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Abstract

The long-standing relationship between ultra-high-field (7 tesla) MRI and multiple sclerosis (MS)
has brought new insights to our understanding of lesion evolution and its associated pathology.
With the recent FDA approval of a commercially available scanner, 7 T MRI is finally entering the
clinic with great expectations about its potential added value. By looking through the prism of MS
diagnosis, this perspective article discusses current limitations and prospects of 7 T MRI
techniques relevant to helping clinicians diagnose patients encountered in daily practice.
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1. Introduction

Since the first investigative ultra-high-field (7 T) MRI studies in multiple sclerosis (MS)
patients published a decade ago [1-3], 7 T MRI in MS has brought new insights into lesion
evolution and its associated pathology [4]. These studies illustrate that 7 T MRI can improve
visualization of small brain structures and subtle pathologies due to the increased signal-to-
noise ratio (SNR), spatial resolution, and contrast-to-noise ratio (CNR).

However, these advantages are not without drawbacks. Indeed, image artifacts related to the
inhomogeneities in the static (B magnetic field, radiofrequency (RF) transmit (B8;*) and
receive (By) fields, and subject motion, are exacerbated at ultra-high-field. Although well-
tolerated by MS patients, 7 T scanning also raises serious safety concerns regarding RF
energy deposition, which can quickly exceed the specific absorption rate (SAR) limitations.
This issue is of particular importance in patient populations where different types of
implants (usually not yet tested at this field strength) are frequently encountered.

With the first FDA approval of a commercially available 7 T scanner in October 2017
(https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm580154.htm), ultra-
high-field MRI is finally entering the MS clinic and is generating mixed expectations among
clinicians and clinical scientists. While proponents of 7 T MRI believe this advanced
platform will reshape the current practice in MS imaging, skeptics still wonder about the
added value of this high-cost device.

This perspective article is aimed at setting realistic, yet promising, expectations for this new
clinical tool. More particularly, I will look through the prism of MS diagnosis by addressing
two frequently asked questions: “Can 7 T MR/ be used routinely for the diagnosis of MS?”
and “Can 7 T MR/ improve diagnostic accuracy?” Therefore, this article will focus on MRI
techniques that are directly related to current, as well as emerging, MRI criteria for the
diagnosis of MS.

Before answering these two questions, it is appropriate to first summarize the current role of
MRI in MS diagnosis. Even before its incorporation into the international diagnostic criteria
for MS in 2001, brain MRI became a crucial part of the diagnostic work-up for patients with
suspected MS. Spinal cord MRI is also useful for diagnosis, especially in the case of patients
with symptoms indicative of spinal cord disease or if the brain MRI is not conclusive.
However, spinal cord MRI will not be discussed here as it not yet clinically feasible at 7 T
[5]. The clinical value of brain MRI relies on its high sensitivity for noninvasively
visualizing focal white matter (WM) MS lesions, which are characteristically located in the
posterior fossa, juxtacortical, and periventricular regions. When combined with the injection
of a gadolinium-based contrast agent (GBCA), brain MRI also enables clinicians to
specifically detect recently developed WM lesions. Indeed, the T, signal enhancement
generated by GBCA indicates a compromised blood-brain-barrier associated with a newly
forming lesion. These MRI features help clinicians demonstrate dissemination in space
(DIS) (hyperintense lesions on T, contrast in two or more characteristic WM locations) and
dissemination in time (DIT) (new hyperintense T, lesion and/or gadolinium-enhancing T1
lesion) in patients with a typical clinically isolated syndrome (CIS) suggestive of MS, as
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recommended by the current international diagnostic criteria [6]. For the past few years, the
use of these MRI criteria has allowed clinicians to diagnose patients earlier (often with a
single MRI scan), as well as to treat earlier with disease-modifying therapies known to
provide substantial benefits for the disease outcome [7].

2. “Can 7 T brain MRI be used routinely for the diagnosis of MS?”

To address this first question, I will discuss the sequences included in the standard clinical
brain MRI protocol required for MS diagnosis as well as their implementation, performance,
and limitations at 7 T. A special emphasis will be placed on achieving whole brain coverage,
submillimeter spatial resolution, and fast scan time by tapping into the potential of recent
technical advancements.

Recommended brain MRI MS protocol

Per the recent MRI guidelines provided by the European consortium of MS experts, called
MAGNIMS (Magnetic Resonance Imaging in MS) [8], the standard brain MRI protocol for
diagnostic work-up should preferably be performed at 3 T in a reasonable scan time (~ 30
min). This standardized protocol should include axial T1-weighted (T1w) images before and
after GBCA, axial T,-weighted (Tow) and proton-density (or T,-FLAIR) images, and
sagittal two-dimensional (2D) or isotropic three-dimensional (3D) T,-FLAIR images.
Therefore, 2D conventional spin echo (SE) and 2D/3D turbo spin echo (TSE) sequences are
the workhorses of any MS brain protocol. The current level of performance of those
acquisitions at 3 T, which combine excellent image quality with high acquisition speed, set
the bar high for their 7 T counterparts.

2D/3D (turbo) spin-echo imaging
Unfortunately, spin-echo based sequences are known to be difficult to optimize at ultra-high-
field. Although they are rather insensitive to static By field inhomogeneities, which is an
advantage at 7 T, they suffer from high radiofrequency (RF) power deposition due to the
multiple refocusing spin-echo pulses. Consequently, running a SE/TSE sequence within the
safety limits of specific absorption deposition (SAR) is usually done by reducing the number
of slices and/or increasing the repetition time (TR), ultimately leading to prohibitive scan
times (>10 min) when whole brain coverage is needed. The recent development of SMS
imaging, which significantly reduces scan times by simultaneously acquiring multiple slices,
has the potential to solve these issues. However, SMS is prone to high RF energy deposition,
which can quickly reach the SAR limit. To avoid this issue at 7 T, tailored RF pulses (called
PINS) combined with SMS were implemented in a Tow 2D multi-slice TSE sequence
covering the whole brain with a spatial resolution of 1 x 1 x 2 mm?3 and a scan time of 2 min
30 sec [9]. This type of solution should be further explored for 2D multi-slice T1-weighted
and proton-density weighted acquisitions.

Per the MAGNIMS guidelines, 3D TSE sequences can be integrated in the diagnostic
protocol, since they provide thin contiguous slices and isotropic multiplanar reconstructions,
resulting in easier detection of small lesions. Optimized single-slab 3D TSE pulse sequences
have shown robust image quality at 1.5 T and 3 T while achieving clinically compatible
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acquisition times [10]. These sequences can be used at 7 T with very long RF pulse trains
and variable flip angles, however, the images are affected by the spatial inhomogeneity of
the transmit B,* field, which creates signal voids and variable contrast throughout the brain
(Figure 1, left). To mitigate the B;* dependence, it was recently proposed to replace the
standard RF pulses by specific kt-point pulses, which allows acquisition of Tow brain
images at 0.7 mm isotropic in ~5 - 7 min with very mild residual B;* effects [11]. One can
also produce T, -FLAIR images with a 3D TSE sequence by introducing an inversion pulse
applied at a time TI before the excitation pulse. To-FLAIR images are particularly useful to
clinicians because the suppression of the cerebrospinal fluid (CSF) signal facilitates the
detection of hyperintense lesions. However, the prolonged T4 times at 7 T prevent gray
matter and white matter signals from being fully recovered at the inversion time that nulls
CSF, thus resulting in unwanted T, weighting on FLAIR images and suboptimal SNR
(Figure 1, right). Moreover, the intense use of adiabatic inversion pulses (to create uniform
suppression of CSF despite the heterogeneous amplitude of the B;* field) and multiple
refocusing pulses makes it difficult to remain below the maximum allowed SAR at 7 T.
Nonetheless, it was demonstrated that 7T T,-FLAIR is feasible when combining
magnetization-preparation pre-pulses (to reduce undesirable T, weighting) with long echo-
train lengths of variable flip angles (to restrict SAR to acceptable levels), with scan time
varying between 5 min to 13 min and a spatial resolution of 0.8 mm isotropic [12, 13].

3D gradient-echo imaging (MPRAGE, MP2RAGE)

There is a growing trend across specialized MS imaging centers to integrate Tyw 3D
gradient-echo (GRE) sequences into diagnostic brain protocols [14]. One sequence
frequently used is the 3D inversion recovery-prepared, T1-weighted, spoiled-gradient-echo
sequence, also called 3D MPRAGE (magnetization prepared rapid gradient-echo) [15],
which can provide whole-brain Tqw images at 1 mm isotropic in about 5minona3 T
scanner. Interestingly, GRE sequences are particularly well suited for ultra-high-field
imaging due to their low RF deposition and their ability to produce high-quality images at
submillimeter resolution with high signal and contrast. For example, 3D MPRAGE can be
easily set up at 7 T for generating 0.7 mm isotropic images in ~6 min. However, the Tiw
images will suffer from non-uniform image intensities across the brain generated by
inhomogeneities in the transmit B;* field, as well as in the receive B, field due to the 32-
channel head coil (Figure 2, left). Several solutions have been proposed to correct the
nonuniformity issue, including tailored adiabatic inversion pulses insensitive to transmit RF
variations [16] and acquisition of a separate proton-density-weighted 3D GRE [17]. The
latter strategy was adapted in a modified version of the MPRAGE sequence introduced as
the MP2RAGE (magnetization-prepared 2 rapid acquisition gradient echo) [18], which
simultaneously acquires two volumes at different inversion times; the combination of these
two images delivers a synthetic T1-weighted image with uniform image intensity. When
used with optimized low-B;* adiabatic pulses and/or thin high-permittivity dielectric pads
placed behind the neck, inversion efficiency can be improved across the whole brain, further
improving the MP2RAGE images [19] (Figure 2, right). One current hurdle impeding
routine use of MP2RAGE in clinical protocols is its relatively long scan time (~ 10 min for
MP2RAGE at ~ 0.7 mm). To reduce acquisition time, one strategy is to increase the
acceleration provided by parallel imaging (PI) using the controlled aliasing 2D-
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CAIPIRINHA undersampling pattern [20], which reduces the g-factor penalty and was
shown to cut the scan time in half on a 3 T MPRAGE, while preserving SNR and CNR. A
similar approach was recently demonstrated to be feasible for 7 T MP2RAGE, reducing the
scan time to ~ 4 min while preserving image contrast [21]. One further step in scan-time
reduction is to use the recently introduced wave-CAIPI technique, which combines A-space
undersampling of 2D-CAIPIRINHA and a modified version of bunched phase encoding/
zigzag sampling to create a staggered corkscrew trajectory [22]. This novel wave-CAIPI
technique was recently shown to achieve a 12-fold acceleration, allowing collection of 1 mm
isotropic 7T MPRAGE images in 57 s [23].

Post-contrast imaging

The last mandatory item of any brain MRI protocol for MS diagnosis is T1-weighted
imaging acquired after a minimum 5-minute delay post-injection of GBCA. At3 T, 2D
conventional spin-echo and 3D gradient-echo (without inversion recovery) are the
recommended sequences for detecting enhancing lesions, although the superiority of 3D
GRE was recently reported [24]. It is unclear which of these sequences is most sensitive at 7
T and whether the recommendation of not using an inversion recovery for the 3D GRE is
valid in this context. Indeed, T, and T relaxation times of tissues, as well as the r; relaxivity
of GBCA, change dramatically at 7 T [25], and these changes will affect contrast
enhancement on all of these sequences. Therefore, future theoretical and experimental
studies comparing the different T1-weighted techniques for maximum contrast enhancement
at 7 T will be useful. Note that MP2RAGE could also be candidate for post-injection T1-
weighted imaging due to its robust clinical-like image quality and its ability to depict
enhancing lesions (Figure 3).

From this discussion, it is fair to conclude that running a full diagnostic protocol under 30
minutes is currently not possible at 7 T. This is primarily due to the inability to acquire all
the required contrasts with an image quality and a scan time that would meet the clinical
standards. Nonetheless, innovative solutions for overcoming the current limitations specific
to 7 T already exist, and future studies should also investigate whether a more limited set of
sequences provides adequate diagnostic information. If integrated by manufacturers and
proven to be robust in clinical population, these developments will enable clinicians to
perform clinical brain examination in less than 30 minutes.

3. “Can 7 T brain MRI improve the accuracy of the diagnosis?”

This second question arises from the fact that current MRI criteria are still imperfect in
accurately diagnosing MS. Many neurological conditions can cause nonspecific
hyperintense T, lesions, which are often clinically unimportant, and these MRI mimics of
MS may result in misdiagnosis [26]. Consequently, there is a need for more accurate, and
more pathologically specific, MRI criteria to better differentiate MS from its MRI mimics.

Central vein sign

A consensus statement from the North American Imaging in Multiple Sclerosis (NAIMS)
Cooperative has recently proposed an investigation of the clinical value of the central vein
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sign (CVS) as a MRI marker for improving the differential diagnosis of MS, and possibly
simplifying the MRI diagnostic criteria [27]. The CVS is readily detectable on T,"-weighted
(T,"w) scans due to the paramagnetic nature of venous blood, and this is particularly
relevant to MS since it is known from pathological studies that small veins are frequently
observed to run centrally through MS lesions. Because the lumens of these veins can be on
the order of 250 um or less [28], high spatial resolution is a key feature when assessing
central veins. Obviously, 7T MRI is extremely well positioned to address this need, since
susceptibility-based contrast at 7 T depicts exquisite details of the microstructure of the
brain [29]. As a matter of fact, 7 T imaging studies led the charge in investigating the CVS
for the differential diagnosis [3, 30]. Subsequent imaging studies have been performed at 3
T, where high-isotropic-resolution and fast T, 'w imaging can now be now achieved [31].
However, the increased CNR at 7 T results in better conspicuity of the veins, which is
particularly useful when assessing difficult cases (e.g. patients with a few small lesions).

2D/3D gradient echo imaging (T2*-weighted, SWI)

T," -weighted images are traditionally acquired at 7 T with a RF-spoiled GRE pulse
sequence using 2D or 3D encoding. 2D multi-slice GRE can be easily performed with an in-
plane resolution ranging from 500 um down to 250 um and a slice thickness of ~ 1 mm
(Figure 4, left). Optimal T," contrast can be achieved using flip angles smaller than the Ernst
angle, with echo time (TE) on the order of the T," of tissues of interest (20-35 ms for white
matter at 7 T) and repetition (1000-1500 ms at 7 T). However, this type of acquisition results
time (TR) on the order of the T4 in long scan times (8 to 10 min). Another limitation is the
small number of acquired slices, resulting in reduced brain coverage; this is problematic for
evaluating the CVS, since MS lesions can be found throughout the brain.

For achieving whole-brain coverage, one can use 3D GRE with shorter TR and lower flip
angle, the latter reducing sensitivity to 8;* inhomogeneity. When used with flow
compensation, 3D GRE is the basis for Susceptibility Weighted Imaging (SW1), which
combines magnitude and phase (after high pass filtering and masking) to enhance
visualization of veins and microbleeds [32]. A 7T SWI protocol can be routinely performed
with short scan times (~ 6-7 min) [33]. However, scan time increases significantly when
whole-brain coverage, high in-plane resolution (0.5 x 0.5 mm), and thin slices (< 1 mm) are
required. Anisotropic voxels dimensions can also be problematic for some veins and lesions,
since deep medullary veins are known to have a “fan-shaped” distribution pattern, with
obligue orientations in the periventricular and deep white matter where MS lesions are
commonly found (Figure 4, right). Therefore, the use of isotropic voxel dimensions is key
for evaluating the CVS, as it enables one to reformat images in any desired plane and thus to
accurately identify veins irrespective of their orientation. This feature also becomes crucial
when assessing the centrality of the vein relative to the lesion boundaries.

Novel sampling strategies (3D EPI, 2D CAIPI, Wave-CAIPI)

Despite the use of 32-channel head arrays, which are particularly favorable for
undersampling along both phase encoding axes of a 3D GRE acquisition, traditional Pl
techniques (e.g. GRAPPA and SENSE) cannot be pushed beyond a total acceleration factor
(R) of 3 to 4 without incurring too high of an SNR penalty. Therefore, more time-efficient A
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space sampling strategies are needed to allow fast, high-isotropic-resolution, volumetric T,"
imaging in the clinical setting. Fortunately, the past few years have witnessed intense
development of novel and highly accelerated 3D techniques [34]

One of the recently proposed strategies to speed up acquisition time is to replace the 3D
GRE by a 3D echo-planar-imaging (EPI) sequence. Initially tested at 7 T for fMRI
applications [35], 3D EPI has been also applied to high-resolution anatomical brain imaging
using a multi-shot (segmented) acquisition [36]. Compared to a conventional GRE sequence
collecting one line of A-space per TR, this segmented technique collects 7 lines per TR
(corresponding to an EPI factor of /) using a conventional Cartesian interleaved A-space
trajectory and thus providing a /+fold acceleration at the same TR. This considerable gain in
speed does not come at the cost of significant image artifacts if the EPI train length is kept
short enough (on the order of the T," of brain tissues) to limit image blurring and
distortions. When combined with navigator echoes to reduce artifacts due to By variation
and odd-even line discrepancy, this technique can acquire whole-brain 7 T images of a MS
patient at 0.5 mm isotropic in less than 8 min (Figure 5). Using Pl in the primary phase-
encoding direction can further decrease the scan time to ~ 5 min at a similar resolution [36].
Higher total acceleration factors were shown to be achievable for resting-state fMRI
applications using both encoding directions 2D-CAIPIRINHA for a six-fold acceleration
[37].

Another promising strategy is the previously mentioned wave-CAIPI method, which was
shown to acquire 1-mm isotropic whole-brain 3D-GRE images in 2.3 min with 6-fold
acceleration [22]. Wave-CAIPI GRE is particularly interesting for T," imaging because of
its lower sensitivity to the undesirable image distortion and blurring related to By
inhomogeneity compared to the 3D EPI technique. It is also an attractive solution because it
can be integrated across multiple sequences (including 3D EPI).

All of these accelerated volumetric acquisitions are very sensitive to subject motion, which
happens frequently in the clinical population. Motion occurring during image acquisition
will significantly affect the quality of these heavily T2*-weighted and high-resolution
sequences, and would probably require the systematic use of imaging navigators. Note that
motion occurring during the reference scan will also lead to poorly unaliased images. The
utilization of robust strategies for the reference data acquisitions, such as FLEET [38], could
help mitigate this problem.

Cortical Lesions

Another set of consensus guidelines from the MAGNIMS has recently proposed integrating
the detection of cortical lesions in the MRI criteria to increase their specificity [39]. This
proposal is primarily based on studies showing that cortical lesions are rarely seen in healthy
subjects or patients with other neurological conditions (e.g., migraine and neuromyelitis
optica, another demyelinating disorder of the central nervous system), and increase the
accuracy of MS diagnosis in patients with CIS. Cortical lesions were incorporated in the
demonstration of DIS by the newly introduced 2017 revisions of the McDonald diagnostic
criteria [40] .
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Cortical lesions in MS can occur in three different patterns: leukocortical (type 1), affecting
both GM and subcortical WM; intracortical (type 1), with a perivascular location inside the
cortex; subpial (type I11), abutting the CSF and extending to a variable degree though the
cortical ribbon [41]. Although various MRI techniques have been shown to detect these
lesions, studies comparing them with the gold-standard pathological techniques have also
revealed their low sensitivity [42]. The low degree of myelination of the cerebral cortex, the
small dimensions of the cortical ribbon and cortical lesions (particularly type Il intracortical
lesions), and partial volume averaging with nearby CSF, which can hide subpial lesions are
probably the main causes for poor detection by MRI [43].

One way to overcome these issues is to improve imaging resolution and use MR contrasts
highly sensitive to the myeloarchitecture of the cortex at 7 T, such as T,” [44] and T [45].
Studies conducted in vivo at 7 T using high-resolution (but very slow) 2D GRE acquisitions
demonstrated that T,"-based imaging was able to detect the whole spectrum of cortical
lesions [46, 47]. Therefore, there is a strong need for obtaining high-quality and high-
isotropic-resolution (< 500 um) T," images with whole-brain coverage in a clinically
compatible scan time. All the accelerated volumetric techniques previously described for the
CVS application could be used for the cortical lesion detection.

Since T, imaging is part of the mandatory brain MRI protocol for MS, this approach could
also be used for detecting cortical lesions. When performed at high-isotropic-resolution (500
pum), MP2RAGE images were recently demonstrated to be extremely sensitive to small
cortical lesions, and thus could be complementary to T," images [48] (Figure 6). Applying
the strategies previously mentioned for accelerating MP2RAGE while preserving SNR and
CNR will be crucial in this application. Making MP2RAGE acquisition more robust to
subject motion will be also important. Two solutions have already been proposed for this:
the integration of fat-based motion-navigators for retrospective motion-correction [49] and
the use of free-induction-decay navigators, which triggers the acquisition of image
navigators for real-time motion correction [50].

Primarily based on these two MRI findings (cortical lesions and central veins), 7 T MRI can
play a key role in improving the accuracy diagnostic of MS. With the incorporation of
cortical lesions into the recently presented new diagnostic criteria for MS, 7 T MRI will be
immediately useful in cases where such lesions are not identified on clinical field-strength
studies. On the other hand, the central vein sign remains under investigation for the moment
and should not yet be used diagnostically.

Conclusions

By discussing the limitations and prospects of 7 T MRI techniques that are highly relevant to
helping clinicians diagnose patients with MS, the goal of this article is to set realistic
expectations for a clinical tool still in its infancy. Although 7 T scanners cannot yet replace
the 3 T scanners in the hospital because of operation costs and throughput, it is my personal
opinion that 7 T MRI will play an ever greater role in the diagnosis of patients with MS. 7 T
MRI also has a strong potential for improving MS patient monitoring and providing more
accurate or novel outcome measures for clinical trials (such as single-center Phase 2 trials).
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Some of the novel techniques mentioned in this article have the additional benefits of
enabling novel contrasts (e.g. phase, QSM) and quantitative measures (T and Ty*
relaxation, regional and global brain volumetrics) at no extra cost in terms of acquisition
time while potentially providing novel biomarkers for inflammation (phase rims in acute and
chronic active lesions [51, 52] ) and neurodegeneration (T," and magnetic susceptibility
lesion signatures for iron accumulation and myelin loss [33] ). To meet these goals, the need
for high image resolution and high scanning speed imposed by the diagnostic process and
clinical population must be addressed with the support of manufacturers through a full
integration of the innovative pulse sequences and image reconstruction strategies recently
developed. Although not yet available clinically, the recent advances in parallel transmission
technology (i.e. the use of multiple independent transmission channels) are also enabling
promising solutions for spatially and temporally controlling the RF fields, and limiting SAR
while improving B;* field homogeneity [53]. Finally, as more academic medical centers and
private hospitals are making the jump to ultra-high-field imaging, multi-center 7 T imaging
studies will soon become feasible and open the door to a possible revolution in clinical
decision making and clinical trial design.
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Highlights
With the recent FDA approval, 7 T MRI is finally entering the MS clinic
Full diagnostic brain protocol under 30 min is currently not possible at 7 T

The need for high image resolution and high scanning speed must be
addressed

Innovative solutions for overcoming the current limitations exist

7 T will play a key role in improving the accuracy of MRI in diagnosis of MS
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T,w 3D TSE T,-FLAIR 3D TSE
(0.8 mm isotropic) (0.8 mm isotropic)

Figure 1.
Left: To-weighted images acquired with 3D SPACE (TSE with variable flip angles) at 0.8

mm isotropic. Main sequence parameters: TE = 399 ms, TR = 8000 ms, R = 4 (GRAPPA),
scan time = 6 min 20 sec. In addition to the image bias field coming from the receive By
field (32-channel head coil used here), there are signal voids in the cerebellum on both
contrasts due to poor homogeneity of the transmit B;* field (yellow arrows). Right: T2-
FLAIR images acquired using 3D SPACE with inversion recovery at 0.8 mm isotropic. Main
sequence parameters: Tl =2150 ms, TE = 399 ms, TR = 8000 ms, R = 4 (GRAPPA), scan
time = 6 min 26 sec. Although CSF suppression is fairly homogenous across the brain on
T2-FLAIR, tissue and lesion contrasts are reduced due to some T; weighting effects coming
from the elongated T4 valuesat 7 T.
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Figure 2.
Top: T1-weighted 3D MPRAGE acquired at 0.7 mm isotropic. Main sequence parameters:

Tl =1050 ms, FA = 7 degrees, TE = 2.96 ms, TR = 2200 ms, R = 2 (GRAPPA), scan time =
6 min 35 sec. Bottom: T1-weighted 3D MP2RAGE acquired at 0.7 mm isotropic. Main
sequence parameters: TI11 =800 ms, T12 = 2700 ms, FA = 4, 5 degrees, TE=3 ms, TR =
6000 ms, R = 3 (GRAPPA), scan time = 10 min 3 sec. Both acquisitions are from the same
MS patient. Compared to MPRAGE, MP2RAGE image is almost entirely free of image bias
and allows detection of MS-related pathology in the pons and cerebellum (yellow arrows).
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3D MP2RAGE (without GBCA)

Figure 3.
Top: T1-weighted 3D MP2RAGE before injection of GBCA. Bottom: T1-weighted 3D

MP2RAGE acquired 5 minutes after injection of GBCA (single dose of gadobutrol). Both
acquisitions are from the same MS patient and performed at 0.7 mm isotropic with the same
sequence parameters: T11 =800 ms, T12 = 2700 ms, FA = 4, 5 degrees, TE=3 ms, TR =
6000 ms, R = 3 (GRAPPA), scan time = 10 min 3 sec.
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T, w axial 2D GRE (250 um in-plane) T, w coronal 2D GRE (250 pum in-plane)

x L=

Figure 4.
T, -weighted 2D gradient-echo sequences performed on two MS patients at 7 T using an in-

plane resolution of 250 um x 250 um, a slice thickness of 1 mm, and 25 contiguous slices.
Image on left (first MS patient) was acquired in an axial orientation and shows multiple
white matter MS lesions with a central vein (arrows). Images on the right (second MS
patient) were acquired in a coronal orientation, and minimum intensity projection was
performed for the image on top. The “fan-shaped’ distribution of the deep medullary veins
(top image, dashed boxes) and the oblique course of a vein running centrally through a MS
lesion (bottom image, yellow arrow) are illustrated. Main sequence parameters were: FA =
50 degrees, TE = 20 ms, TR = 1300 ms, R = 2 (GRAPPA), scan time = 8 min 40 sec.

J Magn Reson. Author manuscript; available in PMC 2019 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sati

Page 17

3D EPI (0.5 mm isotropic)

Coronal Sagittal

\\

Figure 5.
T,"w multi-shot EPI sequence performed on a MS patient at 7T using 0.5 mm isotropic

voxels. Whole-brain coverage was achieved in less than 8 min. Multi-planar reconstruction
allows visualization of a central vein within a deep white matter lesion (yellow arrows in
magnified views). Main sequence parameters were: FA = 10, TE =23 ms, TR = 52 ms, EPI
factor = 15 (echo train length of ~ 26 ms). This multi-shot EPI acquisition provides a 15-fold
acceleration compared to a GRE acquisition at similar resolution and TR.
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T;w 3D GRE T,w 3D MP2RAGE
(0.5 mm isotropic) (0.5 mm isotropic)

P .

Figure 6.
Left: To*-weighted 3D gradient-echo acquired at 0.5 mm isotropic. Main sequence

parameters: FA = 70 degrees, TE = 33 ms, TR = 4095 ms, R = 2 (SENSE), 60 axial slices,
scan time = 13 min 28 sec. Right: T1-weighted 3D MP2RAGE acquired at 0.5 mm isotropic.
Main sequence parameters: TI1 = 1000 ms, TI2 = 2700 ms, FA = 4, 5 degrees, TE = 3 ms,
TR = 6000 ms, R = 3 (GRAPPA), scan time = 10 min 32 sec. A small (intra) cortical lesion
is depicted on both contrasts (yellows crossbars) in this MS patient.
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