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Abstract

Magnetic Resonance Imaging (MRI) scanners produce loud acoustic noise originating from
vibrational Lorentz forces induced by rapidly changing currents in the magnetic field gradient
coils. Using zero echo time (ZTE) MRI pulse sequences, gradient switching can be reduced

to a minimum, which enables near silent operation. Besides silent MRI, ZTE offers further
interesting characteristics, including a nominal echo time of TE = 0 (thus capturing short-lived
signals from MR tissues which are otherwise MR-invisible), 3D radial sampling (providing motion
robustness), and ultra-short repetition times (providing fast and efficient scanning). In this work
we describe the main concepts behind ZTE imaging with a focus on conceptual understanding
of the imaging sequences, relevant acquisition parameters, commonly observed image artefacts,
and image contrasts. We will further describe a range of methods for anatomical and functional
neuroimaging, together with recommendations for successful implementation.
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1 Introduction

Magnetic Resonance Imaging (MRI) scanners produce loud acoustic noise because of
Lorentz forces caused by rapidly changing currents in the magnetic field gradient coils
used primarily for spatial localization [1]. The acoustic noise produced with conventional
sequences is typically around 90-110 dBA (where dBA is dB on the A-weighted scale,
which accounts for the sensitivity of the human ear at different frequencies) [2-4]. For fast
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imaging sequences, such as Echo Planar Imaging (EPI), it can even reach levels up to 130
dBA [5]. Since the Lorentz force scales with the main magnetic field strength, acoustic noise
also increases at higher field strength [6].

It is generally acknowledged that the acoustic noise produced by the MRI scanner is one of
the most unpleasant aspects of the scan experience for patients [7-12]. Given appropriate
and correctly worn hearing protection [13,14] there are, to our knowledge, no studies
showing permanent hearing loss after a single MRI scan [15,16]. However, studies have
reported temporary effects on hearing following scans at both 1.5T [17] and 3T [3].

Exposure to the loud noise inside the MRI scanner for long periods of time is problematic
for certain groups of individuals. For instance, to avoid motion artefacts in neonatal

and paediatric MR, scanning is preferably performed under natural sleep [18,19], and
this requires reduction of the acoustic noise. For individuals with hyperacusis [20], i.e.,
perception of ordinary sounds as abnormally loud, the noise from the MRI scanning can
cause discomfort. Studies have found hyperacusis to be prevalent in numerous conditions
including tinnitus, migraines, and autism spectrum disorder [20-22].

In functional MRI (fMRI) studies, the acoustic noise is an additional confounding sensory
stimulus, and can impact the blood-oxygen level dependent (BOLD) response as a function
of both its loudness [23] and duration [24]. The effect of acoustic noise on the BOLD
activation appears to vary based on the task performed [25-27], and resting state network
identification can be impacted by the sparse-sampling technique employed [28,29]. There
are also patient groups with auditory symptoms who are difficult to study using conventional
fMRI, since the information related to the auditory stimulus of the study has to be extracted
from the background noise, as has been described in studies of tinnitus [30] and Williams
syndrome [31].

The acoustic noise from the MRI scanner can be reduced through hardware modifications,
such as novel gradient designs and shielding [32-34]. Most MRI manufacturers also support
a “quiet scanning” mode, typically using standard pulse sequences but with derated gradient
performance for smoother temporal changes [35,36]. Despite all these improvements, the
vast majority of MRI scans performed today still remain very loud and require the patient to
wear hearing protection for additional noise suppression, with typical earplugs reducing the
noise by 20-30 dBA [13].

Instead of lowering the acoustic noise of loud MRI sequences, it is also possible to diminish
the generation of acoustic noise in the first place by minimising gradient switching, which
can be achieved with Zero Echo Time (ZTE) pulse sequences [37,38]. The incremental
development leading to silent ZTE imaging is best appreciated through comparison to the
ultra-short echo time (UTE) pulse sequence [39,40], shown in Fig. 1. Both UTE and ZTE
sequences are variants of a pulse-acquire free induction decay (FID) pulse sequence which
do not create echo signals, and thus the term echo time (TE) can be confusing. When used
for imaging, however, the delay between the middle of the RF pulse and the time at which
the central k-space point (kp) is acquired determines the degree of T,* weighting, directly
analogous to the TE in a gradient echo, and therefore the term TE will still be used.
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In a UTE pulse sequence as shown in Fig. 1A, RF excitation is performed before gradients
are ramped up and data acquisition begins after a short, non-negligible, delay time. Thus, 4y
is acquired at a non-zero TE. The rapid gradient switching and simultaneous readout make
UTE acoustically loud and susceptible to gradient delay and eddy current artefacts [41-43].

In ZTE imaging, first demonstrated with the Back-projection Low Angle Shot (BLAST)
sequence [44] shown in Fig. 1B, the RF pulse is shifted to be applied after the gradient

has reached the target amplitude, which means that &, effectively is acquired at TE = 0.
Hardware constraints, described in Section 2.1, makes it difficult to actually acquire this
point, but the samples that are acquired are consistent with TE = 0 and thus the term ZTE is
appropriate. By acquiring the FID during a constant gradient, ZTE imaging avoids the issues
with the ramp-sampling characteristic in UTE imaging. However, similar to UTE imaging,
BLAST will produce high acoustic noise due to the rapid gradient switching required for
efficient imaging.

The ZTE Rotating Ultra-Fast Imaging Sequence (RUFIS) [45], shown in Fig. 1C, forms the
basis for silent imaging with ZTE. It is similar to BLAST in that RF excitation is performed
with the gradient on, but between excitations the readout gradient is ramped straight to the
value required for the next set of sample points, for a faster acquisition and reduced gradient
switching. The motivation of the original RUFIS method was ultra-fast imaging without
extreme demands on the gradient system, but no specific emphasis was given to its potential
for silent imaging.

An alternative to the hard pulse ZTE sequence shown in Fig. 1 is SWIFT (SWeep Imaging
with Fourier Transformation) which uses swept RF pulse excitation [46,47]. SWIFT has
been used less frequently than hard pulse ZTE for human neuroimaging applications
primarily because of very demanding RF transmit-receive switching requirements. It has
also been shown by Weiger et al. that while sweep excitation can produce higher flip angles,
the SNR efficiency is actually equivalent to hard pulse excitation [47].

The purpose of this review is to give a comprehensive description of silent neuroimaging
using ZTE MR pulse sequences. In the first half, the concept of ZTE will be reviewed from
an MR physics point of view, together with descriptions of variations and extensions of the
native ZTE pulse sequence. In the second half, practical neuroimaging applications of ZTE
will be reviewed. We conclude with an outlook on the future of silent ZTE and potential
translation to the clinic.

2 MRI with ZTE

This section describes the mechanics of the ZTE pulse sequence in terms of RF excitation
and the k-space encoding. It lists common ZTE image artefacts and describes the acoustic
noise behaviour of ZTE.

2.1 RF excitation in the presence of gradients

As described in Fig. 1, ZTE imaging requires RF excitation in the presence of the readout
gradients, which leads to two unique challenges. Firstly, the excitation bandwidth of the RF
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pulse has to encompass the full receive imaging bandwidth to ensure uniform excitation
independent of the readout direction [48]. Secondly, the finite time it takes to change
from RF transmit to receive mode, typically referred to as the dead-time gap, causes some
samples to be missed at the beginning of the readout [49].

A block RF pulse (i.e., rectangular) with pulse width z7x produces a sinc-shaped excitation
profile along the readout direction according to

sin(zx)

P =a- sinc(y ctryx - G- f) with sinc(x) = x

@)

where a = yBj t7xis the nominal flip angle, y is the gyromagnetic ratio, B; is the RF
excitation amplitude, G is the spoke gradient vector, and 7 is the position vector [48]. The
excitation profile rotates in synchrony with the readout spoke direction and the effective flip
angle progressively deviates from the nominal flip angle (a) with increasing distance from
the isocentre. In order to avoid the first zero crossing of the sinc-shaped excitation profile
falling within the field of view (FOV) (i.e., v - 71« - |G| - FOV/2 < 1), the excitation pulse
width needs to be shorter than twice the dwell time (aw)

Try < 2 - dw, with dw = ,and BW gy =7 - |c‘;‘ . FOV

1
BW rx

@

with BWpx being the imaging bandwidth. This condition limits the maximum flip angle
(amax) proportional to the maximum RF excitation field (5 5ay) and inverse proportional to
the imaging bandwidth according t0 a s =2 - ¥+ By maxd BWprx. For example, assuming
By max= 15 UT and BWpx = £62.5 kHz, the maximum flip angle is limited to a ;x> 3.7°.

For a sufficiently large number of uniformly distributed spokes the effective excitation
profile can, to a good approximation, be assumed to be spherically symmetric. However,
inconsistent excitation dependent on the readout direction leads to blurring which increases
with distance from isocentre. This can be corrected to a limited extent by correcting each
spoke by the effective excitation profile as described by Grodzki et al. [48]. Alternatively,
shaped RF pulses can be used to improve excitation uniformity in the presence of the
readout gradient, but at the expense of lower maximum flip angle for the same B1 amplitude,
as well as high demands on the time resolution of the RF transmit system [50]. It is also
possible to reduce the excitation profile effects by performing RF excitation with reduced
gradient amplitude and then increasing the amplitude for data acquisition, resulting in hybrid
ramp sampling [51-53]. While this method enables excitation with higher flip angles, it

will increase the acoustic noise due to increased gradient switching [51]. The acquisition
will also be more sensitive to eddy currents from ramp-sampling, thus requiring gradient
calibration for accurate image encoding [53].

When RF excitation is applied in the presence of the readout gradient, k-space encoding
starts immediately (hence TE = 0). Given the finite and non-zero switching time between RF
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transmit and receive mode, there is always a small dead-time gap (A# as shown in Fig. 2A in
the beginning of each spoke, resulting in a number of missed data points. This translates to
a spherical region in the centre of k-space without acquired k-space samples. The number of
radial samples missed (/1a) during the dead-time gap (A9 can be estimated as

At

Ny = TLU .

©)

Several factors affect the dead-time gap A¢, including the RF excitation pulse width (z7),
as well as system-specific delays for the readout filter, and it is therefore difficult to estimate
Atwithout detailed knowledge of the MR system [38]. As an example, with Az= 20 ps and
BW px = £62.5 kHz, the dead-time gap results in 75 ~ 2.5 missed centre k-space samples.

A limited number of missing samples can be recovered during reconstruction using linear
algebra, provided that symmetric spokes have been acquired, and that the imaging object
is of finite support (i.e., imaging FOV fully encompasses the MR active object) [49,54].
For larger dead-time gaps there are several methods that acquire additional data to replace
the missing samples similar to keyhole imaging [55], including: WASPI (Water- And fat-
Suppressed proton Projection MRI) [56], PETRA (Pointwise Encoding Time reduction
with Radial Acquisition) [57] and HYFI (Hybrid Filling) [58]. WASPI acquires a second
radial acquisition with reduced gradient strength; resulting in fewer missed samples, while
PETRA acquires the missing samples pointwise on a Cartesian grid. HYFI combines both
pointwise encoding and radial projections with different gradient strength. We note that the
name WASPI actually derives from a specific application of the ZTE sequence described in
the original paper by Wu et al. [56], and not the reduced gradient amplitude approach to
dead-time gap filling with which it has now become synonymous.

2.2 Silent 3D radial k-space sampling

Sampling of the free induction decay (FID) signal in the presence of a constant readout
gradient naturally leads to a 3D centre-out radial k-space sampling scheme. By updating the
readout direction in between excitations, a full spherical k-space is sequentially encoded, as
shown in Fig. 2B. For a cubic image matrix size of size N x N'x N, each spoke contains
Npts = M2 sampling points. The number of spokes required to fulfil the Nyquist criterion
(Nnyquis) at a maximum k-space radius is determined by the surface area of the k-space
sphere, i.e., Nnyquist = 72 [59]. For equidistant radial sampling, the density decreases
inversely proportional to the squared radius. Accelerating a 3D radial acquisition through
angular undersampling, i.e., reduction of the number of spokes, will reduce the SNR and
produce undersampling artefacts manifesting as streaking.

The non-selective excitation in ZTE will excite spins outside the FOV, potentially including
plastic materials such as the RF coil and patient table [37,60]. To avoid aliasing of such
signals, radial over-sampling is used to push the aliasing-sphere outside the imaging FOV
[38]. Radial oversampling, resulting in a larger encoded FQV, is also essential for algebraic
reconstruction of the deadtime gap as it ensures that the object has finite support in image
space [49].
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The essential features which render the ZTE pulse sequence silent are 1) constant gradient
FID readout and 2) minimal updates of the readout direction (i.e., not readout amplitude)
in between repetitions. This does not mean that all ZTE acquisitions are necessarily silent,
but rather that a ZTE pulse sequence can operate within these constraints. For instance, the
ZTE BLAST sequence shown in Fig. 1B, is not silent due to large gradient steps between
readouts. The small change in gradient direction between spokes in RUFIS, on the other
hand, enables silent acquisition. For complete 3D k-space coverage this can be achieved
by arranging the spokes in a spiral pattern, as shown in Fig. 2B [61]. The acoustic sound
pressure and frequency spectrum produced by a ZTE sequence depend on scan parameters
such as the readout bandwidth, TR and number of spokes in the trajectory, since these

will affect absolute gradient amplitude, the duration of each spoke, and the gradient steps
between spokes. With commonly used scan parameters for ZTE, the acoustic noise typically
stays within 5 dB of ambient noise levels, as shown in Table 1 which summarizes acoustic
noise measurements from published studies using ZTE for silent imaging.

There are several imaging pulse sequences in the literature that can be used for silent

ZTE imaging, including RUFIS, PETRA, WASPI, and Looping Star. For simplicity, and to
clarify that our descriptions generalise across these methods, for the remainder of this paper
we use “ZTE” as an over-arching term for any FID pulse sequence witha TE =0 FID
readout, which also features small gradient steps between readouts to allow near-silent data
acquisition.

2.3 Native ZTE image contrast

The contrast behaviour of an RF spoiled steady-state ZTE sequence is similar to that of a
spoiled gradient echo (SPGR) acquisition (often also referred to as GRE, FLASH, or Fast
Field-Echo) [75]. In an SPGR acquisition, the longitudinal steady-state magnetization can be
described by the following equation

_ . (1-E)
M: spr = PD - E; - T E, cos(a)
TR TE

with E, = e™ 7, E; =™ T,

©

with the contrast depending on T4, To*, the proton density (PD) and the flip angle a. When
TE=0, To* decay is reduced to a minimum, i.e., E; = 1, resulting in heightened sensitivity
to tissues with very short To, such as cortical bone [76], or myelin [77]. The TR is very
short in ZTE, as it is determined only by the readout duration, and the flip angles that can
be achieved are typically limited to just above the Ernst angle, unless a very low imaging
bandwidth is used [67]. Hence Eq. (4) can be simplified through a first order approximation
(i.e., TR <<Tq,and a < 1rad) as

PD

M 71~

TR 2

®)
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Native ZTE image contrast is therefore typically PD weighted with some T saturation. To
increase contrast, practical implementations of ZTE typically split up the acquisition into
segments to allow for contrast preparation (see Section 3.1), with the gradients being ramped
slowly before and after each segment to avoid acoustic noise.

2.4 Image artefacts

Imaging with ZTE has several advantages besides being silent. The low gradient switching
rate in ZTE, which makes the acquisition silent, also reduces eddy currents. With a TE =

0, there is no time for phase accumulation before the readout, resulting in reduced flow

and motion artefacts [45]. However, ZTE is still vulnerable to phase accumulation during
the readout, originating from off-resonance effects (e.g., main magnetic field inhomogeneity,
tissue susceptibility and fat—water chemical shift). For clinical evaluation of ZTE images, the
differences in appearance of off-resonance artefacts, compared to Cartesian acquisitions, are
important to consider, as the artefacts otherwise could be misinterpreted as pathology [78].
Chemical shift off-resonance effects can be addressed by using a pixel bandwidth larger than
the fat—water chemical shift (i.e., 430 Hz at 3T), and additionally mitigated using a k-space
based in-phase and out-of-phase ZTE image decomposition as described by Engstrom et al
[79]. Alternatively, fat saturation pulses can also be used [64,80].

A unique feature of ZTE imaging is the dead-time gap, as discussed in Section 2.1, which
results in a spherical region in the centre of k-space without acquired valid samples. Since
the centre of k-space encodes low spatial frequencies, the resulting artefact manifests in the
form of a slowly varying background signal, rolling off towards the edges of the image (see
Fig. 3). The effect is strongest in the centre of the image, and most apparent in areas with
image intensity close to zero, such as the lateral ventricles (yellow arrows), the sinuses (red
arrows) and the background.

Radial k-space sampling is in general less sensitive to motion during data acquisition due
to the repeated sampling, and hence averaging, of the k-space centre. Motion artefacts
therefore appear as localized blurring and streaking instead of coherent ghosting across the
imaging FOV seen in Cartesian acquisitions [81]. An example of head motion during data
acquisition, comparing ZTE and a Cartesian sampled SPGR, is shown in Fig. 4.

3 ZTE pulse sequences and control of image contrast

The previous section described the basic ZTE pulse sequence and its native contrast
behaviour. Because of its low flip angle RF excitation and effective TE = 0, the native

PD and T;-weighted SPGR signal response contains minimal contamination from To*
relaxation, susceptibility artefacts, diffusion, and flow effects (see Eq. (4) and (5)). However,
to enable use of ZTE in clinical settings, additional contrasts beyond PD and T, are
required. The following section describes modifications of the ZTE pulse sequence to
encode additional contrasts via magnetization preparation and gradient echo refocusing.

3.1 Magnetization prepared ZTE

Magnetization prepared FLASH, as originally described by Haase [83], forms a powerful
method to extend the contrast range of SPGR-type sequences beyond native PD and Ty
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weighting. For this, the acquisition is divided into segments, each segment starting with a
magnetization preparation (MP) module to modify the longitudinal magnetization to contain
a desired contrast weighting (e.g., T1, T, MT, or diffusion), followed by a certain number
of low-FA, short-TR SPGR acquisitions. MP-ZTE offers additional advantages in terms of
being silent, TE = 0, and fast scanning with short TR where most of the time is used for
image encoding. In a segmented ZTE acquisition, the longitudinal magnetization of spoke 7
within a segment can be expressed as [84]

M.y = Myey- ' + Mz spor- [1 = ] with g

Decay Recovery

TR
= Ecosa, E =e T Vi=4{0...N—-1

(6)

Here Mpp is the longitudinal magnetization at the beginning of the segment, which

is weighted by the MP and potential T, weighting from incomplete recovery between
segments. Eq. (6) shows that the information from the MP is encoded only in the decay
term, where it is modulated by T relaxation. For large numbers of spokes (and/or high FA
and long TR), M; ;converges towards the steady-state SPGR signal given by Eq. (4) and the
decay term (containing the MP weighting) vanishes.

In a Cartesian MP-SPGR acquisition, the first k-space line of each segment can be acquired
close to the centre of k-space, i.e., centric ordering, such that the MP weighting dominates
the image contrast [85]. In a ZTE acquisition where all readouts, i.e., spokes, originate at the
centre of k-space, the image contrast is given by the average signal acquired by all N/ spokes
in a segment, obtained by evaluating the geometric sum of Eq. (6) which yields [67]

M =M,.,- f(N,p) +MZ.SPGR 1 - f[N:ﬂ]]‘

Decay Recovery
FN B =~ A = Eycos
PN T e

™

For a single spoke (A= 1), f=1 and the acquired signal is equal to the prepared
magnetization. For a large number of spokes (i.e., —00), f—> 1 and the acquired
signal converges towards the steady state magnetization M spgr.

There are several methods to reduce the influence of undesired T1 weighting in MP-ZTE.
Reducing the number of spokes per read-out segment will minimize T4 weighting from
the recovery term in Eq. (6), but at the expense of increased acquisition time as it would
increase the number of preparation periods required. Hsu and Lowe proposed a method
called eliminative averaging, achieved by combining two volumes where the prepared
magnetization is Mprep1 = Mprep and Mprep 2 = —Mpres[84], effectively removing the
recovery term and preserving the prepared magnetization. T4 weighting in the decay term
in Eg. (6) can be corrected using a single T4 assigned to the whole object for a global
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correction of the k-space data [84]. An alternative method is to apply a k-space filter
which increases the relative weighting in the centre of k-space to spokes acquired early in
the segment, thus increasing the contribution to the main contrast from these spokes [86],
similar to a Cartesian centre phase-encode ordering scheme.

In the applications outlined in Section 4, different types of MP will be described, which
produce different contrasts, but all using the same concept of MP followed by one or more
ZTE segments. Unless the preparation module includes strong gradients, as for diffusion
preparation, the acoustic noise is not increased by MP, and is in fact typically reduced even
further, as many MP methods require a delay period for T4 recovery.

3.2 Multi-echo gradient refocused ZTE

Analogous to multi-echo GRE or UTE, it is possible to design a multi-echo ZTE sequence
by refocusing the excited FIDs to produce a gradient echo with T,* contrast. Conventionally,
bipolar gradients are used for signal refocusing in gradient echo acquisitions, which results
in loud acoustic noise from rapid gradient switching. Quiet gradient refocusing with minimal
gradient switching can be achieved, as demonstrated with the Looping Star pulse sequence
[71] where multiple FID signals are generated and gradient refocused in a looping, time-
multiplexed, manner. Similarly, multi-echo ZTE can also be achieved using the BURST
technique, albeit at the expense of higher acoustic noise [70]. In this section we will first
describe the Looping Star pulse sequence followed by a brief description of ZTE-BURST.

3.2.1 Looping Star—The Looping Star pulse sequence uses a time-multiplexed gradient
refocusing scheme to produce T,*-weighted gradient echoes, as shown in Fig. 5 [71]. The
gradient amplitude is updated directly between spokes, to ensure quiet operation, similar

to RUFIS. The k-space trajectory is designed such that each coherence follows a looping
trajectory in k-space and periodically refocuses to the centre of k-space to form equidistant
gradient echoes.

The acquisition is divided into segments, where each segment encodes a plane in k-space.
Multiple segments, rotated relative to each other, are acquired for full 3D k-space coverage.
In the first loop of a segment (Fig. 5A), a number of coherences are produced by gradients
in different directions, each of which encodes a radial centre-out FID spoke, similar to
standard ZTE. In the second loop, the same gradient waveform is then repeated, but without
application of RF pulses, to refocus the magnetization and produce T,*-weighted gradient
echoes (Fig. 5B). Since the magnetization is refocused in a continuous loop, the change in
gradient direction and thus acoustic noise can be kept small. The number of spokes acquired
per loop (Nsp;), together with the duration of each spoke ( 7¢), governs the acoustic noise
and also determines the echo time (7£; ) according to

TEps= Nspr-Tg

®

The overall acquisition time for a volume (75.,), equivalent to
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Toq = (TG “Nspr - Nipoops +2 - Tmmp) * Ngeg

©

the TR in an fMRI experiment, is given by

where N ggps is the number of loops (i.e., FID plus number of echoes), and Nsgy is the
number of segments which is determined by the level of undersampling in the acquisition.
Gradient ramp-up time (7;,,) is typically between 2 and 5 ms to ensure silent operation.

The original version of Looping Star shown in Fig. 5A as Org. LS, corresponding to that
initially published by Wiesinger et al., suffers from mixing of the inwards refocusing and
outwards dephasing coherences, known as echo-in/echo-out mixing [71] (see Fig. 5B).
These signals can be separated through k-space filtering or RF phase cycling, but at the
expense of reduced image quality, or increased scan time. In a further development of

the pulse sequence, this temporal overlap problem was resolved via separation in time by
performing RF excitation only every other spoke, hereafter referred to as coherence resolved
Looping Star (CR LS), as shown in Fig. 5A and Fig. 5C. This reduces the number of excited
coherences by half, and results in refocusing of spokes with twice the length of the FID,
with a piecewise linear trajectory, crossing the centre of k-space in the middle of the readout
(see orange arrows in Fig. 5C t = 8...10). The gradient echo spokes are thus sampling along
a “curved diameter” without overlap between coherences in the nominal k-space sphere
(compare Fig. 5B and C at t = 8...10).

3.2.2 ZTE-BURST—The BURST pulse sequence consists of a series of short, low

flip angle, RF pulses applied in the presence of a gradient, which can subsequently be
refocused using gradients or refocusing RF pulses (analogous to gradient-echo and spin-
echo refocusing techniques) to produce a series of gradient or spin echo signals [87]. Schulte
et al. combined the concept of BURST imaging with ZTE [70], as shown in Fig. 6. The
sequence consists of trains of Ngprspokes where in the first train, RF pulses are applied to
produce Nsp7FIDs, which are encoded separately. In the second train, the RF is turned off
and the trajectory is rewound, producing Nsp7gradient echoes as the FIDs are refocused,
resulting in T,* weighting that varies between echoes.

The acoustic noise produced by ZTE-BURST is slightly higher than Looping Star due to
rapid gradient switching between the trains. Schulte et al. measured 75.8-78.2 dBA for the
ZTE-BURST sequence (depending on the settings), compared to a background scan room
level of 66.6 dBA [70] (see Table 1).

4 ZTE for structural neuroimaging

4.1 T; contrast mechanisms

Native ZTE imaging provides SPGR-type PD and T, contrast weighting, as shown in Eq.
(5). Using variable flip angle (VFA) imaging, this can be extended to quantitative PD and
T4 mapping [88]. For a given TR, the degree of T weighting is limited by the maximum
achievable flip angle, which is determined by B .,y and by the maximum RF pulse width

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 11

(t7x). To avoid slice profile effects, t7xis limited by the imaging bandwidth (BWiyx),

as described in Eq. (2). Within these constraints, Ljungberg et al. demonstrated VFA T
mapping with RUFIS at 3T using low readout bandwidth (+7.8 kHz) to achieve high
enough flip angles, in the case of that study 12° [67]. Their VFA ZTE acquisition produced
T4 values very similar to standard SPGR acquisition, with equivalent reproducibility and
repeatability.

Preliminary results have also demonstrated the utility of VFA T, mapping with RUFIS
across field strengths [89,90]. As T4 gets longer with increasing field strength [91], lower
flip angles are required to obtain the same T contrast. However, higher field strengths
typically require higher readout bandwidth to minimise chemical shift artefacts, and the
maximum flip angle is thus reduced. In addition, increased B, inhomogeneity at high field
will reduce the effective flip angle further. On the other hand, at lower field strengths, VFA
ZTE T4 mapping is better conditioned, as higher flip angles are possible with lower readout
bandwidth requirements and better B uniformity.

In the context of VFA T1 mapping, Ljungberg et al. also demonstrated a B; mapping
technique using magnetization prepared ZTE [67,92], similar to the preconditioned
TurboFLASH method by Chung et al. [93]. Ljungberg et al. used a train of ultrashort hard
RF pulses, similar to those used in the ZTE readout, with a total flip angle of a,, followed
by a short readout segment and a T, recovery period. The magnetization preparation will
thus effectively encode B} as a global scaling in the image intensity, and a Bf map can be
calculated from a set of images with different a

An alternative method to obtain T4 contrast is to use an inversion or saturation pulse
followed by a segmented ZTE readout, in analogy to the MPRAGE (Magnetization Prepared
Rapid Gradient Echo) method [94]. Several studies have used inversion recovery (IR)
prepared ZTE for T1-weighted imaging, with comparison to Cartesian IR prepared SPGR

at both 3T [62,63,65,66,95] and 7T [64,80,96]. Applications of IR-ZTE at 7T have used
interleaved fat saturation for improved image quality [64,80,97,98]. Similarly, ZTE can

be adopted for the MP2RAGE formalism [99] to obtain a bias-field corrected image and
quantitative T1 map, either as two separate acquisitions [100], or as a combined acquisition
[101]. Fig. 7 shows an example of a ZTE-MP2RAGE acquisition, demonstrating its ability
to produce images with excellent contrast between white and grey matter [101]. Published
IR-ZTE results appear promising and demonstrate potential to become equivalent to current
MPRAGE T;-weighted neuroimaging in terms of image contrast and resolution, especially
with development of new image reconstruction techniques such as compressed sensing [102]
and Deep Learning [103,104]. Fig. 8 shows an example of an IR-ZTE dataset reconstructed
with and without Deep Learning denoising [103], demonstrating how image details are
preserved while noise is reduced.

4.2 T, contrast mechanisms

T, contrast can be obtained with a ZTE sequence in a manner similar to previous work

on To-prepared FLASH [105] and MPRAGE [106,107]. A To-preparation module typically
consists of a tipdown pulse, putting the magnetization in the transverse plane where it
relaxes with T,. A number of refocusing pulses are then applied, after which a tip-up pulse
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is performed, putting the magnetization back along the longitudinal axis with the desired
T, weighting [105,108]. For improved robustness to By and B; inhomogeneity, adiabatic To
preparation such as the mBIR4 pulse can also be used [109,110].

To minimize contribution from T, saturation and maintain T, contrast, a T1-recovery period
is required after each segment. The segment should preferably be as short as possible

to avoid T recovery during the readout, or alternatively eliminative averaging can be

used. There are only a few examples of To-weighted ZTE in the literature; most notably
To-prepared ZTE for BOLD fMRI at 3T [74] and 7T [111]. In both studies, each volume
was encoded with 1024 spokes, separated into two segments with T, preparation before each
segment and a 500 ms Tq-recovery period.

A T,-prepared ZTE acquisition can be accelerated with multiple interleaved T,-preparation
pulses, giving a cumulative effect for each T4-recovery period [112], similar to a fast spin
echo acquisition in which images with multiple TEs are acquired. While the contrast in

such images is dependent on T», as desired, there is also significant influence of T, which
makes the image appearance diverge from pure T, contrast, and also makes T, mapping
challenging unless T4 in each voxel is known. It is also possible to obtain T weighting
without preparation using spin echo ZTE-BURST, in which a pair of refocusing RF pulses is
inserted between readout trains [70]. Since ZTE-BURST uses very short readout segments,
the influence of T, is small and so the sequence can be directly used for T, mapping [70].

4.3 Multiparametric ZTE

By combining T1- and T,-preparation modules, T1, T, and PD can be quantified
simultaneously. The approach proposed by Wiesinger et al. [113,114] resembles the method
proposed by Kvernby et al. for combined T4, T, and PD mapping for cardiac and brain
applications [115,116]. In the multi-parametric ZTE method of Wiesinger et al. [113,114],
an inversion pulse is applied and several ZTE segments are collected to sample T,

contrast. As the steady state is approached, To preparation is applied and another ZTE
segment, with combined Tq and T, contrast, is acquired. The signal evolution during this
transient acquisition can be calculated using the framework outlined in Section 3.1, and the
quantitative values can be obtained either through curve fitting or dictionary methods.

Fig. 9 shows an example of quantitative Ty, T,, and PD maps obtained with the multi-
parametric ZTE sequence using three ZTE segments after the inversion pulse, followed by

a To-preparation module with TE = 80 ms [114]. A PD weighted volume was acquired
separately and used in the fitting to improve the quantification. Synthetic phase sensitive IR
(psIR) and T,-weighted fluid attenuated IR (FLAIR) images shown in Fig. 9 were calculated
from the PD, T and T, maps using an analytic signal equation, evaluated for each voxel.
The data shown in Fig. 9 were collected using twofold radial oversampling, as commonly
used in ZTE and discussed in Section 2.2, but cropped to show only the central portion

of the resulting image. Radial oversampling enables reconstruction of a larger FOV than

that prescribed, however. Fig. 10 shows the PD data from Fig. 9 reconstructed without this
cropping, which results in an image with twice the prescribed FOV within which signal from
the head coil, as indicated by the arrows, is clearly visible.
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4.4 Diffusion contrast

Diffusion weighting (DW) can be achieved with a preparation module similar to that used
for T, preparation but with diffusion gradients added around the refocusing pulse. This
approach has been previously demonstrated with Cartesian MPRAGE [117-119] and more
recently using ZTE by Yuan et al. [69], who used sinusoidal diffusion gradients to reduce
the acoustic noise. To remove the T saturation from the readout Yuan et al. used eliminative
averaging, as proposed by Hsu et al. [84], while to correct for the Tq relaxation in the

decay term in Eq. (6), they applied a global T, correction, estimated from a WASPI
acquisition. They also performed phase cycling of the tip up pulse to compensate for eddy
currents, resulting in a minimum of 4 volumes acquired per diffusion encoding, b-value. The
acquisition time per b-value was 3 min for an in vivo brain scan with 1.56 x 1.56 x 6 mm3
resolution, as shown in Fig. 11. Acoustic noise levels were measured to be only 3 dB above
ambient (see Table 1).

Diffusion weighted ZTE has reduced off-resonance artefacts compared to EPI, shown

with arrows in Fig. 11. Yuan et al. also reported examples of prostate and knee imaging
where distortions using DW-ZTE were markedly reduced compared to standard DW-EPI.
Similar improvements were seen in a study by Sandberg et al., where 39 paediatric patients
underwent extremity MRI to compare DW-ZTE and DW-EPI in bone marrow, muscle and
lesions [120]. DW-ZTE provided similar diffusion metrics to DW-EPI but in some cases
with improved image quality due to reduced distortions.

4.5 Magnetization transfer

Magnetization transfer (MT) is an effective and time-efficient mechanism for generating
strong contrast between white and grey matter by exploiting large amounts of broad-
resonance protons in the lipids of myelin [121,122]. MT preparation can also be used to
improve contrast in MRA experiments as it suppresses the signal in the tissue more than the
signal from blood [123,124].

Pulsed MT methods, in which an off-resonance preparation pulse is interleaved with a
gradient-echo readout of a steady state acquisition [125], can easily be adapted to a
segmented readout [126]. They are hence well suited for implementation with ZTE, as

first demonstrated by Holmes et al. [127]. Wood et al. incorporated inhomogeneous MT
(ihMT) [128] preparation into a ZTE sequence, showing high specificity to white matter in
the brain, as illustrated in Fig. 12 [129]. The ihMT effect requires a material that can sustain
dipolar order, and can as such be tuned for increased specificity to the properties of the
semi-crystalline myelin sheath [130,131].

Grochowski et al. demonstrated use of MT prepared ZTE for anatomical imaging of the
optic nerve at 7T using an adiabatic spectral inversion recovery pulse (ASPIR) for fat
saturation, applied 1250 Hz off-resonance, which in addition to reducing the signal from fat
also introduces MT contrast [132].
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4.6 Angiography

Magnetic Resonance Angiography (MRA) contrast can be achieved by combining ZTE
imaging with an Arterial Spin Labelling (ASL) preparation module [133]. Since ASL
contrast is commonly produced by a series of low flip angle RF pulses, it does not increase
the acoustic noise levels. Shang et al. demonstrated ZTE-MRA with less than 4 dB increase
from ambient noise levels [68].

There are several potential benefits of using ZTE for MRA, besides reduced acoustic noise.
Early work on RUFIS by Madio and Lowe demonstrated that RUFIS can image turbulent
flow [45] and is capable of quantifying flow velocities in the presence of stenosis [134].
These results were corroborated in a phantom study, demonstrating better vascular display
accuracy in the presence of stenosis with ASL-PETRA than with 2D and 3D Time Of Flight
(TOF) angiography [135]. Further support to these results was provided in an in vivo study
by Shang et al. where ZTE-MRA outperformed TOF imaging for assessment of stenosis and
aneurysms in cerebrovascular diseases (see Fig. 13) [68]. Fujiwara et al. also demonstrated
improved vessel contrast in the carotid artery with ZTE compared to 3D TOF [136].

Another advantage of ZTE-MRA is reduced artefacts around areas of magnetic
susceptibility gradients, as demonstrated for DW-ZTE (Fig. 10), which is relevant for
imaging around stents and coils in MRA. These artefacts are can be minimised by
reducing the TE [137], and thus ZTE sequences have an advantage. Several studies

have demonstrated improved vessel visualization around stents and coils with ZTE-MRA
compared to conventional gradient echo based TOF-MRA [133,138-141].

The clinical utility of ZTE-MRA is still debated, however, with only a small number of
studies published to date. Shang et al. performed a study on 68 patients with suspected
cerebrovascular disorder, finding higher inter-modality agreement between ZTE-MRA and
computed tomography angiography (CTA), than TOF and CTA [68]. However, in a study by
Holdsworth et al. with 51 patients where ZTE-MRA was compared to 3D SPGR-TOF, the
ZTE images were rated significantly lower across four categories (image blurring and SNR,
lesion conspicuity, and diagnostic confidence), with only 48% of the ZTE-MRA, compared
to 90% of SPGR-MRA, scans being judged to be of diagnostic quality [95].

4.7 Quantitative susceptibility mapping and T»*
Multi-echo gradient refocused ZTE can be used for quantitative susceptibility mapping
(QSM) and T,* imaging using either Looping Star [71] or ZTE-BURST [70]. Both methods
have demonstrated promising single-subject results, though the 0.8 mm resolution Looping
Star QSM protocol was quieter (72.6 dBA) than the 1.00 mm ZTE-BURST protocol (75.8
dBA), both with an acquisition time of approximately 11.5 min.

The TE in Looping Star and ZTE-BURST cannot be chosen arbitrarily, as shown in Eq. (8),
and the minimum TE may need to be longer than that of a typical Cartesian acquisition in
order to maintain silent operation. In the limiting case with two spokes per loop in Looping
Star, the sequence essentially uses bi-polar gradients and is therefore no longer silent. The
number of spokes per loop required to maintain silent operation depends on the gradient
strength, as this will determine the absolute change in gradient amplitude. Wiesinger et
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al. demonstrated Looping Star QSM acquired with TE = 26.88 ms using 12 spokes per
loop (Fig. 14) which resulted in acoustic noise of 72.6 dBA; for comparison, their 3 mm
resolution fMRI acquisition using 32 spokes per loop measured 66.9 dBA [71].

As previously mentioned in the context of DW-ZTE, an advantage of multi-echo ZTE
compared to conventional gradient refocused acquisitions is reduced geometric distortions
from variations in magnetic susceptibility and reduced artefacts from motion and eddy
currents. The high SNR FID (TE = 0) image can be used as a distortion-free reference
image for spatial normalization of the gradient echoes, as well as an additional data point
in quantitative To* mapping and QSM. Furthermore, the gradient echo spokes can detect
fluctuations in the By field as they sample the centre of k-space, as demonstrated by
Wiesinger et al. [71]. Finally, the interleaved acquisition strategy used in Looping Star also
enables reconstruction of motion navigators during the acquisition for retrospective motion
correction.

4.8 Ultra-short To: Bone and myelin imaging

ZTE pulse sequences can capture the MR signal from tissues with ultra-short T, less than
1 ms [142], which typically are considered MR invisible [143]. In neuroimaging, ultra-short
T, tissues of interest mainly include bone and myelin.

The utility of ZTE for bone imaging and segmentation has been demonstrated in several
studies [76,144-146], as exemplified in Fig. 15A. In order to contrast bone against
surrounding soft-tissue, a low flip angle PD-weighted ZTE acquisition with minimal T,
saturation is used. Chemical shift interferences at fat—water interfaces must be avoided by
using a pixel bandwidth larger than the fat—water chemical shift (i.e., 3.5 ppm) [79].

ZTE images can also be converted to pseudo computed tomography (CT) images as required
for attenuation correction in combined positron emission tomography (PET) and MRI
acquisitions, and MR-only radiation therapy (RT) dose planning [147,148] (see Fig. 15B).
Inoue et al. also demonstrated that PD weighted ZTE together with MRA can be a useful
tool for endoscopic endonasal transsphenoidal surgery planning, as it allows visualisation of
internal carotid arteries as well as cortical bone [149].

Imaging of myelin in the central nervous system is of great interest due to its involvement
in numerous diseases, as well as in normal development [150]. Direct imaging of myelin
has long been considered impossible due to the ultra-short T, of myelin [151,152]. Methods
have therefore been developed to probe different proxies for myelin such as ihMT [128],

or measurement of water trapped within the myelin lipid bilayers by multi-component T,
mapping [153]. However, Weiger et al. recently demonstrated direct imaging of ultra-short
T, components in the brain, attributable in large part to myelin, using ZTE on a customized
3T MR system with a readout bandwidth up to 2000 kHz [77]. By subtracting two images
acquired with different bandwidths, resulting in effective TEs of 15 and 460 ps, they
produced a qualitative image with high sensitivity to white matter (see Fig. 16). The total
acquisition time was ~45 min. Jang et al. have carried out a similar study of imaging
ultra-short T, components in the brain, but using IR prepared ZTE with a unipolar gradient
echo on each spoke, meaning that the sequence is no longer silent [154].
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4.9 Other ZTE applications

In addition to the applications described above, ZTE has also been explored for other
applications such as MR electrical property (EP) tomography [155] and MR thermometry
[156]. In EP tomography, conductivity and permittivity maps are estimated from magnitude
and phase variations of the RF magnetic field governed by Maxwell’s equations [157].

Lee et al. [155] and more recently also Soullié et al. [158] developed an algorithm for EP
mapping based on the product of the transmit (B/) and receive (B;) RF fields [159]. For

this purpose, high bandwidth, low-flip angle PD-weighted ZTE images can be used as an
approximation of B; - B}

The ZTE-VFA method can be extended for rapid measurement of relative temperature
changes based on T4 temperature dependence [156,160]. In addition to temperature
monitoring in soft tissue, ZTE also permits assessing temperature changes in bone structures
(e.g., skull) which is important for MR-guided thermal therapies such as high-intensity
focused ultrasound (HiFU) [161].

5 ZTE for functional neuroimaging

Functional MRI utilises BOLD contrast to study brain function [162]. This contrast can be
observed in T,- or To*-weighted acquisitions. A standard ZTE acquisition, e.g., RUFIS,
has TE =0, i.e., no T, or Ty* weighting, and hence does not display BOLD contrast. To
achieve functional BOLD contrast with a ZTE sequence, the readout can be preceded by

a To-preparation module, which has been demonstrated at both 3T [74] and 7T [111]. In
the study at 3T, applications included motor and auditory tasks in four volunteers, where
To-prepared RUFIS showed lower sensitivity but improved spatial specificity compared

to gradient echo EPI and spin echo EPI. The disadvantage of T,-prepared ZTE fMRI

is increased acquisition time due to the T, preparation and Tq-recovery period between
segments.

The Looping Star sequence can produce T,* contrast in the steady state and is therefore

a more efficient option for ZTE fMRI. Dionisio-Parra et al. demonstrated the use of

Looping Star with a single echo acquisition, as commonly used for GRE-EPI, with visual
working memory and resting state paradigms [72] (see Fig. 17). Using a similar acquisition,
Wiesinger et al. demonstrated sensitivity to a motor paradigm [71]. Multi-echo fMRI is
increasingly being employed due to the benefits of combining echoes, such as reducing the
impact of physiological noise. Preliminary results of the multi-echo capability of Looping
Star have been presented along- side both block-design and event-related auditory paradigms
[73,163], demonstrating good sensitivity to these more complex cognitive tasks.

Mangia et al. have shown preliminary human in vivo results using SWIFT for fMRI [164].
Since SWIFT has TE = 0 it does not produce BOLD contrast. Lehto et al. demonstrated

that the main contribution to the observed signal changes in SWIFT fMRI is most likely
due to increased blood flow during neuronal activity [165]. Functional imaging with SWIFT
has mainly been applied in rodent experiments using either deep brain stimulation (DBS)
[165,166] or simultaneous EEG [167]. The advantages of SWIFT compared to standard
sequences in these situations are twofold. First, susceptibility artefacts are reduced, resulting
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in better image quality around the electrodes. Secondly, the low gradient switching rate,
which ensures silent acquisition, also results in lower induced currents in the DBS and
EEG electrodes and leads. This is particularly important for EEG, where the fast gradient
switching can distort the EEG signal [168].

6 Discussion

A ZTE pulse sequence is in essence the simplest spatially-encoded MR pulse sequence one
could envision. With RF excitation in the presence of the readout gradient, FID readout

and minimal gradient switching between excitations, the acquisition produces low acoustic
noise. It also enables very short TRs, on the order of 1 ms, and near 100% sampling
efficiency. The native contrast in a ZTE sequence is PD or T4, making these contrasts
particularly well suited for ZTE, including applications such as bone imaging and ZTE-
MP2RAGE. Using Looping Star, T,* contrast can also be achieved for fMRI and QSM
imaging. To obtain additional image contrasts, magnetization preparation techniques must be
employed.

Translation of silent ZTE imaging to clinical settings will require the full suite of clinical
image contrasts to be available, including PD, T4, T, and DW. While PD- and T;-weighted
images are easily obtained, high quality T,-weighted scans exhibit some difficulties with
ZTE given its FID acquisition nature. Using multi-parametric ZTE it is possible to perform
combined PD, T and T, mapping, which then can be used for generating contrast
weighted images with different T, contrast, as shown in Fig. 9. Synthetic imaging has some
limitations though, especially noticeable in T, FLAIR images as highlighted in previous
studies [169,170]. Wang et al. demonstrated a method for MR image synthesis using a
deep learning network which was able to remove many of the artefacts commonly seen

in synthetic T, FLAIR, such as edge enhancement at tissue interfaces [170]. Furthermore,
if the end goal is to perform silent To-weighted imaging, spin echo based sequences with
smooth gradient waveform should also be considered and included in future evaluations of
silent imaging protocols [63,171,172].

The protocol for DW-ZTE by Yuan et al. showed that diffusion contrast can be achieved,

but their acquisition suffered from long acquisition times [69]. To enable clinical translation,
further research should investigate options for optimal acquisition strategies for combination
of the phase cycling and eliminative averaging required for this approach. Again, an
alternative to DW-ZTE could be EPI based sequences with sinusoidal gradients [173] and
reduced slew rates [174] which have shown promise to reduce the acoustic noise. For both
To- and DW-prepared ZTE, advanced reconstruction methods, such as deep learning as
shown in Fig. 8, could be a way to improve image quality and reduce acquisition time,
making them more competitive compared to their non-silent equivalents.

In the field of neurodegeneration, imaging methods for studying myelin are of great interest.
Recent developments of ZTE sequences have demonstrated the capacity for sensitizing
images to the myelin bilayer. The approach by Weiger et al. utilizing image subtraction at
different TEs is an impressive methodological advancement, but requires long acquisition
times [77]. With IR preparation, Jang et al. demonstrated a myelin-sensitized protocol in
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clinically feasible times, but at the expense of increased acoustic noise from the unipolar
gradient echo [154]. Both of these ZTE methods produce images with a signal intensity
proportional to the observable MR signal from short-relaxation-time species, which in brain
tissue is largely attributable to myelin. Thus, while only semi-quantitative, they represent
the closest approaches to date to direct myelin imaging. An alternative approach is ihMT
weighted ZTE which is an indirect measure of myelin through magnetization transfer. While
giving only an indirect measure of myelin, ihMT has shorter acquisition time, maintains
silent operation, and has been shown through histological studies to be highly sensitive to
myelin [130].

One patient cohort where silent imaging could find numerous applications is in neonatal
imaging, where acoustic noise reduction is required both for hearing protection and to
enable scanning during natural sleep [18]. Acoustic noise can be reduced actively using
modifications to conventional pulse sequences such as lower slew rate, but also passively
using padding inside the scanner in addition to conventional hearing protection [18,175]. In
the developing human connectome project (DHCP), a method of ramping up the gradient
amplitude to the desired operational level over a number of repetitions of the sequence in
the beginning of the acquisition, in their case a period of 5 s, is used to reduce the startle
response, thus not disturbing natural sleep [19]. Considering the constraints put on neonatal
imaging with regard to acoustic noise, we believe this is a promising area for adoption of
silent ZTE neuroimaging techniques.

Silent MRI techniques could also be helpful for /n utero MRI, where it is not possible to fit
the foetus with hearing protection. While several studies have shown that the surrounding
maternal tissue is enough to reduce the acoustic noise down to non-harmful levels [176-
180], using a truly quiet sequence would minimize any remaining parental anxiety over this
issue.

Finally, in the literature, ZTE sequences go by many different names. RUFIS was one of

the first silent ZTE sequences with continuous gradients [45], using algebraic reconstruction
to recover the dead-time gap, whereas recent implementations of ZTE on clinical scanners
typically use WASPI or PETRA. We recommend using the term ZTE for this general
category of pulse sequences and, when applicable, specifying which dead-time gap recovery
method is used (PETRA, WASPI, HYFI or algebraic reconstruction). This is particularly
useful for neuroimaging applications, where the choice of dead-time gap method has less
impact on the image quality and characteristics than in imaging of ultra-short T, species
[54,143]. Unified terminology will also help accelerate the adoption of these imaging
techniques in research studies and clinical practice.

7 Conclusions

Silent ZTE sequences show great potential for use in neuroimaging. The most obvious
benefit of swapping to such sequences is the large reduction in acoustic noise, which

will greatly increase patient comfort, reduce anxiety, improve communication between the
radiographer and subject, and enable a wider range of research into auditory conditions.
While ZTE sequences are well suited for PD and T4 contrasts, and the new Looping Star
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sequence provides T,* and susceptibility contrasts, some standard clinical contrasts such as
T, and diffusion remain challenging. However, rapid progress is being made with these, and

a truly silent comprehensive protocol looks likely to be feasible in the near future.
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3D:

ASL:

ASPIR:

BLAST:
BOLD:
BRAVO:
BW:
CT:
CTA:
dBA:
DBS:
Dw:
EEG:
EP:

EPI:

Three dimensional

Arterial Spin Labelling

Adiabatic Spectral Inversion Recovery
Static magnetic field

Radio-frequency magnetic field
Transmit radio-frequency magnetic field
Receive radio-frequency magnetic field
Back-Projection Low Angle Shot
Blood-Oxygen Level Dependent

Brain Volume Imaging

Bandwidth

Computed Tomography

Computed Tomography Angiogram
A-weighted dB

Deep Brain Stimulation

Diffusion Weighted
Electroencephalography

Electrical Property

Echo Planar Imaging
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FA:
FID:
FOV:
FLASH:
GRE:
FLAIR:
fMRI:
FOv:
HYFI:
ihMT:
IR:

mBIR4:

MP:

MPRAGE:

MP2RAGE:

MR:
MRA:
MRI:
MT:
PD:

PETRA:

RF:
RUFIS:
QSM:
RT:
SNR:
SPGR:

SWIFT:

Flip Angle

Free Induction Decay

Field of View

Fast Low-Angle Shot

Gradient Echo

Fluid Attenuated Inversion Recovery
Functional MRI

Field of view

Hybrid Filling

Inhomogeneous Magnetization Transfer

Inversion Recovery
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modified B1 Insensitive Rotation Adiabatic RF Pulse with

4 segments
Magnetization Preparation

Magnetization Prepared Rapid Gradient Echo

Magnetization Prepared 2 Rapid Gradient Echoes

Magnetic Resonance

Magnetic Resonance Angiography
Magnetic Resonance Imaging
Magnetization Transfer

Proton Density

Pointwise Encoding Time reduction with Radial
Acquisition

Radio Frequency

Rotating Ultra-Fast Imaging Sequence
Quantitative Susceptibility Mapping
Radiation Therapy

Signal to Noise Ratio

Spoiled Gradient Echo

Sweep Imaging with Fourier Transform
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Ty Longitudinal relaxation time

Ty Transverse relaxation time

To*: Apparent transverse relaxation time

TE: Echo Time

TOF: Time of flight

TR: Repetition Time

UTE: Ultra-short echo time

VFA: Variable Flip Angle

WASPI: Water and fat-Suppressed proton Projection MRI
ZTE: Zero Echo Time

References

[1]. Mansfield P, Glover PM, Beaumont J. Sound generation in gradient coil structures for MRI. Magn
Reson Med. 1998; 39: 539-550. DOI: 10.1002/mrm.1910390406 [PubMed: 9543415]

[2]. McJury MJ. Acoustic noise levels generated during high field MR imaging. Clin Radiol. 1995; 50:
331-334. DOI: 10.1016/S0009-9260(05)83427-0 [PubMed: 7743723]

[3]. Jin C, Li H, Li X, Wang M, Liu C, Guo J, Yang J. Temporary hearing threshold shift in healthy
volunteers with hearing protection caused by acoustic noise exposure during 3-T multisequence
MR neuroimaging. Radiology. 2018; 286: 602—-608. DOI: 10.1148/radiol.2017161622 [PubMed:
28813235]

[4]. Mcjury M, Shellock FG. Auditory Noise Associated With MR Procedures: A Review.
J Magn Reson Imaging. 2000; 12: 37-45. DOI: 10.1002/1522-2586(200007)12:1<37::AID-
JMRI5>3.0.CO;2-1 [PubMed: 10931563]

[5]. Foster JR, Hall DA, Summerfield AQ, Palmer AR, Bowtell RW. Sound-level measurements and
calculations of safe noise dosage during EPI at 3 T. J Magn Reson Imaging. 2000; 12: 157-163.
DOI: 10.1002/1522-2586(200007)12:1<157::AID-JMRI17>3.0.CO;2-M [PubMed: 10931575]

[6]. Moelker A, Wielopolski PA, Pattynama PMT. Relatioship between magnetic field strength and
magnetic-resonance-related acoustic noise levels. Magn Reson Mater Phys, Biol Med. 2003; 16:
52-55. DOI: 10.1007/s10334-003-0005-9

[7]. MacKenzie R, Sims C, Owens RG, Dixon AK. Patients’ perceptions of magnetic resonance
imaging. Clin Radiol. 1995; 50: 137-143. DOI: 10.1016/S0009-9260(05)83042-9 [PubMed:
7889700]

[8]. Chou 1J, Tench CR, Gowland P, Jaspan T, Dineen RA, Evangelou N, Abdel-Fahim R, Whitehouse
WP, Constantinescu CS. Subjective discomfort in children receiving 3 T MRI and experienced
adults’ perspective on children’s tolerability of 7 T: A cross-sectional questionnaire survey. BMJ
Open. 2014; 4 006094 doi: 10.1136/bmjopen-2014-006094

[9]. Versluis MJ, Teeuwisse WM, Kan HE, Van Buchem MA, Webb AG, Van Osch MJ. Subject
tolerance of 7 T MRI examinations. J Magn Reson Imaging. 2013; 38: 722-725. DOI: 10.1002/
jmri.23904 [PubMed: 23150466]

[10]. Heilmaier C, Theysohn JM, Maderwald S, Kraff O, Ladd ME, Ladd SC. A large-scale study on
subjective perception of discomfort during 7 and 1.5T MRI examinations. Bioelectromagnetics.
2011; 32: 610-619. DOI: 10.1002/bem.20680 [PubMed: 21598286]

[11]. Cosottini M, Frosini D, Biagi L, Pesaresi |, Costagli M, Tiberi G, Symms M, Tosetti M.
Short-term side-effects of brain MR examination at 7 T: A single-centre experience. Eur Radiol.
2014; 24: 1923-1928. DOI: 10.1007/s00330-014-3177-y [PubMed: 24816933]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 22

[12]. Sartoretti E, Sartoretti T, Wyss M, van Smoorenburg L, Eichenberger B, van der Duim S,
Cereghetti D, Binkert CA, Sartoretti-Schefer S, Najafi A. Impact of Acoustic Noise Reduction on
Patient Experience in Routine Clinical Magnetic Resonance Imaging. Acad Radiol. 2020; 1-8.
DOI: 10.1016/j.acra.2020.10.012

[13]. Toivonen M, P&ékkdnen R, Savolainen S, Lehtomé&ki K. Noise attenuation and proper insertion
of earplugs into ear canals. Ann Occup Hyg. 2002; 46: 527-530. DOI: 10.1093/annhyg/mef065
[PubMed: 12176767]

[14]. Brummet RE, Talbot JM, Charuhas P. Potential Hearing Loss Resulting from MR Imaging. Magn
Reson Imaging. 1988; 169: 539-540. DOI: 10.1148/radiology.169.2.3175004

[15]. Wagner W, Staud I, Frank G, Dammann F, Plontke S, Plinkert PK. Noise in magnetic resonance
imaging: No risk for sensorineural function but increased amplitude variability of otoacoustic
emissions. Laryngoscope. 2003; 113: 1216-1223. DOI: 10.1097/00005537-200307000-00020
[PubMed: 12838022]

[16]. Lim EYL, Tang IP, Peyman M, Ramli N, Narayanan P, Rajagopalan R. 3 Tesla magnetic
resonance imaging noise in standard head and neck sequence does not cause temporary threshold
shift in high frequency. Eur Arch Oto-Rhino-Laryngol. 2015; 272: 3109-3113. DOI: 10.1007/
s00405-014-3232-y

[17]. Radomskij P, Schmidt MA, Heron CW, Prasher D. Effect of MRI noise on cochlear function.
Lancet. 2002; 359: 1485-1486. DOI: 10.1016/S0140-6736(02)08423-4 [PubMed: 11988249]

[18]. Dean DC, Dirks H, O’Muircheartaigh J, Walker L, Jerskey BA, Lehman K, Han M, Waskiewicz
N, Deoni SCL. Pediatric neuroimaging using magnetic resonance imaging during non-sedated
sleep. Pediatr Radiol. 2014; 44:; 64-72. DOI: 10.1007/s00247-013-2752-8 [PubMed: 23917588]

[19]. Hughes EJ, Winchman T, Padormo F, Teixeira R, Wurie J, Sharma M, Fox M, Hutter J, Cordero-
Grande L, Price AN, Allsop J, et al. A dedicated neonatal brain imaging system. Magn Reson
Med. 2017; 78: 794-804. DOI: 10.1002/mrm.26462 [PubMed: 27643791]

[20]. Tyler RS, Pienkowski M, Roncancio ER, Jun HJ, Brozoski T, Dauman N, Coelho CB,
Anderson G, Keiner AJ, Cacace AT, Martin N, et al. A Review of Hyperacusis and Future
Directions: Part I. Definitions and Manifestations. Am J Audiol. 2014; 23: 402-419. DOI:
10.1044/2014_AJA-14-0010 [PubMed: 25104073]

[21]. Schecklmann M, Landgrebe M, Langguth B, the TRI Database Study Group. Phenotypic
characteristics of hyperacusis in tinnitus. PLoS One. 2014; 9 e86944 doi: 10.1371/
journal.pone.0086944 [PubMed: 24498000]

[22]. Stiegler LN, Davis R. Understanding sound sensitivity in individuals with autism spectrum
disorders. Focus Autism Other Dev Disabl. 2010; 25: 67-75. DOI: 10.1177/1088357610364530

[23]. Tomasi D, Caparelli EC, Chang L, Ernst T. fMRI-acoustic noise alters brain
activation during working memory tasks. Neuroimage. 2005; 27: 377-386. DOI: 10.1016/
j.neuroimage.2005.04.010 [PubMed: 15893942]

[24]. Talavage TM, Edmister WB, Ledden PJ, Weisskoff RM. Quantitative assessment of auditory
cortex responses induced by imager acoustic noise. Hum Brain Mapp. 1999; 7: 79-88. DOI:
10.1002/(SICI1)1097-0193(1999)7:2<79::AID-HBM1>3.0.CO;2-R [PubMed: 9950065]

[25]. Cho Z-H, Chung S-C, Lim DW, Wong EK. Effects of the acoustic noise of the gradient systems
on fMRI: A study on auditory, motor, and visual cortices. Magn Reson Med. 1998; 39: 331-335.
DOI: 10.1002/mrm.1910390224 [PubMed: 9469720]

[26]. Healy EW, Moser DC, Morrow-Odom KL, Hall DA, Fridriksson J. Speech Perception in MRI
Scanner Noise by Persons With Aphasia. J Speech, Lang, Hear Res. 2007; 50: 323-334. DOI:
10.1044/1092-4388(2007/023) [PubMed: 17463232]

[27]. Fjaeldstad AW, Ngrgaard HJ, Fernandes HM. The Impact of Acoustic fMRI-Noise on
Olfactory Sensitivity and Perception. Neuroscience. 2019; 406: 262-267. DOI: 10.1016/
j.neuroscience.2019.03.028 [PubMed: 30904663]

[28]. Yakunina N, Kim TS, Tae WS, Kim SS, Nam EC. Applicability of the sparse temporal
acquisition technique in resting-state brain network analysis. Am J Neuroradiol. 2016; 37: 515—
520. DOI: 10.3174/ajnr.A4554 [PubMed: 26585264]

[29]. Andoh J, Ferreira M, Leppert IR, Matsushita R, Pike B, Zatorre RJ. How restful is it with all
that noise? Comparison of Interleaved silent steady state (ISSS) and conventional imaging in

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 23

resting-state fMRI. Neuroimage. 2017; 147: 726-735. DOI: 10.1016/j.neuroimage.2016.11.065
[PubMed: 27902936]

[30]. Smits M, Kovacs S, de Ridder D, Peeters RR, van Hecke P, Sunaert S. Lateralization of
functional magnetic resonance imaging (fMRI) activation in the auditory pathway of patients
with lateralized tinnitus. Neuroradiology. 2007; 49: 669-679. DOI: 10.1007/s00234-007-0231-3
[PubMed: 17404721]

[31]. Levitin DJ, Menon V, Schmitt JE, Eliez S, White CD, Glover GH, Kadis J, Korenberg JR, Bellugi
U, Reiss AL. Neural correlates of auditory perception in Williams syndrome: An fMRI study.
Neuroimage. 2003; 18: 74-82. DOI: 10.1006/nimg.2002.1297 [PubMed: 12507445]

[32]. Edelstein WA, Hedeen RA, Mallozzi RP, EI-Hamamsy S-A, Ackermann RA, Havens TJ. Making
MRI quieter. Magn Reson Imaging. 2002; 20: 155-163. DOI: 10.1016/S0730-725X(02)00475-7
[PubMed: 12034336]

[33]. Edelstein WA, Kidane TK, Taracila V, Baig TN, Eagan TP, Cheng Y-CN, Brown RW, Mallick JA.
Active-passive gradient shielding for MRI acoustic noise reduction. Magn Reson Med. 2005; 53:
1013-1017. DOI: 10.1002/mrm.20472 [PubMed: 15844137]

[34]. Roozen NB, Koevoets AH, den Hamer AJ. Active vibration control of gradient coils to reduce
acoustic noise of MRI systems. IEEE/ASME Trans Mechatronics. 2008; 13: 325-334. DOI:
10.1109/TMECH.2008.924111

[35]. Hennel F, Girard F, Loenneker T. “Silent” MRI with soft gradient pulses. Magn Reson
Med. 1999; 42: 6-10. DOI: 10.1002/(SICI)1522-2594(199907)42:1<6::AID-MRM2>3.0.CO;2-D
[PubMed: 10398943]

[36]. Hennel F. Fast spin echo and fast gradient echo MRI with low acoustic noise. J Magn Reson
Imaging. 2001; 13: 960-966. DOI: 10.1002/jmri.1138 [PubMed: 11382960]

[37]. Weiger M, Brunner DO, Dietrich BE, Muller CF, Pruessmann KP. ZTE Imaging in Humans.
Magn Reson Med. 2013; 70: 328-332. DOI: 10.1002/mrm.24816 [PubMed: 23776142]

[38]. Weiger M, Pruessmann KP. MRI with Zero Echo Time. EMagRes. 2012; 1: 311-322. DOI:
10.1002/9780470034590.emrstm1292

[39]. Bergin CJ, Pauly JM, Macovski A. Lung parenchyma: Projection reconstruction MR imaging.
Radiology. 1991; 179: 777-781. DOI: 10.1148/radiology.179.3.2027991 [PubMed: 2027991]

[40]. Tyler DJ, Robson MD, Henkelman RM, Young IR, Bydder GM. Magnetic Resonance Imaging
With Ultrashort TE (UTE) PULSE Sequences: Technical Considerations. J Magn Reson Imaging.
2007; 25: 279-289. DOI: 10.1002/jmri.20851 [PubMed: 17260388]

[41]. Latta P, Star€uk Z Jr, Gruwel MLH, Weber MH, Tomanek B. K-space trajectory mapping and
its application for ultrashort Echo time imaging. Magn Reson Imaging. 2017; 36: 68-76. DOI:
10.1016/j.mri.2016.10.012 [PubMed: 27742433]

[42]. Margosian PM, Takahashi T, Takizawa M. Practical Implementation of UTE Imaging. EMagRes.
2012; 1 emrstm1247 doi: 10.1002/9780470034590

[43]. Herrmann K-H, Krdamer M, Reichenbach JR. Time efficient 3D radial UTE sampling with fully
automatic delay compensation on a clinical 3T MR scanner. PLoS One. 2016; 11 0150371 doi:
10.1371/journal.pone.0150371 [PubMed: 26975051]

[44]. Hafner S. Fast imaging in liquids and solids with the Back-projection Low Angle ShoT (BLAST)
technique. Magn Reson Imaging. 1994; 12: 1047-1051. DOI: 10.1016/0730-725X(94)91236-P
[PubMed: 7997092]

[45]. Madio DP, Lowe 1J. Ultra-Fast Imaging Using Low Flip Angles and FIDs. Magn Reson Med.
1995; 34: 525-529. DOI: 10.1002/mrm.1910340407 [PubMed: 8524019]

[46]. Idiyatullin D, Corum C, Park J-Y, Garwood M. Fast and quiet MRI using a swept radiofrequency.
J Magn Reson. 2006; 181: 342-349. DOI: 10.1016/j.jmr.2006.05.014 [PubMed: 16782371]

[47]. Weiger M, Pruessmann KP, Hennel F. MRI with zero echo time: Hard versus sweep
pulse excitation. Magn Reson Med. 2011; 66: 379-389. DOI: 10.1002/mrm.22799 [PubMed:
21381099]

[48]. Grodzki DM, Jakob PM, Heismann B. Correcting slice selectivity in hard pulse sequences. J
Magn Reson. 2012; 214: 61-67. DOI: 10.1016/j.jmr.2011.10.005 [PubMed: 22047992]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 24

[49]. Kuethe DO, Caprihan A, Lowe 1J, Madio DP, Gach HM. Transforming NMR data despite
missing points. J Magn Reson. 1999; 139: 18-25. DOI: 10.1006/jmre.1999.1767 [PubMed:
10388580]

[50]. Schieban K, Weiger M, Hennel F, Boss A, Pruessmann KP. ZTE imaging with enhanced
flip angle using modulated excitation. Magn Reson Med. 2015; 74: 684-693. DOI: 10.1002/
mrm.25464 [PubMed: 25242318]

[51]. Zhang J, Idiyatullin D, Corum CA, Kobayashi N, Garwood M. Gradient-Modulated SWIFT.
Magn Reson Med. 2016; 75: 537-546. DOI: 10.1002/mrm.25595 [PubMed: 25800547]

[52]. Kobayashi N, Goerke U, Wang L, Ellerman J, Metzger GJ, Garwood M. Gradient-Modulated
PETRA MRI. Tomography. 2015; 1: 85-90. DOI: 10.18383/j.tom.2015.00157 [PubMed:
26771005]

[53]. Jang H, Wiens CN, McMillan AB. Ramped Hybrid Encoding for Improved Ultrashort Echo Time
Imaging. Magn Reson Med. 2016; 76: 814-825. DOI: 10.1002/mrm.25977 [PubMed: 26381890]

[54]. Froidevaux R, Weiger M, Brunner DO, Dietrich BE, Wilm BJ, Pruessmann KP. Filling the dead
time gap in zero echo time MRI: principles compared. Magn Reson Med. 2018; 79: 2036—2045.
DOI: 10.1002/mrm.26875 [PubMed: 28856717]

[55]. Van Vaals JJ, Brummer ME, Dixon WT, Tuithof HH, Engels H, Nelson RC, Gerety BM,
Chezmar JL, den Boer JA. “Keyhole” method for accelerating imaging of contrast agent uptake. J
Magn Reson Imaging. 1993; 3: 671-675. DOI: 10.1002/jmri.1880030419 [PubMed: 8347963]

[56]. Wu Y, Dai G, Ackerman JL, Hrovat MI, Glimcher MJ, Snyder BD, Nazarian A, Chesler DA.
Water- and fat-suppressed proton projection MRI (WASPI) of rat femur bone. Magn Reson Med.
2007; 57: 554-567. DOI: 10.1002/mrm.21174 [PubMed: 17326184]

[57]. Grodzki DM, Jakob PM, Heismann B. Ultrashort echo time imaging using pointwise encoding
time reduction with radial acquisition (PETRA. Magn Reson Med. 2012; 67: 510-518. DOI:
10.1002/mrm.23017 [PubMed: 21721039]

[58]. Froidevaux R, Weiger M, Résler M, Brunner D, Pruessmann K. HYFI: Hybrid filling of the dead-
time gap for faster zero echo time imaging. NMR Biomed. 2021; 4493 doi: 10.1002/nbm.4493
[PubMed: 33624305]

[59]. Bernstein MA, King KF, Zhou XJ. Handbook of MRI Pulse Sequences. Elsevier Sci. 2004; doi:
10.1016/b978-0-12-092861-3.x5000-6

[60]. Weiger M, Brunner DO, Schmid T, Froidevaux R, Rosler MB, Gross S, Pruessmann KP. A
virtually 1H-free birdcage coil for zero echo time MRI without background signal. Magn Reson
Med. 2017; 78: 399-407. DOI: 10.1002/mrm.26368 [PubMed: 27505183]

[61]. Wong STS, Roos MS. A strategy for sampling on a sphere applied to 3D selective RF
pulse design. Magn Reson Med. 1994; 32: 778-784. DOI: 10.1002/mrm.1910320614 [PubMed:
7869901]

[62]. Alibek S, Vogel M, Sun W, Winkler D, Baker CA, Burke M, Gloger H. Acoustic noise reduction
in MRI using Silent Scan: An initial experience. Diagnostic Interv Radiol. 2014; 20: 360-363.
DOI: 10.5152/dir.2014.13458

[63]. Matsuo-Hagiyama C, Watanabe Y, Tanaka H, Takahashi H, Arisawa A, Yoshioka E, Nabatame
S, Nakano S, Tomiyama N. Comparison of silent and conventional MR imaging for the
evaluation of myelination in children. Magn Reson Med Sci. 2017; 16: 209-216. DOI: 10.2463/
mrms.mp.2016-0045 [PubMed: 27795484]

[64]. Costagli M, Symms MR, Angeli L, Kelley DAC, Biagi L, Farnetani A, Rua C, Donatelli G, Tiberi
G, Tosetti M, Cosottini M. Assessment of Silent T1-weighted head imaging at 7 T. Eur Radiol.
2016; 26: 1879-1888. DOI: 10.1007/s00330-015-3954-2 [PubMed: 26318369]

[65]. Ida M, Wakayama T, Nielsen ML, Abe T, Grodzki DM. Quiet T1-weighted imaging using
PETRA: Initial clinical evaluation in intracranial tumor patients. J Magn Reson Imaging. 2015;
41: 447-453. DOI: 10.1002/jmri.24575 [PubMed: 24578275]

[66]. Aida N, Niwa T, Fujii Y, Nozawa K, Enokizono M, Murata K, Obata T. Quiet T1-Weighted
pointwise encoding time reduction with radial acquisition for assessing myelination in the
pediatric brain. Am J Neuroradiol. 2016; 37: 1528-1534. DOI: 10.3174/ajnr.A4747 [PubMed:
27056422]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 25

[67]. Ljungberg E, Wood T, Solana AB, Kolind S, Williams SCR, Wiesinger F, Barker GJ. Silent T1
mapping using the variable flip angle method with B1 correction. Magn Reson Med. 2020; 84:
813-824. DOI: 10.1002/mrm.28178 [PubMed: 31961961]

[68]. Shang S, Ye J, Dou W, Luo X, Qu J, Zhu Q, Zhang H, Wu J. Validation of zero TE-MRA in
the characterization of cerebrovascular diseases: A feasibility study. Am J Neuroradiol. 2019; 40:
1484-1490. DOI: 10.3174/ajnr.A6173 [PubMed: 31467242]

[69]. Yuan J, Hu Y, Menini A, Sandino CM, Sandberg J, Sheth V, Moran CJ, Alley M, Lustig
M, Hargreaves B, Vasanawala S. Near-silent distortionless DWI using magnetization-prepared
RUFIS. Magn Reson Med. 2020; 84: 170-181. DOI: 10.1002/mrm.28106 [PubMed: 31782557]

[70]. Schulte RF, Buonincontri G, Costagli M, Menini A, Wiesinger F, Solana AB. Silent T2* and
T2 encoding using ZTE combined with BURST. Magn Reson Med. 2019; 81: 2277-2287. DOI:
10.1002/mrm.27552 [PubMed: 30387897]

[71]. Wiesinger F, Menini A, Solana AB. Looping Star. Magn Reson Med. 2019; 81: 57-68. DOI:
10.1002/mrm.27440 [PubMed: 30106186]

[72]. Dionisio-Parra B, Wiesinger F, S&mann PG, Czisch M, Solana AB. Looping Star fMRI in
Cognitive Tasks and Resting State. J Magn Reson Imaging. 2020; 52: 739-751. DOI: 10.1002/
jmri.27073 [PubMed: 32073206]

[73]. Damestani, NL; Lythgoe, DJ; Wiesinger, F; Solana, AB; Williams, SCR; Zelaya, F. Looping Star
silent fMRI: a platform for improving studies of auditory processing; Proc Intl Soc Mag Reson
Med; Montreal, QC, Canada. 2019. 363 https://archive.ismrm.org/2019/0363.html

[74]. Solana AB, Menini A, Sacolick LI, Hehn N, Wiesinger F. Quiet and Distortion-Free, Whole
Brain BOLD fMRI Using T2 -Prepared RUFIS. Magn Reson Med. 2016; 75: 1402-1412. DOI:
10.1002/mrm.25658 [PubMed: 25962633]

[75]. Haase A, Frahm J, Matthaei D, Hanicke W, Merboldt KD. FLASH imaging. Rapid
NMR imaging using low flip-angle pulses. J Magn Reson. 1986; 67: 258-266. DOI:
10.1016/0022-2364(86)90433-6

[76]. Wiesinger F, Sacolick LI, Menini A, Kaushik SS, Ahn S, \eit-Haibach P, Delso G, Shanbhag
DD. Zero TE MR bone imaging in the head. Magn Reson Med. 2016; 75: 107-114. DOI:
10.1002/mrm.25545 [PubMed: 25639956]

[77]. Weiger M, Froidevaux R, Baadsvik EL, Brunner DO, Rosler MB, Pruessmann KP.

Advances in MRI of the myelin bilayer. Neuroimage. 2020; 217 116888 doi: 10.1016/
j.neuroimage.2020.116888 [PubMed: 32360688]

[78]. Bydder, M; Du, J; Takahashi, A; Shimakawa, A; Hamilton, G; Sinha, S; Bydder, GM. Chemical
Shift Artifact in Center-Out Radial Sampling: A Potential Pitfall in Clinical Diagnosis; Proc Intl
Soc Mag Reson Med; Berlin. 2007. https://cds.ismrm.org/ismrm-2007/files/01811.pdf

[79]. Engstrdm M, McKinnon G, Cozzini C, Wiesinger F. In-phase zero TE musculoskeletal imaging.
Magn Reson Med. 2020; 83: 195-202. DOI: 10.1002/mrm.27928 [PubMed: 31429994]

[80]. Larson PEZ, Han M, Krug R, Jakary A, Nelson SJ, Vigneron DB, Henry RG, McKinnon G,
Kelley DAC. Ultrashort echo time and zero echo time MRI at 7T. Magn Reson Mater Physics,
Biol Med. 2016; 29: 359-370. DOI: 10.1007/s10334-015-0509-0

[81]. Glover GH, Pauly JM. Projection Reconstruction Techniques for Reduction of Motion Effects
in MRI. Magn Reson Med. 1992; 28: 275-289. DOI: 10.1002/mrm.1910280209 [PubMed:
1461126]

[82]. Ljungberg E. MRI with Zero Echo Time: Quick. Quiet, King’s College London, Quantitative.
2020.

[83]. Haase A. FLASH MRI. Snapshot, Applications to T1, T2, and Chemical-Shift imaging. Magn
Reson Med. 1990; 13: 77-89. DOI: 10.1002/mrm.1910130109 [PubMed: 2319937]

[84]. Hsu J-J, Lowe 1J. Spin-lattice relaxation and a fast T1-map acquisition method in MRI
with transient-state magnetization. J Magn Reson. 2004; 169: 270-278. DOI: 10.1016/
j.jmr.2004.05.001 [PubMed: 15261622]

[85]. Holsinger AE, Riederer SJ. The importance of phase-encoding order in ultra-short TR snapshot

MR imaging. Magn Reson Med. 1990; 16: 481-488. DOI: 10.1002/mrm.1910160315 [PubMed:
2077339]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.


https://archive.ismrm.org/2019/0363.html
https://cds.ismrm.org/ismrm-2007/files/01811.pdf

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 26

[86]. Song HK, Dougherty L. k-Space weighted image contrast (KWIC) for contrast
manipulation in projection reconstruction MRI. Magn Reson Med. 2000; 44: 825-832. DOI:
10.1002/1522-2594(200012)44:6<825::AID-MRM2>3.0.CO;2-D [PubMed: 11108618]

[87]. Hennig J, Hodapp M. Burst imaging. Magma Magn Reson Mater Physics, Biol Med. 1993; 1:
39-48. DOI: 10.1007/BF02660372

[88]. Fram EK, Herfkens RJ, Johnson GA, Glover GH, Karis JP, Shimakawa A, Perkins TG, Pelc
NJ. Rapid calculation of T1 using variable flip angle gradient refocused imaging. Magn Reson
Imaging. 1987; 5: 201-208. DOI: 10.1016/0730-725X(87)90021-X [PubMed: 3626789]

[89]. Ljungberg, E; Burns, B; Larson, PEZ; Kolind, S; Symms, M; Wiesinger, F; Barker, GJ. Silent
T1-Mapping at 7T Using the Variable Flip Angle Method; Proc Intl Soc Mag Reson Med;
Montreal. 2019. https://archive.ismrm.org/2019/4976.html

[90]. Ljungberg, E; Burns, B; Wood, T; Solana, AB; Larson, PEZ; Barker, GJ; Wiesinger, F. ZTE
Imaging Across Field Strengths; Opportunities for Low-Field Imaging; Proc Intl Soc Mag Reson
Med; 2020. 523Virtual, https://archive.ismrm.org/2020/0523.html

[91]. Rooney WD, Johnson G, Li X, Cohen ER, Kim SG, Ugurbil K, Springer CS. Magnetic field
and tissue dependencies of human brain longitudinal 1H20 relaxation in vivo. Magn Reson Med.
2007; 57: 308-318. DOI: 10.1002/mrm.21122 [PubMed: 17260370]

[92]. Ljungberg, E; Wiesinger, F; Solana, AB; Barker, GJ. Silent Magnetization Prepared B1-map
Acquisition - SIMBA,; Proc Intl Soc Mag Reson Med; Montreal, QC, Canada. 2019. https://
archive.ismrm.org/2019/0448.html

[93]. Chung S, Kim D, Breton E, Axel L. Rapid B1+ Mapping Using a Preconditioning RF Pulse
with TurboFLASH Readout. Magn Reson Med. 2010; 64: 439-446. DOI: 10.1002/mrm.22423
[PubMed: 20665788]

[94]. Mugler JP 111, Brookeman JR. Three-dimensional magnetization-prepared rapid gradient-
echo imaging (3D MP RAGE). Magn Reson Med. 1990; 15: 152-157. DOI: 10.1002/
mrm.1910150117 [PubMed: 2374495]

[95]. Holdsworth SJ, Macpherson SJ, Yeom KW, Wintermark M, Zaharchuk G. Clinical evaluation of
silent T1-weighted MRI and silent MR angiography of the brain. Am J Roentgenol. 2018; 210:
404-411. DOI: 10.2214/AJR.17.18247 [PubMed: 29112472]

[96]. Sacolick, L; Wiesinger, F; Kelley, DAC; Khalighi, MM; Rutt, BK. 7 Tesla zero-echo time
imaging of the head. Magn Reson Mater Phy; ESMRMB 2013, 30th Annu Sci Meet Toulouse; Fr
3-5 Oct Abstr Thursday; 2013. 53

[97]. Kelley, DAC; Jakary, A; Henry, R; Nelson, SJ; Vigneron, DB. Depiction of Multiple Sclerosis
Lesions with Zero Echo Time (ZTE) Imaging at 7T; Proc Intl Soc Mag Reson Med; Milan, Italy.
2014. https://cds.ismrm.org/protected/14MProceedings/files/2068.pdf

[98]. Kelley, DAC; McKinnon, GC; Sacolick, L; Vigneron, DB; Nelson, SJ. Optimization of a Zero
Echo Time (ZTE) Sequence at 7T with Phased Array Coils; Proc Intl Soc Mag Reson Med,;
Milan, Italy. 2014. https://archive.ismrm.org/2014/4933.html

[99]. Marques JP, Kober T, Krueger G, van der Zwaag W, Van de Moortele P-F, Gruetter R.
MP2RAGE, a self bias-field corrected sequence for improved segmentation and T1-mapping
at high field. Neuroimage. 2010; 49: 1271-1281. DOI: 10.1016/j.neuroimage.2009.10.002
[PubMed: 19819338]

[100]. Symms, M; Wiesinger, F; Costagli, M; Kelley, D; Cosottini, M; Tosetti, M. Silent Corrected
Using Second Image (SCUSI) - Application of the MP2RAGE formalism to T1-weighted Zero
Time Echo Imaging; Proc Intl Soc Mag Reson Med; Paris. 2018. https://archive.ismrm.org/
2018/2048.html

[101]. Ljungberg, E; Wiesinger, F; Wood, TC. Silent Structural Imaging and T1-mapping with a
Rapid-Radial Twice-Prepared (R2P2) Sequence; Proc Intl Soc Mag Reson Med; Montreal. 2019.
https://archive.ismrm.org/2019/4636.html

[102]. Lustig M, Donoho D, Pauly JM. Sparse MRI: The application of compressed sensing for rapid
MR imaging. Magn Reson Med. 2007; 58: 1182-1195. DOI: 10.1002/mrm.21391 [PubMed:
17969013]

[103]. Lebel RM. Performance characterization of a novel deep learning-based MR image
reconstruction pipeline. Arxiv. 2020.

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.


https://archive.ismrm.org/2019/4976.html
https://archive.ismrm.org/2020/0523.html
https://archive.ismrm.org/2019/0448.html
https://archive.ismrm.org/2019/0448.html
https://cds.ismrm.org/protected/14MProceedings/files/2068.pdf
https://archive.ismrm.org/2014/4933.html
https://archive.ismrm.org/2018/2048.html
https://archive.ismrm.org/2018/2048.html
https://archive.ismrm.org/2019/4636.html

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al.

Page 27

[104]. Hammemnik K, Klatzer T, Kobler E, Recht MP, Sodickson DK, Pock T, Knoll F. Learning a
variational network for reconstruction of accelerated MRI data. Magn Reson Med. 2018; 79:
3055-3071. DOI: 10.1002/mrm.26977 [PubMed: 29115689]

[105]. Deichmann R, Adolf H, N&th U, Morrisey S, Schwarzbauer C, Haase A. Fast T2-
mapping with SNAPSHOT FLASH Imaging. Magn Reson Imaging. 1995; 13: 633-639. DOI:
10.1016/0730-725X(95)00004-Z [PubMed: 7674860]

[106]. Mugler JP 111, Spraggins TA, Brookeman JR. T2-weighted Three-dimensional MP-RAGE MR
Imaging. J Magn Reson Imaging. 1991; 1: 731-737. DOI: 10.1002/jmri.1880010621 [PubMed:
1823180]

[107]. Conklin J, Winter JD, Thompson RT, Gelman N. High-contrast 3D neonatal brain imaging
with combined T1- and T2-weighted MP-RAGE. Magn Reson Med. 2008; 59: 1190-1196. DOI:
10.1002/mrm.21548 [PubMed: 18429019]

[108]. Brittain JH, Hu BS, Wright GA, Meyer CH, Macovski A, Nishimura DG. Coronary
Angiography with Magnetization-Prepared T2 Contrast. Magn Reson Med. 1995; 33: 689-696.
DOI: 10.1002/mrm.1910330515 [PubMed: 7596274]

[109]. Garwood M, DelaBarre L. The return of the frequency sweep: Designing adiabatic pulses
for contemporary NMR. J Magn Reson. 2001; 153: 155-177. DOI: 10.1006/jmre.2001.2340
[PubMed: 11740891]

[110]. Nezafat R, Ouwerkerk R, Derbyshire AJ, Stuber M, McVeigh ER. Spectrally selective B1-
insensitive T2 magnetization preparation sequence. Magn Reson Med. 2009; 61: 1326-1335.
DOI: 10.1002/mrm.21742 [PubMed: 19319903]

[111]. Burns, B; Flynn, T; Solana, AB; Cao, P; Jakary, A; Menini, A; Wiesinger, F; Larson, P. Quiet,
Low-Distortion Whole Brain T2-BOLD fMRI at 7T; Proc Intl Soc Mag Reson Med; Montreal,
QC, Canada. 2019. https://archive.ismrm.org/2019/3930.html

[112]. Ljungberg, E; Burns, B; Wood, T; Kolind, S; Wiesinger, F; Barker, GJ. Rapid, multi-TE,
T2-prepared RUFIS for Silent T2-weighted imaging; Proc Intl Soc Mag Reson Med; Montreal.
2019. https://archive.ismrm.org/2019/4571.html

[113]. Wiesinger, F; Janich, MA; Ljungberg, E; Barker, GJ; Solana, AB. Silent, 3D MR Parameter
Mapping using Magnetization Prepared Zero TE; Proc Intl Soc Mag Reson Med; Paris. 2018.
https://archive.ismrm.org/2018/0061.html

[114]. Wiesinger, F; Ljungberg, E; Engstrom, M; Kaushik, S; Wood, T; Williams, S; Barker, G;
Solana, AB. PSST... Parameter mapping Swift and SilenT; Proc Intl Soc Mag Reson Med; 2020.
882 https://archive.ismrm.org/2020/0882.html

[115]. Kvernby S, Warntjes MJB, Haraldsson H, Carlhéll CJ, Engvall J, Ebbers T. Simultaneous three-
dimensional myocardial T1 and T2 mapping in one breath hold with 3D-QALAS. J Cardiovasc
Magn Reson. 2014; 16: 102. doi: 10.1186/s12968-014-0102-0 [PubMed: 25526880]

[116]. Fujita S, Hagiwara A, Hori M, Warntjes M, Kamagata K, Fukunaga |, Goto M, Takuya H,
Takasu K, Andica C, Maekawa T, et al. 3D quantitative synthetic MRI-derived cortical thickness
and subcortical brain volumes: Scan-rescan repeatability and comparison with conventional
T1-weighted images. J Magn Reson Imaging. 2019; 50: 1834-1842. DOI: 10.1002/jmri.26744
[PubMed: 30968991]

[117]. Lee H, Price RR. Diffusion imaging with the MP-RAGE sequence. J Magn Reson Imaging.
1994; 4: 837-842. DOI: 10.1002/jmri.1880040616 [PubMed: 7865945]

[118]. Numano T, Homma K, Hirose T. Diffusion-weighted three-dimensional MP-RAGE MR
imaging. Magn Reson Imaging. 2005; 23: 463-468. DOI: 10.1016/j.mri.2004.12.002 [PubMed:
15862647]

[119]. Numano T, Homma K, Iwasaki N, Hyodo K, Nitta N, Hirose T. In vivo isotropic 3D diffusion
tensor mapping of the rat brain using diffusion-weighted 3D MP-RAGE MRI. Magn Reson
Imaging. 2006; 24: 287-293. DOI: 10.1016/j.mri.2005.12.011 [PubMed: 16563958]

[120]. Sandberg JK, Young VA, Syed AB, Yuan J, Hu Y, Sandino C, Menini A, Hargreaves B,
Vasanawala S. Near-Silent and Distortion-Free Diffusion MRI in Pediatric Musculoskeletal
Disorders: Comparison With Echo Planar Imaging Diffusion. J Magn Reson Imaging. 2021;
53: 504-513. DOI: 10.1002/jmri.27330 [PubMed: 32815203]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.


https://archive.ismrm.org/2019/3930.html
https://archive.ismrm.org/2019/4571.html
https://archive.ismrm.org/2018/0061.html
https://archive.ismrm.org/2020/0882.html

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 28

[121]. Wolff SD, Balaban RS. Magnetization transfer contrast (MTC) and tissue water proton
relaxation in vivo. Magn Reson Med. 1989; 10: 135-144. DOI: 10.1002/mrm.1910100113
[PubMed: 2547135]

[122]. Henkelman RM, Stanisz GJ, Graham SJ. Magnetization transfer in MRI: A review. NMR
Biomed. 2001; 14: 57-64. DOI: 10.1002/nbm.683 [PubMed: 11320533]

[123]. Edelman RR, Ahn SS, Chien D, Li W, Goldmann A, Mantello M, Kramer J, Kleefield J.
Improved time-of-flight MR angiography of the brain with magnetization transfer contrast.
Radiology. 1992; 184: 395-399. DOI: 10.1148/radiology.184.2.1620835 [PubMed: 1620835]

[124]. Pike GB, Hu BS, Glover GH, Enzmann DR. Magnetization transfer time-of-flight magnetic
resonance angiography. Magn Reson Med. 1992; 25: 372-379. DOI: 10.1002/mrm.1910250217
[PubMed: 1614322]

[125]. Graham SJ, Henkelman RM. Understanding Pulsed Magnetization Transfer. J Magn Reson
Imaging. 1997; 7: 903-912. DOI: 10.1002/jmri.1880070520 [PubMed: 9307918]

[126]. Mchinda S, Varma G, Prevost VH, Le Troter A, Rapacchi S, Guye M, Pelletier J, Ranjeva JP,
Alsop DC, Duhamel G, Girard OM. Whole brain inhomogeneous magnetization transfer (ihMT)
imaging: Sensitivity enhancement within a steady-state gradient echo sequence. Magn Reson
Med. 2018; 79: 2607-2619. DOI: 10.1002/mrm.26907 [PubMed: 28940355]

[127]. Holmes, JH; Samsonov, A; Mossahebi, P; Hernando, D; Field, AS; Johnson, KM. Rapid, motion
robust, and quiet quantitative magnetization transfer (qMT) imaging using a zero echo time
(ZTE) acquisition; Proc Intl Soc Mag Reson Med; Toronto, ON. 2015. https://archive.ismrm.org/
2015/3358.html

[128]. Varma G, Duhamel G, de Bazelaire C, Alsop DC. Magnetization transfer from
inhomogeneously broadened lines: A potential marker for myelin. Magn Reson Med. 2015; 73:
614-622. DOI: 10.1002/mrm.25174 [PubMed: 24604578]

[129]. Wood TC, Damestani NL, Lawrence AJ, Ljungberg E, Barker GJ, Solana AB, Wiesinger F,
Williams SCR. Silent myelin-weighted magnetic resonance imaging [version 2; peer review:
3 approved, 1 approved with reservations]. Wellcome Open Res. 2020; 5 doi: 10.12688/
wellcomeopenres.15845.2

[130]. Duhamel G, Prevost VH, Cayre M, Hertanu A, Mchinda S, Carvalho VN, Varma G, Durbec
P, Alsop DC, Girard OM. Validating the sensitivity of inhomogeneous magnetization transfer
(ihMT) MRI to myelin with fluorescence microscopy. Neuroimage. 2019; 199: 289-303. DOI:
10.1016/j.neuroimage.2019.05.061 [PubMed: 31141736]

[131]. Boullerne Al. The history of myelin. Exp Neurol. 2016; 283: 431-445. DOI: 10.1016/
j.expneurol.2016.06.005 [PubMed: 27288241]

[132]. Grochowski C, Symms M, Jonak K, Krukow P, Wood T, Ljungberg E, Ensenat J, Nowomiejska
K, Rejdak R, Maciejewski R, Barker GJ. The Evaluation of Optic Nerves Using 7 Tesla “Silent”
Zero Echo Time Imaging in Patients with Leber’s Hereditary Optic Neuropathy with or without
Idebenone Treatment. J Clin Med. 2020; 9 1112 doi: 10.3390/jcm9041112 [PubMed: 32295018]

[133]. Irie R, Suzuki M, Yamamoto M, Takano N, Suga Y, Hori M, Kamagata K, Takayama M,
Yoshida M, Sato S, Hamasaki N, et al. Assessing Blood Flow in an Intracranial Stent: A
Feasibility Study of MR Angiography Using a Silent Scan after Stent-Assisted Coil Embolization
for Anterior Circulation Aneurysms. Am J Neuroradiol. 2015; 36: 967-970. DOI: 10.3174/
ajnr.A4199 [PubMed: 25523588]

[134]. Madio DP, Gach HM, Lowe IJ. Ultra-fast Velocity Imaging in Stenotically Produced Turbulent
Jets Using RUFIS. Magn Reson Med. 1998; 39 doi: 10.1002/mrm.1910390410

[135]. Koktzoglou I, Giri S, Piccini D, Grodzki DM, Flanagan O, Murphy IG, Gupta N, Collins
JD, Edelman RR. Arterial spin labeled carotid MR angiography: A phantom study examining
the impact of technical and hemodynamic factors. Magn Reson Med. 2016; 75: 295-301. DOI:
10.1002/mrm.25611 [PubMed: 25684192]

[136]. Fujiwara Y, Muranaka Y. Improvement in visualization of carotid artery uniformity using
silent magnetic resonance angiography. Radiol Phys Technol. 2017; 10: 113-120. DOI: 10.1007/
$12194-016-0375-0 [PubMed: 27631427]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.


https://archive.ismrm.org/2015/3358.html
https://archive.ismrm.org/2015/3358.html

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 29

[137]. Kakeda S, Korogi Y, Hiai Y, Sato T, Ohnari N, Moriya J, Kamada K. MRA of intracranial
aneurysms embolized with platinum coils: A vascular phantom study at 1.5T and 3T. J Magn
Reson Imaging. 2008; 28: 13-20. DOI: 10.1002/jmri.21421 [PubMed: 18581341]

[138]. Takano N, Suzuki M, Irie R, Yamamoto M, Teranishi K, Yatomi K, Hamasaki N, Kumamaru
KK, Hori M, Oishi H, Aoki S. Non-contrast-enhanced silent scan MR angiography of intracranial
anterior circulation aneurysms treated with a low-profile visualized intraluminal support device.
Am J Neuroradiol. 2017; 38: 1610-1616. DOI: 10.3174/ajnr.A5223 [PubMed: 28522664]

[139]. Takano N, Suzuki M, Irie R, Yamamoto M, Hamasaki N, Kamagata K, Kumamaru KK, Hori
M, Oishi H, Aoki S. Usefulness of non-contrast-enhanced MR angiography using a silent scan
for follow-up after Y-configuration stentassisted coil embolization for basilar tip aneurysms. Am
J Neuroradiol. 2017; 38: 577-581. DOI: 10.3174/ajnr.A5033 [PubMed: 28007767]

[140]. Shang S, Ye J, Luo X, Qu J, Zhen Y, Wu J. Follow-up assessment of coiled intracranial
aneurysms using zTE MRA as compared with TOF MRA: a preliminary image quality study. Eur
Radiol. 2017; 27: 4271-4280. DOI: 10.1007/s00330-017-4794-z [PubMed: 28382536]

[141]. Heo YJ, Jeong HW, Baek JW, Kim ST, Jeong YG, Lee JY, Jin SC. Pointwise encoding
time reduction with radial acquisition with subtraction-based MRA during the follow-up of
stent-assisted coil embolization of anterior circulation aneurysms. Am J Neuroradiol. 2019; 40:
815-819. DOI: 10.3174/ajnr.A6035 [PubMed: 30975655]

[142]. Bydder GM. The Agfa Mayneord lecture: MRI of short and ultrashort T2 and T2* components
of tissues, fluids and materials using clinical systems. Br J Radiol. 2011; 84: 1067-1082. DOI:
10.1259/bjr/74368403 [PubMed: 22101579]

[143]. Weiger M, Pruessmann KP. Short-T2 MRI: Principles and recent advances. Prog Nucl Magn
Reson Spectrosc. 2019; 114-115: 237-270. DOI: 10.1016/j.pnmrs.2019.07.001

[144]. Delso G, Wiesinger F, Sacolick LI, Kaushik SS, Shanbhag DD, Hiillner M, Veit-Haibach P.
Clinical evaluation of zero-echo-time MR imaging for the segmentation of the skull. J Nucl Med.
2015; 56: 417-422. DOI: 10.2967/jnumed.114.149997 [PubMed: 25678489]

[145]. Breighner RE, Endo Y, Konin GP, Gulotta LV, Koff MF, Potter HG. Zero echo time imaging
of the shoulder: Enhanced osseous detail by using MR imaging. Radiology. 2018; 286: 960-966.
DOI: 10.1148/radiol.2017170906 [PubMed: 29117482]

[146]. Lu A, Gorny KR, Ho M-L. Zero TE MRI for craniofacial bone imaging. Am J Neuroradiol.
2019; 40: 1562-1566. DOI: 10.3174/ajnr.A6175 [PubMed: 31467238]

[147]. Wiesinger F, Bylund M, Yang J, Kaushik S, Shanbhag D, Ahn S, Jonsson JH, Lundman JA,
Hope T, Nyholm T, Larson P, et al. Zero TE-based pseudo-CT image conversion in the head
and its application in PET/MR attenuation correction and MR-guided radiation therapy planning.
Magn Reson Med. 2018; 80: 1440-1451. DOI: 10.1002/mrm.27134 [PubMed: 29457287]

[148]. Leynes AP, Yang J, Wiesinger F, Kaushik SS, Shanbhag DD, Seo Y, Hope TA, Larson
PEZ. Zero-echo-time and dixon deep pseudo-CT (ZeDD CT): Direct generation of pseudo-CT
images for Pelvic PET/MRI Attenuation Correction Using Deep Convolutional Neural Networks
with Multiparametric MRI. J Nucl Med. 2018; 59: 852-858. DOI: 10.2967/jnumed.117.198051
[PubMed: 29084824]

[149]. Inoue A, Kohno S, Nishida N, Suehiro S, Matsumoto S, Nishikawa M, Ozaki S, Nakamura
Y, Shigekawa S, Watanabe H, Senba H, et al. Clinical utility of new three-dimensional model
using a zero-echo-time sequence in endoscopic endonasal transsphenoidal surgery. Clin Neurol
Neurosurg. 2020; 190 105743 doi: 10.1016/j.clineuro.2020.105743 [PubMed: 32113079]

[150]. Laule C, Vavasour IM, Kolind SH, Li DKB, Traboulsee TL, Moore GRW, Mackay AL.
Magnetic Resonance Imaging of Myelin. Neurotherpeautics. 2007; 4: 460-484. DOI: 10.1016/
j.nurt.2007.05.004

[151]. Horch RA, Gore JC, Does MD. Origins of the ultrashort-T2 1H NMR signals in myelinated
nerve: A direct measure of myelin content? Magn Reson Med. 2011; 66: 24-31. DOI: 10.1002/
mrm.22980 [PubMed: 21574183]

[152]. Wilhelm MJ, Ong HH, Wehrli SL, Li C, Tsai P-H, Hackney DB, Wehrli FW. Direct magnetic
resonance detection of myelin and prospects for quantitative imaging of myelin density. Proc Natl
Acad Sci. 2012; 109: 9605-9610. DOI: 10.1073/pnas.1115107109 [PubMed: 22628562]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 30

[153]. MacKay A, Whittall K, Adler J, Li D, Paty D, Graeb D. In vivo visualization of myelin
water in brain by magnetic resonance. Magn Reson Med. 1994; 31: 673-677. DOI: 10.1002/
mrm.1910310614 [PubMed: 8057820]

[154]. Jang H, Carl M, Ma Y, Searleman AC, Jerban S, Chang EY, Corey-Bloom J, Du J. Inversion
recovery zero echo time (IR-ZTE) imaging for direct myelin detection in human brain: a
feasibility study. Quant Imaging Med Surg. 2020; 10: 895-906. DOI: 10.21037/qims.2020.04.13
[PubMed: 32489915]

[155]. Lee S-K, Bulumulla S, Wiesinger F, Sacolick L, Sun W, Hancu . Tissue Electric Property
Mapping From Zero Echo-Time Magnetic Resonance Imaging. IEEE Trans Med Imaging. 2015;
34: 541-550. DOI: 10.1109/TM1.2014.2361810 [PubMed: 25312919]

[156]. Lechner-Greite SM, Wiesinger F, Yeo DTB, Tarasek MR. Proton Density and T1 weighted Zero
TE MR Thermometry, US10,076,249 B2. 2018.

[157]. Haacke EM, Petropoulos LS, Nilges EW, Wu DH. Extraction of conductivity and
permittivity using magnetic resonance imaging. Phys Med Biol. 1991; 36: 723-734. DOI:
10.1088/0031-9155/36/6/002

[158]. Soullié P, Missoffe A, Ambarki K, Felblinger J, Odille F. MR electrical properties imaging
using a generalized image-based method. Magn Reson Med. 2020; 85: 762-776. DOI: 10.1002/
mrm.28458 [PubMed: 32783236]

[159]. Hoult DI. The principle of reciprocity in signal strength calculations - A mathematical guide.
Concepts Magn Reson. 2000; 12: 173-187. DOI: 10.1002/1099-0534(2000)12:4<173::AlD-
CMR1>3.0.C0O;2-Q

[160]. Cline HE, Hynynen K, Hardy CJ, Watkins RD, Schenck JF, Jolesz FA. MR Temperature
Mapping of Focused Ultrasound Surgery. Magn Reson Med. 1994; 31: 628-636. DOI: 10.1002/
mrm.1910310608 [PubMed: 8057815]

[161]. Han, M; Scott, SJ; Ozhinsky, E; Salgaonakar, VVA; Jones, PD; Larson, PEZ; Diederich, CJ;
Rieke, V; Krug, R. Assessing temperature changes in cortical bone using variable flip-angle
ultrashort echo-time MRI; AIP Conf Proc; 2017.

[162]. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging with contrast
dependent on blood oxygenation. Proc Natl Acad Sci USA. 1990; 87: 9868-9872. DOI: 10.1073/
pnas.87.24.9868 [PubMed: 2124706]

[163]. Damestani, NL; Lythgoe, DJ; O’Daly, O; Wiesinger, F; Solana, AB; Williams, SCR; Zelaya, F.
Silent functional MRI for novel sound discrimination using the auditory oddball paradigm; Proc
Intl Soc Mag Reson Med; 2020. https://archive.ismrm.org/2020/3894.html

[164]. Mangia S, Chamberlain R, De Martino F, Moeller S, Corum C, Kim T, Kalavagunta C, Michaeli
S, Garwood M, Kim S-G, Ugurbil K. Functional MRI with SWIFT. Proc Intl Soc Mag Reson
Med. 2012; 20: 326. doi: 10.13140/RG.2.1.4004.2728

[165]. Lehto LJ, Idiyatullin D, Zhang J, Utecht L, Adriany G, Garwood M, Gréhn O, Michaeli S,
Mangia S. MB-SWIFT functional MRI during deep brain stimulation in rats. Neuroimage. 2017;
159: 443-448. DOI: 10.1016/j.neuroimage.2017.08.012 [PubMed: 28797739]

[166]. Lehto LJ, Filip P, Laakso H, Sierra A, Slopsema JP, Johnson MD, Eberly LE, Low WC, Gréhn
O, Tanila H, Mangia S, et al. Tuning Neuromodulation Effects by Orientation Selective Deep
Brain Stimulation in the Rat Medial Frontal Cortex. Front Neurosci. 2018; 12: 899. doi: 10.3389/
fnins.2018.00899 [PubMed: 30618544]

[167]. Paasonen J, Laakso H, Pirttimaki T, Stenroos P, Salo RA, Zhurakovskaya E, Lehto LJ, Tanila
H, Garwood M, Michaeli S, Idiyatullin D, et al. Multi-band SWIFT enables quiet and artefact-
free EEG-fMRI and awake fMRI studies in rat. Neuroimage. 2020; 206 116338 doi: 10.1016/
j.neuroimage.2019.116338 [PubMed: 31730923]

[168]. Solana AB, Hernandez-Tamames JA, Manzanedo E, Garcia-Alvarez R, Zelaya FO, del
Pozo F. Gradient induced artifacts in simultaneous EEG-fMRI: Effect of synchronization on
spiral and EPI k-space trajectories. Magn Reson Imaging. 2014; 32: 684-692. DOI: 10.1016/
j.mri.2014.03.008 [PubMed: 24746775]

[169]. Tanenbaum LN, Tsiouris AJ, Johnson AN, Naidich TP, DeLano MC, Melhem ER, Quarterman
P, Parameswaran SX, Shankaranarayanan A, Goyen M, Field AS. Synthetic MRI for clinical
neuroimaging: Results of the magnetic resonance image compilation (MAGIC) prospective,

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.


https://archive.ismrm.org/2020/3894.html

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al.

Page 31

multicenter, multireader trial. Am J Neuroradiol. 2017; 38: 1103-1110. DOI: 10.3174/ajnr.A5227
[PubMed: 28450439]

[170]. Wang G, Gong E, Banerjee S, Martin D, Tong E, Choi J, Chen H, Wintermark M, Pauly
JM, Zaharchuk G. Synthesize High-Quality Multi-Contrast Magnetic Resonance Imaging From
Multi-Echo Acquisition Using Multi-Task Deep Generative Model. IEEE Trans Med Imaging.
2020; 39: 3089-3099. DOI: 10.1109/TMI.2020.2987026 [PubMed: 32286966]

[171]. Corcuera-Solano I, Doshi A, Pawha PS, Gui D, Gaddipati A, Tanenbaum LN. Quiet
PROPELLER MRI techniques match the quality of conventional PROPELLER brain imaging
techniques. Am J Neuroradiol. 2015; 36: 1124-1127. DOI: 10.3174/ajnr.A4235 [PubMed:
25678482]

[172]. Résch J, Mennecke A, Knott M, Doerfler A, Grodzki DM. Quiet FLAIR at 7T MRI. Invest
Radiol. 2020; 55: 722—726. DOI: 10.1097/RL1.0000000000000694 [PubMed: 32516159]
[173]. Hutter J, Price AN, Cordero-Grande L, Malik S, Ferrazzi G, Gaspar A, Hughes EJ, Christiaens
D, McCabe L, Schneider T, Rutherford MA, et al. Quiet echo planar imaging for functional and
diffusion MRI. Magn Reson Med. 2018; 79: 1447-1459. DOI: 10.1002/mrm.26810 [PubMed:

28653363]

[174]. Rosch J, Ott M, Heismann B, Doerfler A, Engelhorn T, Sembritzki K, Grodzki DM. Quiet
diffusion-weighted head scanning: Initial clinical evaluation in ischemic stroke patients at 1.5T. J
Magn Reson Imaging. 2016; 44: 1238-1243. DOI: 10.1002/jmri.25228 [PubMed: 26969852]

[175]. Nordell A, Lundh M, Horsch S, Hallberg B, Aden U, Nordell B, Blennow M. The
acoustic hood: A patient-independent device improving acoustic noise protection during neonatal
magnetic resonance imaging. Acta Paediatr Int J Paediatr. 2009; 98: 1278-1283. DOI: 10.1111/
J.1651-2227.2009.01339.x

[176]. Glover P, Hykin J, Gowland P, Wright J, Johnson |, Mansfield P. An assessment of the
intrauterine sound intensity level during obstetric echo-planar magnetic resonance imaging. Br J
Radiol. 1995; 68: 1090-1094. DOI: 10.1259/0007-1285-68-814-1090 [PubMed: 7496710]

[177]. Chartier AL, Bouvier MJ, McPherson DR, Stepenosky JE, Taysom DA, Marks RM. The safety
of maternal and fetal MRI at 3 T. Am J Roentgenol. 2019; 213: 1170-1173. DOI: 10.2214/
AJR.19.21400 [PubMed: 31310182]

[178]. Reeves MJ, Brandreth M, Whitby EH, Hart AR, Paley MNJ, Griffiths PD, Stevens JC. Neonatal
Cochlear Function: Measurement after Exposure to Acoustic Noise during in Utero MR Imaging.
Radiology. 2010; 257: 802-809. DOI: 10.1148/radiol.10092366 [PubMed: 20876389]

[179]. Kok RD, De Vries MM, Heerschap A, van den Berg PP. Absence of harmful effects of magnetic
resonance exposure at 1.5 T in utero during the third trimester of pregnancy: A follow-up study.
Magn Reson Imaging. 2004; 22: 851-854. DOI: 10.1016/j.mri.2004.01.047 [PubMed: 15234454]

[180]. Strizek B, Jani JC, Mucyo E, De Keyzer F, Pauwels I, Ziane S, Mansbach A-L, Deltenre P,

Cos T, Cannie MM. Safety of MR imaging at 1.5 T in fetuses: A retrospective case-control
study of birth weights and the effects of acoustic noise. Radiology. 2015; 275: 530-537. DOI:
10.1148/radiol.14141382 [PubMed: 25575119]

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 32

RF ﬂ ﬂ

A) UTE
( )Bergin,1991 / \ /

(B) BLAST |
\_/

Hafner, 1994 / \

(C) RUFIS |

Madio & Lowe —
1995

— Data acquisition

Fig. 1.

Si?nplified pulse sequences diagrams showing RF excitation and gradients in one dimension
for (A) UTE, (B) BLAST and (C) RUFIS. In UTE imaging, RF excitation is performed prior
to the readout gradients. In the BLAST pulse sequence, gradients are ramped up before RF
excitation and ramped down after readout. In RUFIS, RF excitation is performed with the
gradient on, as in BLAST, but without returning gradients to zero between excitations, hence
minimizing gradient switching and allowing silent imaging.
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(B)

(A) Simplified ZTE pulse sequence diagram with two spokes, showing RF excitation and the
gradient waveform on one axis together with magnification of the RF excitation part of the
spoke, showing the dead-time gap Atafter RF excitation. (B) 3D view of spoke distribution

in k-space with the endpoints of each spoke connected by the blue line.

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2024 July 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ljungberg et al. Page 34

With
gap filling

Without
gap filling

Fig. 3.

E)?ample of a dataset reconstructed with and without WASPI to fill the centre of k-space. A
clear low spatial frequency artefact appears across the image without WASPI, resulting in
erroneous image contrast, especially visible in the lateral ventricles (yellow arrows) and the
sinuses (red arrows). Data were acquired with a readout bandwidth of £31.25 kHz.
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ZTE static ZTE motion SPGR static SPGR motion

Fig. 4.

An example of how motion artefacts manifest as blurring and streaking in ZTE, while in
Cartesian SPGR they produce ghosting in the phase-encode direction. Reproduced with
permission from Ref. [82].
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Fig. 5.

(A) Gradient waveform structure of a Looping Star sequence with 8 spokes per loop (Nsp;)
and 2 loops (Vg ogps), showing the RF and data acquisition (DAQ) scheme for the original
(Org.) and coherence resolved (CR) versions of Looping Star. (B) and (C) illustrates the
spin coherences for the two versions of Looping Star at four different timepoints during the
sequence. The grey shaded region indicates nominal field of view in k-space as defined by
the desired image resolution; coherences outside this region (faded arrows) are considered to
be dephased and not contributing to the image.
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Fig. 6.

(A) Pulse sequence diagram of a single echo gradient refocused ZTE-BURST sequence,

with the TE for each coherence indicated by the correspondingly coloured arrow. (B)
Visualization of the evolution of the four coherences through the first and second train.
The grey circle illustrates the nominal coverage in k-space as determined by the image

resolution. K-space sampling is here illustrated in 2D for simplicity, while in practice it is

performed in 3D.
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IR-SPGR (BRAVO) ZTE MP2RAGE ZTE MP2RAGE
T1 weighted T1 map

Fig. 7.

Cc?mparison of anatomical T1-weighted imaging between Cartesian IR-SPGR using the
GE BRAVO (Brain Volume imaging) sequence and ZTE acquired using the MP2RAGE
formalism. T4 map is obtained from the ZTE-MP2RAGE acquisition. Acquisition
parameters in Ref. [99].
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Fig. 8.

Example of IR-ZTE dataset reconstructed with and without Deep Learning denoising (DL
vs. Std). With DL denoising, the image noise is clearly reduced while still maintaining
image resolution and sharpness. White arrows indicate signal from the head rest.
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Fig. 9.

Qt?antitative PD, T, and T, maps obtained using a multi-parametric ZTE sequence together
with synthetic contrast weighted psIR and T, FLAIR images. Acquisition parameters: FOV
=20 x 20 x 16 cm?3, resolution = 1 x 1 x 1 mm3, TR = 1.8 ms, BWry = +31.25 kHz, TE
T2prep=80 ms, 256 spokes per segment. FA = 3° for multi-parametric part and FA = 1° for
PD volume. Total acquisition time was 6:35 min. The T1 map and T, map have been head
masked using the PD volume. Abbreviations: inv PD — inverse PD, psl R — phase sensitive
inversion recovery, FLAIR - fluid attenuated inversion recovery. Images have been cropped
to head coverage. Fig. 10 shows the PD data reconstructed at twice the prescribed field of
view. (Images generated with data from Ref [114]).
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Fig. 10.
Proton density (PD) image from Fig. 9 reconstructed with twice the field of view, i.e., the

fully encoded field of view from the twofold radial oversampling. White arrows highlight
part of the receive coil only visible when reconstructed at twice the field of view.
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(A) tip-down pulse (B) tip-up pulse (C) root-mean-square of (D) Diffusion EPI
tip-down/up pulse

Fig. 11.

D\?V—ZTE (A-C) and DW-EPI (D) with b = 600 s/mm2. (A) and (B) demonstrate the eddy
current artefacts, which are eliminated when combined in (C). Arrows highlights areas with
distortion artefacts in DW-EPI that were not present in the DW-ZTE data. Reproduced

with permission of John Wiley and Sons from Ref. [69], © 2019 International Society for
Magnetic Resonance in Medicine.
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2
: b P

ihMTRinv

Fig. 12.
Examples of different MT contrasts acquired with a ZTE sequence. The ihMTR and

ihMTRinv images show high sensitivity and specificity to myelin (Abbreviations: PDw —
Proton Density weighted, T1w — T weighted, MTw — MT weighted, eM Tw — enhanced
MT weighted, with dual-sided saturation, M TR — Magnetization Transfer Ratio, eEM TR —
enhanced MT Ratio, ihM TR - inhomogeneous MTR, the difference between eMTR and
MTR, ihMTRinv — inverse ihMTR using the T1w image as a reference instead of the PDw
image). Reproduced with permission from Ref. [129] licensed under a CC BY 4.0 license.
Figure has been cropped; original figure also contains a row with coefficient of variation.
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Fig. 13.
Example of ZTE-MRA (B and E) compared to computed tomography angiogram (CTA)

(A and D) and TOF (C and F). Top row shows volume rendering and bottom row
maximum intensity projection. Image shows a stenosis in a 74-year-old male patient. CTA
estimated a 34% stenosis, ZTE estimated 32%, while TOF overestimated the stenosis to
72%. Republished with permission of American Society of Neuroradiology from Ref. [68];
permission conveyed through Copyright Clearance Center, Inc.
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TE=26.88 ms

100

Fig. 14.
Example of T,* and QSM imaging with Looping Star. Reproduced with permission of John

Wiley and Sons from Ref. [71] and adapted to highlight the TE in the right panel. © 2018
International Society for Magnetic Resonance in Medicine.
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Fig. 15.

Ulqtra-short T, PD imaging with ZTE. (A) Skull segmentation. Republished with permission
of the American Society of Neuroradiology from Ref. [146]; permission conveyed through
Copyright Clearance Center, Inc. (B) Generation of pseudo CT images from ZTE in
Hounsfield units, compared to acquired CT (Abbreviations: ZT — ZTE-derived pseudo-CT,
RTP — Radiation Therapy Planning, Res— Resolution, HU — Hounsfield Units). Reproduced
with permission of John Wiley and Sons from Ref. [147], © 2018 International Society for
Magnetic Resonance in Medicine.
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a Protocol 5 b Protocol 6 ¢ Subtraction
TE 15 us TE 460 us 5-6

Fig. 16.
Direct myelin imaging with ZTE by Weiger et al. Subtraction of two images with different

effective TE yields a qualitative image with contrast between white and grey matter.
Reproduced with permission of Elsevier from Ref. [77] under a CC BY-NC-ND 4.0 license.
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Fig. 17.
Images from Dionisio-Parra et al. showing second-level results from an N-back working

memory task using (&) Looping Star and (b) Gradient Echo (GE) EPI. (c) Results from a
paired ttest between the two techniques. Reproduced with permission of John Wiley and
Sons from Ref. [72], under a CC BY-NC 4.0 license.
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Table 1

Acoustic noise measurements with silent ZTE sequences from published studies with comparisons to
conventional sequences, when available. Values have been rounded to the same precision for comparison, and
differences between sequences and ambient noise levels were calculated before rounding.

Page 49

Silent Comparison
Modality Bp Lauws Sequence Lyte  Lzre- Sequence Lgtp Lstp- Lstp- Unit Ref
Lams Lawve Lzte

Structural T, 3T 69 RUFIS 69 <1 IR-SPGR 105 36 36 dB [62] **
Structural T, 3T 52 RUFIS 53 <1 IR-SE 82 30 30 dB [63] *
Structural T, 7T 53 RUFIS 55 2 IR-SPGR 90 37 35 dBA [64] *
Structural T, 3T 48 PETRA 51 3 MPRAGE 78 30 27 dBA [65] *
Structural T, 3T 53 PETRA 58 5 MPRAGE 87 34 29 dBA [66] *
VFA T, 3T 70 RUFIS 70 <1 SPGR 103 33 33 dBA [67] **
MRA 3T 55 RUFIS 58 3 TOF 93 38 35 dB [68] *
DWI 3T 51 DWI-RUFIS 54 3 DWI-EPI 85 34 31 dB [69] *
T,%70sM 3T 67 zregURsT! 76 9 mGRE 103 37 27 dBA  [707**
T, * QSM 3T 64 Looping Star rr 73 8 N/A - - - dBA [71] *
fMRI 3T 64 Looping Star 67 3 N/A - - - dBA [71] il
fMRI 3T 71 Looping Star 71 1 GRE-EPI 103 32 32 dBA [72] **
fMRI 3T NA Looping Star 74 - GRE-EPI 108 - 34 dBA [73] **
fMRI 3T 72 T,-prep RUFIS 75 2 GRE-EPI 114 42 39 dBA [74] el

Abbreviations: BQ: Main magnetic field strength, L A B: Ambient Sound Pressure Level (SPL), LZTE: ZTE SPL, LSTD: Non-ZTE comparison

sequence SPL, IR: Inversion Recovery, SPGR: Spoiled Gradient Echo, SE: Spin Echo, MPRAGE: Magnetization Prepared Rapid Gradient
Echo, VFA: Variable Flip Angle, MRA: Magnetic Resonance Angiography, TOF: Time of Flight, DWI1: Diffusion Weighted Imaging, QSM:

Quantitative Susceptibility Mapping, mGRE: Multi Echo Gradient Echo, GRE-EPI: Gradient Echo EPI, N/A: Not available.

*
Microphone placements: outside the bore

*:

*

inside the bore. Study specific notes:

fl mm protocol
1t

0.8 mm protocol.
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