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Abstract

Purpose: Registration of functional and structural data poses a challenge for
high-resolution fMRI studies at 7 T. This study aims to develop a rapid acqui-
sition method that provides distortion-matched, artifact-mitigated structural
reference data.

Methods: We introduce an efficient sequence protocol termed T1234, which
offers adjustable distortions. This includes data that match distortions of func-
tional data and data that are free of distortions. This approach involves a
T, -weighted 2-inversion 3D-EPI sequence with four combinations of read and
phase encoding directions optimized for high-resolution fMRI. A forward Bloch
model was used for T; quantification and protocol optimization. Fifteen par-
ticipants were scanned at 7 T using both structural and functional protocols to
evaluate the use of T1234.

Results: Results from two protocols are presented. A fast distortion-free proto-
col reliably produced whole-brain segmentations at 0.8 mm isotropic resolution
within 3:00-3:40 min. It demonstrates robustness across sessions, participants,
and three different 7 T SIEMENS scanners. For a protocol with geometric distor-
tions that matched functional data, T1234 facilitates layer-specific fMRI signal
analysis with enhanced laminar precision.

Conclusion: This structural mapping approach enables precise registration
with fMRI data. T1234 has been successfully implemented, validated, and tested,

and is now available to users at our center and at over 50 centers worldwide.
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1 | INTRODUCTION

High-resolution fMRI promises to reveal fine-scale neu-
ral information flow across layers and columns. How-
ever, common approaches of high-resolution fMRI with
Cartesian EPI are limited by EPI phase artifacts dom-
inantly from eddy-current induced trajectory imperfec-
tions and By-related geometrical distortions. A survey
by the International Society for Magnetic Resonance in
Medicine (ISMRM) brain function study group found
that the most limiting factor of high-resolution fMRI is
image registration.! This is despite the fact that researchers
commonly invest significant time (10 min) in acquiring
high-quality anatomical data with MP2RAGE.?

In this study, we build on previous works.>!? by
developing, implementing, characterizing, and validating
a novel acquisition method: T1234, involving T;-weighted
acquisition with two inversions using a 3D EPI readout in
four spatial encoding directions. This sequence provides
structural reference images with high anatomical contrast,
adjustable geometrical distortions, and mitigated artifacts
in 3 to 4 min.

1.1 | Historical heritage
of magnetization-prepared EPI

Since the advent of EPI-based fMRI,!>!* geometric distor-
tions have been a recognized challenge and have subse-
quently been addressed through dewarping techniques.!
T,-weighted EPI protocols were introduced approximately
the same time.!®'8 With 7T fMRI at higher resolution,
Huber et al.? used T;-weighted EPI in first attempts to esti-
mate voxels of upper and deeper layers in the distorted
functional space of constraint fMRI slabs. High-resolution
T;-EPI was then combined with more advanced strategies,
including slice-wise inversion time cycling for broader
2D-EPI coverage,>® simultaneous multi-slice readouts,’
3D-EPI, and multi-shot readouts.®'%' Van der Zwaag
et al. named their approach T123, referring to T;-imaging
with two 3D-EPIs. The ability of obtaining maps of quan-
titative estimates of T; can be helpful for fMRI with
respect to reproducibility across scanners and vendors.
It might allow contextualization of the fMRI results
with the participant-specific cortical laminar myeloar-
chitecture. Further, T;-EPI developments have combined
advanced 3D-EPI techniques with alternative magneti-
zation transfer-preparation methods.*!° These advance-
ments, achieving sub-millimeter resolutions on 7 T scan-
ners, were driven by the goal of facilitating mesoscale
layer-fMRI analyses. However, none of these approaches
has yet gained widespread adoption. It is unclear why that
is. We suspect that this is largely because of the inherent

noise in EPI, which typically demands long acquisition
times and averaging. Moreover, some noise sources stem
from consistent EPI trajectory imperfections, which can-
not be mitigated through averaging alone.

Our work here builds on the method by Stirnberg et al.?
They had developed a Look-Locker inversion-recovery
3D-EPI sequence for efficient T; mapping. Here, we use
the developed sequence, including the loop structure of the
multi-shot 3D-EPI. We further optimize this technique by
integrating multi-phase encoding directions,'* interleaved
dual-polarity readouts,'’?* contrast-to-noise ratio (CNR)
optimizations by means of TI-specific flip angles that are
larger than in conventional Look-Locker approaches, and
we combined it with a forward Bloch model'® for T; quan-
tification. This sequence is tested for two protocols. A
distortion-matched protocol that allows layer segmenta-
tion in the functional data without spatial warping and a
fast whole brain protocol that can be used with respective
analysis for obtaining data with any desired distortions,
including distortion-free data as well as matching distor-
tions to functional data.

2 | METHODS

We tested the T1234 sequence in 15 MRI sessions across
three 7T scanners: two SIEMENS Terra scanners and
one SIEMENS 7T Plus scanner. MRI data were acquired
under the National Institutes of Health-institutional
review board (NIH-IRB) (93-M-0170, ClinicalTrials.gov:
NCT00001360).

2.1 | Acquisition
We used a highly segmented 3D-EPI sequence with inver-
sion preparation and high resolution readout. The EPI
readout is used with multiple combinations of gradient
polarities to quantify and correct for geometric distortions
and EPI ghosting artifacts.

The use of two polarities of the read gradient allows
mitigating typical EPI low spatial frequency artifacts,
known as “fuzzy ripples,” which result from imperfections
in k-space trajectories and off-resonance effects.!*-2!

Two images acquired in reverse phase encoding
directions have opposite distortions. The adjustable
EPI-segmentation level and phase bandwidth in T1234
can be matched to the effective echo spacing of the
functional data, thereby aligning distortions at the acqui-
sition level. Alternatively, with distortions in opposite
directions, researchers can estimate the distortion field
and retrospectively synthesize any desired level of geo-
metric warping, similar to the TOPUP method,?? here
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implemented in Analysis of Functional Neurolmages
(AFNI).

Key protocol parameters across experiments included:
0.8mm isotropic resolution, skipped-CAIPI” 1x 3zl,
EPI-segmentation factor of 14,%' matrix size of
232 x232x 186, and a phase partial Fourier factor of 6/8.
We used a relatively high EPI-segmentation factor to min-
imize distortions and T,*-blurring. For a complete list of
parameters, see: https://github.com/layerfMRI/Sequence
_Github/tree/master/T1234 (tag: T1234release). The loop
structure of this sequence®?! is illustrated in Figure 1 for
the proposed protocol.

We used two approaches to obtaining distortion
matched T;-weighted structural data for subsequence
layer-fMRI that we aimed to investigate here.

2.1.1 | Retrospectively distorting highly
segmented acquisitions to match distortions
of functional data

EPI data with opposite phase encoding allows a retrospec-
tive estimation of the local distortion field. Knowing the
effective echo spacing of the functional data, the T1234
data were deliberately warped to match the distortion of
the functional data. Different to conventional TOPUP-like
distortion correction in fMRI, a high EPI-segmentation
factor can be used in T1234 to mitigate common shortcom-
ing of within voxel dephasing contaminations.

A total of 15 participants were scanned with this
“retrospective distortion-matched approach.” The full
parameter list is compiled in the protocol repository
as: T1234_retrospectively_distrotion_matched_oblique.
IR related parameters: TI1/TI2/TE/TRshot/TRIR =930/
2368/8/23/3097 ms, Flip angle (FA)=10°.

2.1.2 | Acquiring structural data
with matching distortions

The bandwidth, EPI-segmentation, and undersampling
factor R of the T1234 protocol can be adjusted to match
the effective echo spacing of the functional data. This
means that T1234 is inherently distortion-matched to the
functional data.

Five participants were scanned with this “acquisition
distortion-matched approach,” two of these participants
also performed a functional task with visual stimulation in
the same session. In these experiments, we kept the effec-
tive echo spacing identical to that of a conventional fMRI
protocol for 7 T at standard resolutions.??

The most relevant parameters are: resolution 0.8 mm,
effective echo spacing 0.35ms, and total acquisition

3:30 min. The full parameter list is compiled in the protocol
repository as: T1234_acquisition_distortion_matched.

The Inversion recovery (IR) related parameters are:
TI1/TI2/TE/TRghot/ TRigr = 1378/3793/26/78/5050 ms,

FA =10°.

The acquisition parameters of the functional pro-
tocol are listed in the repository https://github.com
/layerfMRI/Sequence_Github/blob/master/T1234
/functional_protocol.pdf (tag: T1234release). Most impor-
tant parameters are: SS-SI VASO,® TRyol/TRpair/ TE/TI1/
TI2=1690/4336/25/1345/3044 ms, 0.75mm iso voxels,
R=3.

The temporal stability of the sequence was assessed
with a temporal Signal to Noise Ratio (tSNR), 2 experiment
containing 40 volumes at volume TRs of 52's and acquisi-
tion times of 35 min using one single phase encoding direc-
tion (subjects n = 2), using a protocol like for “retrospective
distortion-matching protocol.” tSNR was estimated after
motion correction for individual read directions and then
averaged for both read directions.

To explore T1234’s capabilities for even higher res-
olutions, we investigated data acquired in another
study at 0.47mm resolutions'? (protocol parameters:
https://github.com/layerfMRI/Sequence_Github/tree
/master/Terra_protocolls/0p47mm, tag: T1234release).

As reference, MP2RAGE? was acquired with an imag-
ing protocol commonly used in layer fMRI studies: no B;*
correction, TR =4.5s, resolution 0.8 mm, FAs=4/5 (see
MP2RAGE.pdf in Github reference).

2.2 | Reconstruction and analysis

Complex-valued averaging was performed after parallel
image reconstruction and coil combination using IcePat.?*
IcePat is a vendor implementation of GRAPPA that allows
reconstruction of 3D k-space data with phase encode
undersampling in two directions with CAIPI FOV shifting
between EPI-segments (also known as hexagonal sam-
pling). Nyquist ghost correction was carried out using
the vendor’s standard two-parameter implementation.2>-27
The same navigator and GRAPPA reference data were
used for both EPI read polarities. For each phase encoding
direction polarity, a different set of phase navigators and
GRAPPA reference data was acquired and used.

Motion correction of complex-valued image space data
was performed using ANTS.?® Specifically, we averaged
the real and imaginary parts of the complex valued sig-
nal across images that were acquired with inverse read
gradient polarities. Because the EPI ghost is having an
opposite phase across read gradient polarities, this aver-
aging cancels the ghost and retains the signal. Finally,
real and imaginary parts were converted to estimate
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(A) Sequence looping structure and protocol details
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FIGURE 1  Sequence diagram and corresponding expected magnetization. (A) Individual panels are zoomed-in sections of one
complete volume acquisition of a given read and phase polarity combinations. This illustrates the sequence looping structure across
interleaved multi-shot EPI-segments, inversion recovery cycles, kz planes, and ky lines. This entire cycle of a volume acquisition is repeated
four times, incorporating all combinations of reversed read and phase directions. (B) This panel schematically depicts the Bloch model that
represents the expected Mz magnetization in the inversion-recovery cycle with non-selective excitation pulses. The saw-tooth pattern in the
zoomed-in section results from the EPI-segment-specific excitation flip angle. The two distinct apparent relaxation EPI-segments correspond
to two different flip angles for the first and second inversion times. (C) Based on this Bloch model, the expected gray matter-white matter
contrast-to-noise ratio (CNR) can be parameterized as a Gaussian propagation of uncertainty. Gray matter (GM) and white matter (WM) refer
to the signal intensity of the respective issue compartments, here estimated as My, components right after the excitation pulse. CNR is
estimated following the equations in appendix 2 of the MP2RAGE paper.? The contrast is defined as the relative signal difference between GM
and WM (in units of —1 to +1) for linear functions, with independent variables (GM signal and WM signal). (D) This panel shows the CNR as
a function of the two flip angles for the first and second inversion times, respectively. The local maximum is highlighted with a red dot.
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magnitude images as the square root of the sum of squares.
Layers were extracted using the Layer-Toolbox framework
(Barilary:  https://github.com/marcobarilari/layerfMRI
-toolbox) with LayNii v2.6.0,% FreeSurfer®® v7.4.1, and
PreSurfer 1f5ad28 as a wrapper for SPM12 tools.*! Geomet-
ric distortions were estimated and applied as in TOPUP?
with the AFNI program 3dQwarp. Specifically, the images
of opposing phase gradient polarities were used to esti-
mate a distortion field for the effective echo spacing of the
T1234 acquisition. This spatial distortion field was multi-
plied to match the effective echo spacing of the functional
data to obtain a distortion-matched dataset. In a copy of
the data, the inverse of the distortion field was applied
to match distortions with a hypothetical echo spacing of
zero. This was done to obtain distortion free reference
data for comparison.

2.3 | Bloch simulations for sequence
optimization and T; estimation

To predict the optimal distribution of variable flip angles
across the inversion-recovery evolution, based on the
used loop structure (Figure 1,2), we implemented a

(A) Four combinations (2x2) of gradient polarities are merged:
each of two read polarities with each of two phase polarities

Read: reverse
Phase forward

Read: forward
Phase forward

Read: reverse
Phase reverse

Read: forward
Phase reverse

\
|
Reverse read: Different ghosts

same distortions

N

Reverse phase: Same ghosts, Different
distortions.

O distortions O Fuzzy Ripples

FIGURE 2
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forward Bloch simulation. This simulation allowed us
to determine the excitation flip angles that provide the
maximum CNR between gray matter and white matter
(Figure 3). The Bloch solver was also used to generate
a lookup table (Figure 3A) that converts relative signal
changes to physical units of T; in milliseconds. Given
that the protocol used here uses relatively large flip angles
(>10°), a simple Look-Locker analysis approach that
assumes small flip angels is not justified. The spin-history
of each readout alters the T-relaxation curve depend-
ing on local B; inhomogeneity-dependent excitation flip
angles. As a first-order approximation of locally depen-
dent Mz-saturation, we used a universal low-resolution
template B; map, previously obtained across the cortex
in 20 participants with 2mm MAFIL>*? Simulation code
and analysis scripts are available at: https://github.com
/layerfMRI/repository/tree/master/T1234.

3 | RESULTS

Figure 2 depicts representative results from one partic-
ipant. The signal maps from the first inversion time
show strong gray matter-white matter (GM-WM) contrast

(B) Automatic
segmentation

Freesurfer

Merging four combinations of read and phase polarity imaging for tissue-type segmentation. (A) Example image showing

artifacts that are mitigated by combining read and phase polarities. The ellipses highlight artifact levels that are benignly inverted by

reversing read and phase polarity. Green ellipses indicate “fuzzy ripples”, a low spatial frequency artifact caused by gradient trajectory

imperfections at EPI ramp-sampling corners. For an animated version of this figure that more clearly depicts the fuzzy ripples, see here:

(https://github.com/layerfMRI/repository/blob/master/T1234/animation_2.gif. (B) After combining the four images, the data can be

processed through mainstream automatic segmentation pipelines. Representative results from FreeSurfer and SPM are shown, respectively.
T1234 data in this figure were scanned with protocol parameters as described in the “retrospectively distortion-matched approach.”
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measured T,-weighted image
(A) el ¥

Bloch model for look-up table

wui®

FA ']
Assumed template B,*-distribution
(based on representative cohort)

(€)

2% histogram
across voxels

MP2RAGE

T1234

1%

500 1000 1500 2000 T,inms

(D) T1234 at 0.47mm: example how T1234 can be used
to inform layer-fMRI studies by normalizing relative
cortical depth to cytoarchitectonic layers.

T,-Map
(MP2RAGE)
TA: 9:58 min

T,-Map
(T1234)
TA: 3:40 min

in s 2.2

Local dip indicatingJ
location of layer Va |

\

|

|
i relative depth W

FIGURE 3

T; quantification for the T1234 approach. (A) The Bloch solver (Figure 1B) is used to generate a lookup table of expected

relative MR signal intensities for T; tissue types at both inversion times, depending on TR, flip angle (FA), and the Inversion recovery (IR)
looping structure. (B,C) Representative T; map and corresponding histogram generated using the proposed approach, compared to a T; map
generated with MP2RAGE. The gray matter (GM) and white matter (WM) peaks are largely identical. (D) Example application of
slab-selective T1234 for layer-fMRI. At higher spatial resolutions for layer-specific mapping, T1234 can be used to identify myeloarchitectonic
landmarks to calibrate cortical depth to layers. Although lacking a ground truth of the laminar T;-profile, the existence and the location of
the dip matches myeloarchitecture compared in previous research.3>3¢ T1234 data in this figure were scanned with protocol parameters as

described in the “retrospectively distortion-matched approach.”

and good SNR with minimal graininess. However, these
images also display conventional EPI artifacts, includ-
ing geometric distortions and “fuzzy ripples” (Figure 2A).
By combining data from multiple read and phase polar-
ity directions, these artifacts can be mitigated, making
the images suitable for standard tissue segmentation
(Figure 2B).

Figure 3A illustrates how T1234 data can be used
to estimate quantitative T;-values. This is done by using
a lookup table derived from a forward Bloch model to
convert measured signal ratios of TI1 and TI2 into T,
values in milliseconds. The resulting T, values are com-
pared with those derived from MP2RAGE (because this
is what is typically available for fMRI studies) as maps
(Figure 3B) and as histograms (Figure 3C). Slight devi-
ations might arise because of unmodeled magnetization
transfer effects during the readout in either sequence,
potentially incomplete inversion efficiency, imperfections
in the MP2RAGE T; model for relatively short TRs (4.5s),
lack of B;* transmit field inhomogeneity correction in

MP2RAGE, inaccuracies in flip angle estimation in the
T1234 Bloch model based on the universal B; distribu-
tion approach used here. More investigations are needed
to be sure.

Quantitative T; mapping can be valuable for cali-
brating geometric cortical layers® to myeloarchitectonic
layers,>* using the shape of quantitative T; profiles as
anatomical landmarks. This is exemplified in Figure 3D
with a modified slab-selective high-resolution T1234 pro-
tocol at 0.47 mm isotropic.

We found that the tested T1234 protocol can be
repeatedly applied across participants, sessions, scanners
(Figure 4A), and runs (Figure 4B).

To demonstrate the value of the distortion-matched
T1234 sequence for layer-fMRI research, we compared
laminar fMRI signal pooling using T1234-derived tis-
sue borders with signal pooling using conventionally
derived MP2RAGE borders. Figure 5 shows that laminar
Vascular Space Occupancy (VASO) signal pooling from
distortion-matched T1234-derived layer segmentation
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Stability of T1234

(A) Stability across scanners and across participants
(two SIEMENS Terra and one 7T plus scanner)

& ‘,%
& Terra
NIMH

FIGURE 4
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(B) run to run
stability

Stability of T1234. (A) Depicts T1234 images across 15 scan sessions, showing repeatable applicability across participants

and different scanner models. The protocol reliably provides strong T; contrast. For all of these participants, segmentations could be

estimated. These data were acquired with the acquisition protocol that was optimized for potential retrospective distortion matching. Here,

the distortion-free data are shown. (B) Shows run-to-run stability of the protocol in the form of temporal Signal to Noise Ratio (tSNR) maps

(top), calculated as the mean (bottom) divided by the standard deviation. T1234 data in this figure were scanned with protocol parameters as

described in the “retrospectively distortion-matched approach.” Detailed zoomed in 3D data can be explored in shared nifty data (see data

sharing statement).

retains spatial signal modulation across cortical depth
with higher spatial fidelity.

4 | DISCUSSION

4.1 | Importance of high-precision tissue
type segmentation

Current high-resolution fMRI studies are often con-
strained by precision of knowing which functional vox-
els refer to which cortical layer. Inaccuracies can arise
from two main sources (1) misregistration of the structural
and functional data and (2) inaccuracies in segmentation.
The method provided here is aiming to improve the final
segmentation quality in functional data by means of mit-
igating misregistrations. Previous research has reported
that manual correction of automatic and semi-automatic
segmentation approaches require extensive labor.3”-8 This
bottleneck in high-resolution fMRI has been recognized
by the ISMRM Brain Function Study Group as the
most significant challenge in mesoscale fMRI. Our T1234
method has the potential to overcome this challenge by
achieving high precision without the residual constraints

and artifacts associated with other EPI-based structural
mapping protocols.

4.2 | Optimizing this general T1234
protocol for special cases

Our T1234 approach is optimized for applications in
layer-fMRI and whole-brain coverage. Although this
protocol facilitates straightforward use of FreeSurfer
pipelines, it may be less efficient for applications focused
solely on individual brain areas. For such cases, optimiz-
ing the acquisition protocol for higher resolutions and
smaller FOV prescriptions, as demonstrated in Figure 3D,
might be more efficient. When even faster acquisitions
are needed, higher acceleration factors might be preferred
as well.

4.3 | Limitations of universal B,
calibration

The protocol used here enables quantitative T; estimation
in milliseconds, assuming a universal B;* pattern. This
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Suggested usage of T1234 in layer-fMRI

Activation in EPI space Freesusfef segmentation

Layers from:LayNii
from{VP2RAGE stréctural ; ~

fMRI activation Layer-fMRI profile segmentation segmentation
from MP2RAGE from T1234

© 2 2
o c
= o
o @
= o
S =1
o o
g =
CSF WM
___conventional ___ T1234
segmentation segmentation

participant 17

fMRI response
D

CSF WM
FIGURE 5 Proposed usage of T1234 for high resolution layer-fMRI applications. Conventional layer-fMRI activation mapping typically
uses MP2RAGE structural reference data. These structural reference data are segmented in software tools like FreeSurfer to estimate layers
for the extraction of activation scores across cortical depth. However, if the alignment between tissue-type borders (as derived from structural
reference data) does not perfectly match the locations of functional activation data, the resulting layer profiles are compromised. The panels
for participants 16 and 17 illustrate two challenges of the conventional layer-mapping approach. The orange arrows point to layer-specific
VASO activation patterns that follow the cortical ribbon at unique cortical depths. However, when these signals are pooled from compromised
segmentation borders of conventional structural reference data, the depth-dependent peaks are blurred. When segmentation borders have
higher spatial precision from T1234 data, the peaks of depth-dependent activations become visible in layer profiles. The turquoise overlay
refers to Freesurfer segmentations in voxel-space (aka rim) as used for layerification in LayNii. T1234 data in this figure were scanned with
protocol parameters as described in the “acquisition distortion-matched approach.” Functional acquisition parameters are included in the
protocol “functional_protocol.pdf” in https://github.com/layerfMRI/Sequence_Github/blob/master/T1234 (tag: T1234release).

method has been effective for B;* shimming in previous  landmark identification, as demonstrated in Figure 3D,
studies,® but it may not fully account for participant-  applications requiring more precise T; quantification
specific local deviations from the representative mean. might benefit from acquiring a participant-specific B;
Although this approach is sufficient for anatomical map. This can typically be done in under a minute.

:sdny) suonipuo)) pue suua], gy 98 *[$707/90/S0] U0 K1eiqry auruQ Laip ‘(FINZA) “A @ UdSunyuen{Ig eIUaSopOINAN Iy WNHUIZ SAYISINA Kq (OOE WLIW/Z00 (1 /10p/w0d KoM KIeiqrpaur[uo//:sdiy woly paprofumo(] ‘7 ‘Sz0T ‘$6S7Tes|

PUEB-SULIA)/WOY KA1,

ASUADI'T suowwo)) Aneax) d[qearidde ayy £q pauraAos axe sa[dnIE YO t9sn Jo sa[nI 10§ AIRIQIT dUIUQ KI[IAY UO (SUO



KAN ET AL.

. . - 721
Magnetic Resonance in MedlcmeJ—

44 | Limitations of EPI

The high segmentation factor proposed in this protocol
allows for relatively short echo train lengths of 14 lines
per shot, with an image TE of 8 ms. Although this is
significantly shorter than conventional EPI readouts, it
remains longer than those used in conventional FLASH-
based structural protocols. As a result, the T1234 approach
is more susceptible to fast signal decay induced by sus-
ceptibility gradients, particularly in brain regions with
significant B, inhomogeneity near air cavities. Here,
we proposed two independent protocols. The specific
acquisition protocol that relies on retrospectively distort-
ing highly segmented acquisitions to match distortions
of functional data is less sensitive to such B, issues.
However, it must be noted that it requires retrospec-
tive distortion estimation and amplification to match the
functional space.

Because, EPI-distortions are dependent on local
Bo-inhomogeneities, the resulting alignment (and seg-
mentation) contractions are particularly challenged in
brain areas close to air cavities. If these areas are of partic-
ular interest, fMRI studies might particularly benefit from
T1234 protocols.

5 | CONCLUSIONS

EPI-based acquisition of structural reference data has
the potential to address registration challenges in
high-resolution fMRI studies. However, such approaches
have not gained widespread adoption. This is suspected
to be because of EPI artifacts associated with functional
scanning, which diminish the appeal of using these meth-
ods for structural reference. In this study, we propose
an EPI readout approach with multiple combinations
of read and phase encoding polarities that addresses
two critical limitations: distortion and artifact levels.
Our protocol offers a fast, whole-brain scan in just 3 to
4min and has proven to be robust for tissue type seg-
mentation across different participants and scanners.
This sequence is available for sharing on 7T SIEMENS
scanners and is currently being used by over 50 sites
worldwide.
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