofrequency energy. Nonetheless, there is no
evidence for any adverse effect of MRI during pregnancy on the developing fetus. There is
also no special consideration for scanning during the first trimester among others, but MRI
is not usually recommended during the first trimester, first because the risk of spontaneous
abortion is relatively high in this period, making MRI findings moot and potentially leading
to a false association between early MRI and spontaneous abortion, and second because the
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spatial resolution of MRI may not be sufficient for detecting abnormalities at this early age
because the fetus is so small.

The main safety concern in fetal MRI is the absorption of sufficient radiofrequency (RF)
energy to harm the fetus or mother (38, 70, 73, 74). For this reason scanning is performed
within standard limits for the Specific Absorption Rate (SAR) (68, 72) which is a measure
of RF energy per unit time per kg (watts/kg), and is proportional to the main magnetic field
strength (Bg) and the flip angle (), as well as the RF bandwidth (Af):

SAR x B22?Af ()

The SST2W sequence has one of the highest RF energy exposures of MR sequences. In
2001 Levine et al. (69) performed experiments to measure possible temperature rises due to
SST2W acquisitions in fetal MRI of pregnant pigs. They positioned fiber optic temperature
probes in the fetal pig brain, abdomen, and amniotic fluid and did not detect any temperature
rise, thus concluding that fetal MRI was safe at 1.5 T with regard to RF energy deposition.
Later on using a physical model of a pregnant woman and body coil, Hand et al. (71)
estimated average whole-body and local SAR values for both the fetus and mother at 1.5 and
3 T. They showed that the local SAR values could exceed the safety limits of the whole
body SAR set by FDA (4 W/kg) and ICNIRP (2 W/Kkg). This study and another study by De
Wilde et al. (70) suggested that pregnant women, especially those with thermoregulation
issues should be scanned with care. In a more recent study, Hand et al. (74) refined their
model by adding the effects of heat conduction and found that when the maternal whole
body SAR was limited to 2 W/kg, the fetal whole body SAR was less than 1.24 W/kg and
1.14 W/kg at 1.5 and 3 T, respectively. Based on these findings, they suggested limiting
continuous RF exposure to 7.5 minutes. In another study, Kikuchi et al. (73) suggested
limiting RF exposure to 40 minutes at whole-body SAR value of 2 W/kg and to 10 minutes
at whole-body SAR value of 4 W/kg. In addition, Hayat et al. (95) suggested limiting SAR
to 2 W/kg in SSFP.

Clearly fetal MRI should always be performed with the scanner set to normal-level SAR
mode conditions to ensure that SAR levels are maintained in the safe range. Under such
conditions a 3 T scanner may automatically pose delays between subsequently proscribed
SST2W scans to maintain normal-level SAR limits. These delays are not desired as the fetus
may move to a different orientation or position and compromise the desired orientation of
scans. Running SST2W MRI at 3 T with longer TR values and low flip angles will result in
lower exposure and less delays between scans to avoid exceeding SAR levels. Parallel RF
multi-transmit technologies provide effective ways of decreasing local SAR inhomogeneity
and reducing focal SAR hotspots. As new hardware is used to advance imaging, local SAR
models, better thermal models of the amniotic fluid and the inclusion of local SAR
calculations are recommended (140, 141). Recent studies conducted at Wayne State
University in partnership with the Perinatology Research Branch of the NICHD/NIH
showed that SAR levels were within the safe limits for fetal MRI at both 1.5 and 3 T, while
higher SNR was achieved by performing fetal MRI at 3T (38).
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b. Hardware Considerations

Just like many other MRI protocols, fetal MRI has improved during the past decade with
advances in MRI hardware and software. Here we briefly discuss fetal MRI at 3 T, the use
of multi-channel body and cardiac coils, parallel imaging and fast imaging through
regularized reconstruction, as well as some of the current limitations. Fetal MRI has
traditionally been performed on 1.5 T magnets and is probably amongst the last protocols to
begin to take advantage of the benefits of 3 T and higher magnetic fields. In addition to
higher magnetic field strength, the use of multi-transmit systems, multi-channel coils and
parallel imaging is undoubtedly beneficial. Uncontrollable intermittent fetal motion is the
most fundamental problem and is a dominating factor that can easily obscure the advantages
of new hardware and software and complicate protocol optimizations. New hardware can
speed up imaging and thus reduce motion effects. Careful design and use of novel fast
imaging and image processing techniques can also mitigate current limitations.

Due to increased polarization of the water molecule protons at 3 T, a theoretical twofold
gain in SNR is expected compared to 1.5 T. This raises new opportunities for faster imaging,
improving the spatial resolution for anatomic imaging and improving image quality of
typically low SNR acquisitions like diffusion imaging with EP1. Downsides of 3 T include
increased susceptibility and chemical shift artifacts, potential presence of standing wave and
conductivity artifacts, higher RF energy deposition, and prolonged longitudinal relaxation
times (38, 142, 143) which can result in a reduction of the SNR gain. Adjustments to TR and
flip angles to maintain SAR at safe levels can further compromise the higher field SNR gain.
Overall, it is estimated that the practical gain in SNR at 3 T as compared to 1.5 T is more on
the order of a factor of 1.5-1.7. The gain is higher in T2-weighted imaging than T1-
weighted imaging, as the transverse relaxation time is relatively immune to changes in field
strength.

Allin all, 3T MRI enables high SNR acquisitions even at 2-mm slice thicknesses (Figure
17a) which are difficult to achieve at 1.5T with sufficient SNR. There are obvious
advantages to this when tiny structural abnormalities, lesions, and hemorrhage are of interest
(144).

One issue with imaging at 3 T is artifacts related to the higher RF frequencies needed.
Figure 17b shows severe standing wave/conductivity artifact that appears as a dark band
across the image due to severe signal dropout. This artifact is seen specifically in 3 T
abdominal MRI, especially fetal MRI of patients with polyhydramnios, patients with ascites,
and obese patients (142). Two phenomena contribute to this artifact. First, RF penetration is
adversely affected in abdominal MRI by the high dielectric constant of fluid and body tissue.
Consequently RF wavelengths reduce from 234 cm in free space to about 30 cm in the body.
This reduced wavelength is comparable to the field of view (FOV) in abdominal MR, thus
causing strong signal variation across the FOV due to standing wave interference effects.
Second, the rapidly changing B4 transmit field at 3T induces circulating electric currents in
highly conductive material, such as the amniotic fluid. These currents can generate local
electromagnetic fields that can oppose fluctuations in the RF field. The potential for these
effects is stronger with increased amniotic fluid volume (e.g. in polyhydramnios). The
standing waves and the conductivity together can dramatically attenuate the RF field and
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may cause severe signal dropouts, particularly towards the center of the FOV. One solution
to reduce the severity of the RF penetration and conductivity artifact at 3 T is to deploy
dielectric pads on the subject. Another solution is the use of multi-transmit or “parallel
transmit’ systems to generate a more homogeneous effective B4 field across the FOV (38).
These systems are coming on line with new scanners.

While multi-transmit systems are being installed and increasingly used in specialized
centers, multi-channel receive coils are readily available in many centers. Body coils and
cardiac coils with 5 to 32 channels have been routinely used in fetal MRI, and coils with 64
and 128 channels are becoming available for 3 T scanners. This approach has improved fetal
imaging by shortening imaging time and reducing artifacts using parallel imaging.

Coil positioning is extremely important especially in MRS and DW!1 studies of the fetal
brain where acquisition of high homogenous signal is crucial. Heerschap et al. (145) studied
the effect of positioning the receive coil near the fetal head on fetal brain MRS and
compared several coil systems including phased array body coil, Helmholtz coil, and linear
and circular polarized surface coils. They concluded that a flexible linear coil was the best.
In our experience a combination of phased array body coils and spinal coils or cardiac coils
with 5 to 32 channels provide suitable configurations, but special attention must be paid to
coil positioning to achieve high SNR in all regions of interest.

c. Motion Correction and Post-Processing

Intermittent fetal motion affects fetal MRI in several ways. First, fetal motion inhibits any
prolonged k-space data acquisition, such as those usually needed in 3D MRI sequences, thus
virtually limits fetal MRI to fast 2D slice acquisitions. Second, even with fast 2D scans like
SST2W MRI, which are aimed at freezing the motion of the fetus at about few hundred
milliseconds instant of k-space sampling for each slice acquisition, continuous and
intermittent fetal motion spreads across the amniotic fluid and causes severe signal intensity
and spin history artifacts that occasionally degrade the quality of slices (146). Finally, inter-
slice motion results in discrepancy between slice positions, which in turn challenges any 3D
post-processing that relies upon accurate volumetric spatial correspondences between
voxels. Examples of such postprocessing tasks include 3D or 2D+time analysis of the
anatomy as well as 3D+time or 3D+direction functional or structural connectivity analysis
using functional MRI or diffusion weighted MRI, which all require establishment of exact
voxel-by-voxel correspondences between scans acquired over a relatively longer period of
time; these scans, based on EPI, last several hundred seconds to acquire hence are more
susceptible to fetal motion. Pharmacologic intervention is performed in some centers, for
example in France, to reduce fetal motion. Benzodiazepines, such as Ambien and Diazepam,
are used for this purpose, however, this is undesired in clinic and is not permissible in
research. Even after such interventions, residual maternal and fetal motion may severely
affect the quality of fetal MRI scans. The correction of motion is thus crucial in advanced
analysis and interpretation of fetal MRI data.

Prospective motion correction has been used in fetal and abdominal MRI through navigator
echoes (147, 148), but the non-rigid nature, and the extent and complexity of fetal motion
has made this approach challenging. In practice, the use of image-based navigators or
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motion correction techniques has been more successful. The most compelling fetal motion
correction techniques so far have been retrospective approaches that have integrated
retrospective slice motion correction with volumetric image reconstruction (149-153).
These image volume reconstruction techniques have been shown to enable high-resolution
volumetric imaging of the fetal brain despite intermittent fetal and maternal motion.
Pioneers of these techniques, Rousseau et al. (149) and Jiang et al. (150), combined
iterations of slice-to-volume registration and scattered data interpolation for volumetric
reconstruction of fetal brain MRI from multiple sets of thick-slice SST2W scans. In a more
systematic approach Gholipour et al. (151) introduced a physical forward model of slice
acquisition incorporating mation, slice profile, and sampling, and then solved an inverse
problem to reconstruct a high-resolution volume from multiple slice acquisitions. More
recently, Kuklisova-Murgasova et al. (153) developed an expectation maximization
formulation of this approach and incorporated inter-slice intensity matching and complete
outlier removal in volume reconstruction. High-quality, high-resolution volumetric images
of the fetal brain were achieved by this approach from multiple SST2W scans obtained with
2-mm slice thickness.

The correction of motion in DWI and functional MRI studies is more challenging, first
because of a fourth dimension (time to acquire fMRI data or direction of diffusion
sensitizing gradients for DWI) added to the study, and second because of the inherent
susceptibility of EPI to magnetic field inhomogeneity which causes geometric distortion,
and motion-induced spin history artifacts. In this direction there has been invaluable body of
work on DWI motion correction and reconstruction (110, 114, 115). The essence of these
methods is also slice-by-slice motion correction and scattered data interpolation (SDI) in
image space and g-space. The first technique, developed by Jiang et al. (114), was built upon
a 6-parameter rank-2 tensor model, by which they found differences in ADC and FA
between fetuses with normal brain and fetuses with brain anomalies such as agenesis of
corpus callosum. Oubel et al. (110) then proposed a method to relax the dependency on a
simple diffusion tensor model. In this approach spatial points and diffusion gradients were
interpolated into desired target image space and g-space using separable Gaussian kernels.
Both techniques rely on reconstruction from repeated fetal DWI scans acquired in one slice
select direction. In a more systematic approach Fogtmann et al. developed unified
registration and reconstruction from multiple DWI scans through modeling the spatial
resolution of DWI slices, achieving high-resolution FA maps and tractography (115). In the
functional MRI domain in the fetus, without sedation and with a total fMRI acquisition time
of 1-3 minutes, Schopf et al. reported 75% subject dropout rate due to motion (154). This
highlights the necessity of correcting for motion and motion-induced artifacts, such as spin
history and intensity inhomogeneity artifacts, in complex analysis tasks like fetal functional
MRI (155, 156).

Motion correction in fetal MRI has enabled significant new advances in volumetric and
morphometric analysis of early brain development and cortical maturation (157-167).
Spatiotemporal atlases of human fetal brain growth have been developed based on
volumetric fetal brain MRI (41-43) and research on automatic segmentation of the fetal
brain tissue and quantitative analysis has emerged (161, 164-168). Insight from histology
and in-vitro MRI (117-122) provides an excellent source of information and reference for
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the evaluation of in-vivo MRI findings. The main advantage of in-vitro MRI is its excellent
spatial resolution (about 100 pm), which is feasible due to the absence of subject motion and
unlimited acquisition time. In-vivo fetal MRI, however, as a non-invasive diagnostic
imaging technique, has great potential to not only advance our knowledge but also to
improve the management of high-risk pregnancies and the diagnosis and treatment of
congenital anomalies. Improving the spatial resolution and contrast of fetal MRI, decreasing
its sensitivity to motion, and reducing the total acquisition time and energy deposition
remain top priorities in technology development.

4. Conclusion

Fetal MRI is challenging due to the small size of fetal organs and by intermittent fetal and
maternal motion that disrupt the spatial encoding needed for 3D image acquisition. Scanning
approaches thus most usually employ fast 2D imaging sequences to freeze the motion with
the single shot fast spin echo T2-weighted (SST2W) sequence constituting the primary
method for clinical evaluation of congenital anomalies. This sequence provides a highly T2-
weighted contrast which is excellent for the evaluation of most fetal organs, including the
fetal brain, lung, abdomen, urinary tract, as well as musculoskeletal and craniofacial
structures. Other sequences that may also employed include inversion recovery T1-weighted
MRI to detect hemorrhage, unspoiled gradient echo SSFP for structural surveys and
cinematographic imaging. Diffusion-weighted MRI and functional MRI may be useful for
evaluation of function-structure relationships, and MRS in the analysis of metabolites. For
all sequences, it is crucial to fine tune sequence parameters in fetal MRI. This includes the
TR, TE, flip angle, matrix size, and slice thickness.

Table 1 shows typical parameters of our fetal MRI protocol as implemented on a 3T
scanner. These parameters may be changed based on scan conditions, clinical indication, and
the fetal and maternal size. The sequences have been sorted in their perceived relative
importance and are typically applied in this order; however, this may change depending on
the clinical indication. It is difficult to overemphasize the value of employing interactive
fetal MRI scan sessions in which the position of the fetus is updated by the last slice of a
scan, with the next scan beginning immediately after by eliminating auto-prescan to
minimize the time between scans with similar sequences. This approach maximizes the
chance of acquiring high quality images with a minimum of non-usable data. We noted that
SST2W sequence is the front-line fetal imaging technique from which the majority of the
information about anatomy is achieved. It is noteworthy that SSFP may be used as an
alternative to SST2W imaging for structural survey when severe artifacts such as standing
waves and conductivity artifacts or excessive RF energy deposition become barriers,
particularly at 3 T. SSFP is, however, more sensitive to motion, exhibits limited tissue
contrast, and often can have banding artifacts.

Fetal MRI is safe at 1.5 T and 3 T if performed under normal-level SAR mode. Imaging at 3
T offers a gain of about 1.5-1.7 fold in SNR, but at the expense of potential artifacts related
to standing waves and conductivity which cause signal dropout appearing as dark bands in
images. This artifact is particularly seen in patients with excess amniotic fluid and may be
reduced by multi-transmit systems or by using dielectric pads.
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New hardware, in specific multi-transmit systems and multi-channel receive coils, are

an
ha

ticipated to significantly accelerate and improve fetal MRI. In addition, motion correction
s become increasingly useful in merging fetal MRI scans for post-processing, with an

invaluable body of work developed on motion correction and volumetric reconstruction
from fast 2D slice acquisitions. This has enabled significant advances in the analysis of early
brain development, cortical maturation, and connectivity. Nevertheless, in-vivo analysis of
fetal brain growth and detection of subtle abnormalities remain active and challenging areas

of
ch

research. Intermittent fetal motion and limited spatial resolution still present major
allenges for assessing fetal anatomy in-utero using in-vivo fetal MRI.
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Figure 1.
Left: SST2W image acquired as one of 19 images in a stack of slices acquired in

approximately 15 s total scan time with less than 1 second between sequential slice
acquisitions. Right: SST2W image with identical window settings and sequence parameters
but acquired as a single acquisition with no slices interrogated on either side. Note that
signal from the amniotic fluid is nearly twice as bright and the brain signal approximately
1.4 x brighter in the latter image while both maternal fat and noise signals are the same in
both images. This is an example of how rapid sequential slice sampling (left), though critical
to avoid inter-sequence fetal movement, can lead to direct (amniotic fluid saturation and
convective motion) and indirect (magnetization transfer) saturation effects which can detract
from image signal-to-noise. These images were generated on a GE 1.5 T scanner with a
256x384 image matrix, half-Fourier sampling, 4 mm slice thickness, 34x44 cm2 FOV and
an effective echo time of 78 ms. The fetus in this exam had agenesis of corpus callosum.
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SST2W images of the fetus shown in Figure 1 with different refocusing flip angles of (left to
right) 110°, 130° and 150°. The images are windowed identically and a small increase in

overall tissue signal is seen with increasing refocusing flip angle.
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Figure 3.
Measurements of signal from maternal kidney, fetal brain, fetal lung and noise from an air

ROI are shown as a function of flip angle for the SST2W images of figure 2. The increase in
signal depends on the tissue type and is a complex function of both transverse and
longitudinal relaxation times as well as magnetization transfer properties.
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Figure4.
An SST1W image as acquired with the inversion recovery technique using a relatively long

inversion time of 2000 ms. The image matrix (phase x frequency) of 192x256 meant that
112 echoes were employed with an echo spacing on the order of 4 ms. To reduce T2-
weighting, early echoes were encoded with the low phase encodes to achieve an effective
echo time (ETE) of 35 ms, leaving the higher phase encode steps with diminished signal
intensity, resulting in an overall blurry caste to the image. CSF is dark and fat is bright with
this inversion time, as expected for T1-contrast, though the use of magnitude reconstructions
currently in-place reduces the dynamic range of the T1-contrast and can lead to ambiguity as
to which side of the T1 null point tissue T1’s actually reside (see next figure).
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Figureb5.
Rationale for an inversion time TI of 2 s for SST1W fetal imaging. Magnitude signal

intensities as a function of inversion time for three simulated tissues fat (*’s), fetal brain
parenchyma (0’s), and cerebrospinal fluid (+’s). The R1 and R2 values for fat, brain and
CSF used were 3and 6 571, 1 and 6 s, and 3 and 6 s™1, respectively with the solid lines
showing the curves generated if (more difficult) phase reconstructions rather than magnitude
reconstructions were employed. Note that at a Tl of 2 s, fat is bright, brain parenchyma
intermediate, and CSF dark, as expected for contrast mimicking a classic short TR/short TE
spin echo experiment. Note that if phase reconstructions were available, all three tissues
would have unique signal intensities at any TI but due to magnitude reconstructions, cross-
over points exist where, for example, CSF and brain parenchyma would share the same
signal intensity at T ~ 1.35s.
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Figure®6.
T2* weighted gradient echo sequence acquired as one in a 4 slice stack in 23 seconds using

TRI/TE/FA = 150/25/20, a 4 mm slice thickness, 1 mm gap, and a 256x128 (frequency x
phase) matrix with a 46x30 cm? FOV. Note the periventricular hypointense lesion suspected
to be blood (hemorrhagic lesion) with a short T2*. This lesion was subtle or not appreciated
on SST2W, T1-weighted gradient echo, and SSFP sequences applied in this study.
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Figure?.
A VIBE scan used for T1-weighted imaging of a 30 week and 4 day GA fetus acquired on a

Siemens Skyra 3T scanner with an eight channel body coil. The parameters used in this scan
were TR/TE=3.64/1.28 ms, FA=9°, ETL=1, number of averages=1, and slice thickness=2
mm. The total acquisition time was 9 seconds. Note that like other 3D sequences, VIBE is
very sensitive to motion, thus good-quality images may only be achieved under conditions
of minimal fetal and maternal motion.
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Figure8.

How unspoiled gradient echo sequences dramatically outperform spoiled gradient echo
sequences in SNR/unit time is exemplified here by plotting the magnitude signal vs. flip
angle for a tissue like fetal brain parenchyma with longitudinal and transverse relaxations
rates R; = 1 572 and Ry = 6 571, respectively. All curves display the steady state signal
immediately after each pulse from a repetitive train of pulses with the crosses (+) and star
(*) plots generated with unspoiled and spoiled gradient echo sequences, respectively and
with a repetition time TR of 5 ms between pulses. Note how the unspoiled sequence yields
some 4 times large signal at a substantially higher flip angle. The plot displayed with circles
(o) is for a spoiled gradient echo sequence in which the TR was increased to 50 ms, and so
would acquire images 10x slower than either of the other two settings. Note even with the
slowdown of a factor of 10 the unspoiled gradient echo sequence still yields substantially
higher signal than the spoiled gradient echo sequence (at their respective optimal flip angles)
by approximately 0.2/0.15 or 25 %.
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Figure9.
Comparison of SST2W image (left, TR/TE = 4500/100 with 3 mm thick slice) with an

unspoiled gradient echo image (right, TR/TE/FA = 4.8/2.1/75 with a 4 mm thick slice and 2
NEX). Note brain SNR’s are approximately 4 and 2 for the SST2W and SSFP images,
respectively. The latter image, however, could be repeated without loss of SNR over and
over again at rapid (~ 1 s intervals) to monitor fetal motion while this could not be done at
such high rates with SST2W imaging without tissue saturation and significant image
degradation.
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Figure 10.
Banding artifacts in a SSFP scan with TR/TE = 4.4/1.9ms, matrix size of 320x320, 2 mm

slice thickness, FOV=30x37 cm?, FA=69°, and 19 slices acquired on a 3T scanner; the
bands are towards the outer limits of the FOV and well-away from the fetus (arrowheads),
but other, subtler, bands attributed to frequency shifts in maternal bowel and closer to the
fetus may also be present (arrow).
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Figure 11.
Magnitude SSFP signals as a function of frequency for a tissue with T1 = T2 = 3 s and for

repetition times TR of 5 ms (solid blue) and 25 ms (solid red) and with a flip angle of 75°
with TE = TR/2 in both cases. Fetal brain parenchyma, with T1 =1 sand T2 = 0.25 s (blue
+’s) and muscle tissue with T1 = 1.5 sand T2 = 0.035 s (blue *’s) are also simulated for the
TR/TE =5 ms/2.5 ms case and show decreased signal approximated by the ratios of T1/T2.
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Figure 12.
Axial and coronal EPI scans of a 26 week GA fetus acquired on a Siemens Skyra 3T scanner

with iPAT2 parallel imaging, TR/TE = 6620/80 ms, ETL = 119, number of averages 1, and
slice thickness of 2 mm. Note that EPI is very rapid but is frequently affected by geometric
distortion and motion-induced signal intensity artifacts.

Concepts Magn Reson Part A Bridg Educ Res. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gholipour et al. Page 44

@ (b) © (d) ©

Figure13.
Coronal DWI slices of a 39 week gestation age fetus acquired on a Philips Achieva1.5 T

scanner (DWI with high b value of 500 s/mm? and 6 gradient directions); (a) b=0 image, (b)
DW!I image, (c) ADC, (d) FA, and (e) color FA. FA and color FA maps are apparently more
sensitive to motion as compared to the ADC map. Mation correction is critical in the
analysis of fetal DWI scans.
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Figure14.
(a): Axial SST2W image of 36-week gestation fetus with dural sinus fistula. (b) and (c):

ADC and color FA maps of the comparable slice obtained from diffusion weighted imaging
(DWI). Images were acquired with a 3 T Siemens Skyra scanner. The SST2W images were
3 mm thick, no gap, and with an in-plane resolution of 1 x 1 mm2. The DWI scan was
acquired with TR/TE=5500/68 ms, echo train length of 47, 30 slices with slice thickness of 3
mm, and in-plane resolution of 2 mm?2, with two b=0 images and 12 gradient directions with
b=500 s/mmZ. The images acquired for this fetus showed enlargement of the torcular and
transverse sinuses with dural arteriovenous fistula/malformation, but with no evidence of
brain injury. The ADC and color FA maps also confirmed intact development of corpus
callosum and no evidence of white matter injury, which led to good neurodevelopment
prognosis in this fetus. This was compatible with postnatal imaging and outcomes.

Concepts Magn Reson Part A Bridg Educ Res. Author manuscript; available in PMC 2015 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gholipour et al. Page 46

Figure15.
Brain spectrum from 20 week gestational age fetus (TR/TE = 1500/144 ms/ms, 64 signal

averages) showing prominent choline resonance at 3.2 ppm with only a small signal from N-
acetyl aspartate (NAA) at 2.0 ppm. Spectrum acquired using a 1.5 T Philips scanner with a
4-element array body coil.
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Figure 16.
Brain spectrum (TR/TE= 1500/144 ms/ms. 64 signal averages) from 33 week gestation fetus

showing prominent resonances from choline, creatine and NAA with, perhaps, an inverted
lactate doublet around 1.1 ppm. Though choline is still the prominent resonance, the creatine
and NAA peaks, largely unobservable in the 20 week GA fetus, are now quantifiable.
Spectrum acquired using a 1.5 T Philips scanner with a 4-element array body coil.
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(b)

Figure17.
SST2W MRI scan on a Siemens Skyra 3T scanner; with TR=2s, TE=121ms, ETL=109,

FA=153, number of averages=1, Slice thickness: 3mm, Acquisition matrix: 256x256: (a)
high-quality SST2W fetal MRI acquired at 3 Tesla, (b) Fetal MRI degraded by RF
penetration and conductivity artifact, which occasionally degrades the fetal MRI scans at 3T.
A multi-transmit system may reduce this artifact by generating a more homogeneous B,
field across the FOV. A dielectric pad may be used to do the same.
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