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Background: 7T MRI received FDA/CE clearance almost 7 years ago.
However, until today, it has not yet been widely adopted in clinical
routine. This is mainly due to B1 field inhomogeneities that impede whole-
brain coverage. Moreover, the long scan times often associated with high-
resolution imaging are an additional limiting factor.

Purpose: To combine calibration-free parallel transmit technology (pTx)
using universal pulses (UP) with advanced imaging acceleration strategies
to achieve homogenous multicontrast 7T MRI with whole-brain cover-
age and high spatial resolution in short scan time.

Materials and Methods: Ten healthy volunteers were scanned both with
conventional vendor-provided sequences and with custom sequences for
anatomical whole-brain imaging [T1-weighted, T2-weighted, FLAIR, and

susceptibility-weighted]. The scan times for the 2 anatomical protocols
were matched (25 minutes). In addition, a quantitative MRI protocol
[multi-parametric mapping (MPM) and chemical exchange saturation
transfer (CEST)] was scanned twice using custom sequences with con-
ventional (circular polarized) and UPs, respectively, in a scan time of
2×25 minutes. Moreover, 4 patients with different neurological diseases
were scanned, namely temporal lobe epilepsy, spinocerebellar ataxia,
cerebral amyloid angiopathy, and glioblastoma. For the patients, only
optimized custom sequences with UPs were acquired.

Results: Compared with conventional implementations, the custom
sequences provide strongly improved image homogeneity and quality with
significantly higher SNR and CNR across the whole brain, including cer-
ebellum and brain stem. Moreover, UPs improve the repeatability of derived
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quantitative parameters. The suggested protocol has additionally been suc-
cessfully demonstrated in 4 patients with different neurological pathologies.

Conclusions: Homogeneous whole-brain 7T MRI with high spatial res-
olution and high image quality is possible in clinically feasible scan times.
The developed protocol can be applied without any expert knowledge
and is ready for clinical use. The approach could largely extend applic-
ability of UHF MRI in neuroradiology paving the way for increased
routine use of 7T MRI.

Key Words: ultra-high field, 7T, 7 Tesla, CEST, MPM, MPRAGE, pTx,

infratentorial structures, neuroradiology

(Invest Radiol 2026;61:404–415)

U ltra-high magnetic fields (UHF) with static magnetic field
strengths of B0

≥ 7 Tesla (T) offer significantly higher signal-to-
noise ratio (SNR) in conventional and advanced MR applications,
such as iron-sensitive sequences as well as metabolic imaging. Thus,
UHF MRI has an enormous potential to detect and monitor
structural and biochemical alterations of the brain at an unprece-
dented level of detail that cannot be achieved with 3T.1–4 However,
these clear advantages are opposed by technical shortcomings that
have hampered a widespread application of UHF MRI to date.
Major limitations are transmit field (B1) inhomogeneities at UHF
which fundamentally degrade image quality, particularly at the
excentric infratentorial brain regions of the field-of-view (FOV), to
such an extent that the diagnostic image quality in those brain
regions limits broader clinical use of UHF MRI until today.5,6 The
B1 inhomogeneities result from radiofrequency (RF) interferences
and dielectric resonances observed at high proton Larmor frequency
(300 MHz at 7T). Image artifacts induced by B1 inhomogeneity can
be mitigated by the parallel transmission (pTx) technology, where
the total B1 field is generated by several independent transmit
channels. It provides the required degrees of freedom to generate
spatially homogenous excitation (flip angle), as needed for most
MRI techniques. However, the B1 field variations are subject-spe-
cific, which needs to be taken into account for the application-spe-
cific pTx RF pulse design. This may require the acquisition of cal-
ibration scans (B0

and B1 field mapping per channel), and numerical
pulse optimization, before the actual examination can start, which
results in prolonged scan times. Although fast B0

and B1 mapping
exists nowadays,7,8 acquisition and pulse-calculation still require on
the order of a minute or more. More importantly, online pulse
calculation is prone to failure due to factors such as motion during
the calibration scans or unsuccessful pulse optimization, for exam-
ple, resulting from segmentation or masking failure, or from
numerical simplification introduced to speed up convergence. To
overcome such problems, several calibration-free approaches have
been suggested, which enable high-quality UHF MRI without the
need of calibration procedures. In this context, so-called universal
pulses (UPs)9 have been proposed, where a database of B0

and
B1-maps from several subjects is used for subject-independent pTx
RF pulse optimization. For this study we acquired a large calibra-
tion database and successfully designed tailored UPs for all custom
sequences, forming a comprehensive protocol for anatomical neu-
roimaging (T1w, T2w, FLAIR, SWI) of the entire brain including
brainstem and cerebellum in consistently high resolution and qual-
ity, complemented by a set of quantitative and metabolic imaging
approaches (QSM, MPM, CEST). In addition, the in-house devel-
oped MRI sequences have enhanced acceleration capabilities. This
is beneficial for high-resolution imaging at 7T, where conventional
spatial encoding either requires long scan times or diminishes image
quality. Compared with scan-time-matched acquisitions with the
vendor-product sequences on the Siemens Terra or 7T Plus systems,
the image quality has been improved with significantly better SNR

and CNR for all considered supra- and infratentorial regions.
Comparisons with product implementations on the new Terra.X
system have not yet been carried out, as such a system was not
available to the authors. This aspect is addressed at the end of the
Discussion section.

MATERIALS AND METHODS

Sequence Design

RF Pulse Design for B
1
Homogenization

A calibration database of high-quality field maps was
acquired for subsequent UP design using the vendor-provided
double-echo 3D-GRE sequence for B0

-mapping and our custom
3D-DREAM for B1 mapping.7 The protocol details are provided
in the supporting information. Currently, calibration data from
82 healthy subjects acquired at 3 different 7T sites (Bonn,
Trondheim, Liège) are included in the database. The presented
results are based on UPs derived from a subset of 30 subjects,
which is sufficiently large to ensure robustness against variations
but yet small enough to maintain manageable computational
demands. We chose an equal number of subjects from each site
by sorting them based on their reference voltage, which is the
most influential factor affecting pulse performance, and evenly
distributed 10 subjects from each site across this range.

The UP design is based on the GRAPE algorithm,10 which
provides short RF pulses, effectively mitigating B1 inhomogene-
ities over the whole brain while minimizing sensitivity to off-
resonance effects. Specifically, UPs were computed for (water-
selective) excitation and inversion,11 spin-echo refocusing,12 and
non-adiabatic inversion for T2-FLAIR imaging.13 Several pTx
methods have been proposed to mitigate the B1 inhomogeneity
for CEST saturation.14–16 In this work, magnetization saturation
for CEST and MPM was realized with the recently published
PUSHUP approach17 – a calibration-free extension of the PUSH
method18 – where saturation homogenization is achieved
through multiple sub-pulses with individually optimized
B1-shims. All UPs were designed by incorporating Specific
Absorption Rate (SAR) limits and, in some cases, sequence
acquisition parameters into account as constraints for the
GRAPE optimization. The UPs can still be applied in case of
SAR-affecting protocol changes (eg, reduced TR), which may
require downscaling of flip angles. In such situations, better
results are usually obtained by redesigning the UPs with different
constraints. Accordingly, just like product sequences typically
provide the user a selection of different circular polarized (CP)
mode pulses, our sequences provide different UP designs for
different target flip angle ranges or SAR constraints.

Anatomical and Quantitative Sequences
Three custom sequences were implemented for anatomical

imaging: MPRAGE for T1-weighted contrast,19 SPACE for
T2-weighted and FLAIR contrast,20 as well as 3D echo-planar imaging
(EPI) for susceptibility-weighted imaging (SWI) which also provides
quantitative susceptibilitymaps (QSM).21Beyond that, the quantitative
MRI protocol consists of custom sequences forMPMandCEST, both
using our fast 3D-EPI readout.22,23 MPM acquires 3 multi-echo
gradient-echo images with different weightings—proton density (PDw),
longitudinal relaxation time (T1w), and magnetization transfer (MTw)
—followed by quantitative analysis to provide parametric maps of T1,

*T2 , PD and MTsat.
24 CEST is a molecular imaging technique that

detects exchangeable protons on low concentration solute molecules
through the water signal by RF labeling of these protons and
subsequent transfer to water protons.25 Targeting at sub-millimeter
isotropic resolution, all custom sequences use 3Dk-space encodingwith

Investigative Radiology � Volume 61, Number 6, June 2026 Ready for Routine

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc. www.investigativeradiology.com | 405



combinations of different acceleration techniques: (i) 2D-CAIPIRI-
NHA parallel imaging along both phase encoding axes, (ii) partial
Fourier, (iii) elliptical sampling, (iv) Echo Planar Imaging (EPI), and (v)
compressed sensing (CS).26 Further details about the sequence
implementation, calibration database, UP design, and image post-
processing are given in the supporting information.

MR Examination

MR Protocol
On the basis of the custom MRI sequences, a comprehen-

sive neuro-MRI protocol with high spatial resolution and short
scan time was implemented on a Siemens 7T scanner (Siemens
Healthineers, MAGNETOM 7TPlus) equipped with an 8Tx/
32Rx head coil (Nova Medical, Wilmington, MA). MPRAGE,
SPACE, FLAIR, and SWI form the anatomical protocol.
Table 1 (top part) shows the protocol parameters for these
contrasts in comparison to a protocol based on vendor
sequences, which were approximately time-matched to our
optimized custom sequences. (Exact matching was not possible
due to limited flexibility of the vendor sequences’ view ordering
and acceleration capabilities). The vendor sequences only serve
as a reference for comparison, such a protocol would not be
utilized in practice. For instance, standard MPRAGE in CP
mode is rarely used at 7T. Instead, the MP2RAGE sequence is
commonly used as it corrects B1 inhomogeneity by signal division
utilizing a second readout.27 Naturally, this comes at the expense
of a prolonged acquisition time. As approximate time-matching
was our goal for the reference protocol, MP2RAGE was not

considered. Inspecting Table 1 in detail, the largest difference
between our custom protocol and the vendor-based reference can
be observed for SWI, where our custom sequence is based on the
advanced 3D-EPI approach, whereas the vendor sequence uses a
conventional gradient-echo (3D-GRE or FLASH) sequence. As
the latter has no EPI-factor for acceleration, a time-matched
protocol with the same coverage is not possible. Thus, we
strongly reduced the head-to-feet FOV of the vendor sequence
for the time-matched acquisition, resulting in a 22mm slab. The
lower part of Table 1 shows the quantitative protocol, that is, the
sequence parameters for CEST and MPM. Note that the CEST
sequence is repeated with two B1 scales for both acquisitions, CP
and UP, to correct for saturation homogenization. Although this
is required for accurate quantification with CP-mode trans-
mission, PUSHUP-CEST provides good quantification results
already with a single scaling, which would half the acquisition
time.17 To have a fair comparison, two B1 scales were used for
both acquisitions. The image reconstruction is performed online
on the MR system for all sequences. Here, a dedicated
reconstruction workflow is used in case of compressed sensing
acquisitions (MPRAGE and SPACE), otherwise the vendor-
provided image reconstruction pipelines are used (cf. supporting
information for more details).

Subject Selection and Examinations
The entire MRI protocol (anatomical and quantitative) was

scanned on 10 healthy volunteers (mean age 28±3.5 years). The
anatomical protocol was acquired with our custom sequences

TABLE 1. Imaging Protocol and Corresponding Sequence Parameters

TA

[min] TR [ms] TE [ms] FOV [mm3]

resolution

[mm] acceleration

pTx-mode flip

angle sequence specific

anatomical
MPRAGE
vendor

5:50 3000 1.9 230x230x172 0.6 GRAPPA 4x1 CP
4 ∘
 

- TI=1.1s

MPRAGE
custom

5:46 3000 2.4 230x230x172 0.6 CAIPI 2x2 z1
ES, CS

UP
4 ∘
 

- TI=1.1s

SPACE
vendor

4.08 4000 369 230x230x172 0.6 CAIPI 3x2 z1
ES

CP
vFA

- vendor vFA

SPACE
custom

4:28 4000 369 230x230x172 0.6 CAIPI 2x2 z1
ES, CS

UP
vFA

- EPG vFA

FLAIR
vendor

6:08 6000 369 230x230x172 0.6 CAIPI 3x2 z1
ES

CP
vFA

- TI=2s
- vendor vFA

FLAIR
custom

6:40 6000 369 230x230x172 0.6 CAIPI 2x2 z1
ES, CS

UP
vFA

- TI=2s
- EPG vFA

SWI
vendor

5:40 31 19 166x202x22 0.4 GRAPPA 3x1 CP
13 ∘
 

- 3D-GRE

SWI
custom

5:38 40 19 204x204x166 0.4 CAIPI 2x2 z1
EF=17

UP
13 ∘
 

- 3D-EPI
- QSM

quantitative
(custom)
MPM UP (& CP) - 3D-EPI
PDw 4:01 33.5 4.6,11.6, 216x216x172 0.6 CAIPI 1x3 z1 4 ∘

  - PUSHUP
T1w 4:01 33.5 18.6,25.6 EF=4,PF=80% 25 ∘

  (-QSM)
MTw 5:39 47.5 6 ∘

 

CEST 7:37 4700 6.7 216x206x180 1.6 CAIPI 4x2 z1
EF=24,PF=75%

UP (& CP)
10 ∘
 

- 3D-EPI
- 44xΔf
- 2xB1
- PUSHUP

The upper part shows acquisition parameters for the custom and vendor anatomical sequences of the anatomical protocol. The lower part shows the sequence parameters
of the quantitative protocol consisting of the MPM and CEST acquisitions, which both take advantage of fast 3D-EPI readout and PUSHUP for homogenous saturation.
Resolution denotes the isotropic voxel size for all sequences.

CP indicates circular polarized; CS, compressed sensing; EF, EPI factor; ES, elliptical sampling; FOV, field-of-view; TA, acquisition time; TE, echo time; TI, inversion
time; TR, repetition time; UP, universal pulses; vFA, variable flip angle.
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and with the time-matched vendor sequences. The custom

quantitative sequences, CEST and MPM, were scanned with

UP pTx and conventional CP mode on all healthy volunteers. In

addition, a test-retest repeatability study was performed for the

quantitative protocol on 3 healthy volunteers. Here, the CEST

and MPM sequences with CP-mode and UP transmission were

scanned twice with a short break and repositioning of the subject

in between. To estimate the precision of the quantitative

parameters, the voxel-wise coefficient of variation (COV)

between test and retest scans was calculated. More details are

given in the supporting information.
Four exemplary neurological patients were studied with a

protocol limited to the optimized custom version to keep the
burden on patients low. Patient 1 was a 30-year-old female with
temporal lobe epilepsy due to left hippocampal sclerosis. Patient
2 was a 67-year-old male patient with a genetically confirmed
spinocerebellar ataxia type 3 (SCA3). Patient 3 was a 62-year-old
male with a probable cerebral amyloid angiopathy according to
the Boston criteria 2.0.28 Patient 4 was a 59-year-old female
patient with a newly diagnosed glioblastoma. All subjects gave

their informed consent following local institutional review board
regulations in accordance with the Declaration of Helsinki.

RESULTS

Healthy Controls
Figure 1 shows representative intraindividual T2 FLAIR

images obtained with the custom and vendor sequence,
respectively. The close-up views demonstrate the superior image
homogeneity in the cerebellum as well as the improved contrast
and image quality for the custom sequence. Homogeneity and
contrast improvements mainly result from the UPs, whereas
reduced parallel-imaging artifacts and reduced noise can be
attributed to the improved acceleration and reconstruction
techniques. Together this leads to improved overall image
quality. The lower part of Figure 1 shows that these improve-
ments were observed consistently across all subjects. Figure 2
provides an overview of all contrasts from the anatomical
imaging protocol for one healthy volunteer, again intraindivid-
ually comparing images from the respective custom and vendor

FIGURE 1. Intraindividual comparison of FLAIR images obtained with the vendor and custom sequences. The close-up views in the top panel
highlight the superior image homogeneity and quality of the custom FLAIR. In the bottom panel, the coronal views of pairwise intraindividual
comparisons demonstrate that image quality impairments due to CP-mode acquisition occurred consistently with the vendor sequence, whereas
image quality and homogeneity could be improved reliably with the custom sequence in all healthy subjects.
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sequences. Image inhomogeneity in infratentorial regions is
apparent for all vendor sequences due to conventional CP-mode
transmission. Figure 3 depicts QSM and SWI post-processing
results acquired with the custom 3D-EPI sequence. Here, the
high spatial isotropic resolution of 0.4 mm allows to visualize fine
anatomical details. Table 2 shows ROI group analysis results for
the anatomical imaging protocol. The SNR of the custom
MPRAGE sequence is strongly improved in comparison to the
vendor implementation, which results from the enhanced image
acceleration capabilities of the custom sequence. The SNR
improvement of custom sequences is also present for all other
contrasts, although to a lesser extent. Moreover, all WM/GM
contrast metrics were improved in all sequence comparisons
(except for SWI, which does not target WM/GM contrast).

Figures 4, 5 show representative results from the quantita-
tive imaging protocol for the custom CEST and MPM
sequences. Both figures compare UP versus CP-mode trans-
mission, where especially the CEST maps underline the

importance of pTx for whole-brain homogenization. Overall,
excellent quality can be observed for all quantitative MRI maps
obtained with UPs. Results of the statistical group analysis are
provided in the supplementary material (Table S1, Supplemental
Digital Content 1, http://links.lww.com/RLI/B82). Figure 6
shows representative results from the test-retest study with the
quantitative imaging protocol. As can be seen from the plot, low
COVs on the order of 10% and, therefore, reasonable repeat-
ability is observed for most parameters. Only the COV of MPM-
MTsat is substantially larger, which means that this parameter is
difficult to estimate at 7T, as previously reported in a CP-mode
study.23 Other high-resolution 7T studies tend to omit MPM-
MTsat estimation but yield similar COVs for the other MPM
parameters.29 Most important for this study is the improvement
(ie, lower COVs) obtained with UP instead of CP transmission,
which can be especially observed in the cerebellum for several
contrasts (cf. Fig. 6). A detailed region-of-interest group analysis
is provided in the supplementary material (Table S2,

FIGURE 2. Anatomical images of one healthy volunteer. The columns compare sagittal, coronal, and axial views of acquisitions with vendor and
custom sequences, respectively. The rows show contrasts obtained with different sequences: T1-weighting with MPRAGE, T2-weighting with SPACE,
fluid-suppressed T2-weighting with FLAIR, and SWI with 3D-GRE (vendor) and 3D-EPI (custom). The vendor SWI can only cover a small FOV in the
same acquisition time as compared with the custom SWI (cf. Methods section).
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Supplemental Digital Content 1, http://links.lww.com/RLI/B82),
which shows that UP transmission results in lower COVs than
CP transmission for most of the quantitative parameters and
especially in infratentorial brain regions.

Patient Examples
The four patient cases underline the feasibility of the protocol

and demonstrate high whole-brain image quality (cf. Fig. 7) in
various neurological diseases, namely hippocampal sclerosis in
epilepsy, degeneration of deep cerebellar nuclei and infratentorial
atrophy in hereditary ataxia, microbleeds in cerebral amyloid
angiopathy, and left-sided temporal glioblastoma.

DISCUSSION
The availability of UHF MRI is steadily increasing, and it

has been CE/FDA approved for neuro and musculoskeletal
(MSK) diagnostics (fall 2017). The advantages of UHF MRI

with improved SNR and CNR for imaging of anatomical details
in high resolution are evident. Moreover, metabolic imaging
approaches benefit in particular from the higher field strength
and increased spectral resolution, as shown by numerous
applications in neurological diseases.5,30

However, at the same time, the high field strength is
associated with technical limitations that impede homogenous
image quality across the entire brain. Accordingly, its widespread
use in clinical routine is still limited. In this study, we
demonstrated that fast high-resolution whole-brain neuro-MRI
is feasible at 7T. The presented UHF neuroimaging protocol is
based on custom MRI sequences that utilize pTx excitation with
“plug-and-play” universal pulses (UPs) and advanced spatial
encoding acceleration, enabling high-quality and artifact-free
whole-brain imaging in short scan time. The comprehensive one-
hour protocol consists of 4 structural scans (T1-w, T2-w, FLAIR,
SWI) and 2 quantitative scans (MPM and CEST) providing
tissue parameter maps and metabolic information. Compared

FIGURE 3. SWI and QSM images of one healthy volunteer, reconstructed from the custom 3D-EPI acquisition at 0.4 mm isotropic resolution. A–E,
show views at different heights and reslicing angles as indicated in the whole-brain sagittal view (top left). Rows 2–4 show magnified views as
indicated in the top row. From top to bottom: ∗T

2
-weighted magnitudes of preprocessed data (row 1), after complex-valued denoising (row 2),

corresponding SWIs and 5.6 mm minimum intensity projections (minIP) in selected views (row 3), and quantitative susceptibility maps (row 4).
From left to right, the dentate nucleus, red nuclei, substantia nigra, striatum incl. pallidum, medullary veins and the motor cortex with cortical veins
are displayed at high resolution and contrast in the different maps.
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with conventional approaches at 7T all contrasts demonstrated
significantly improved SNR and CNR in all regions considered.
In addition, UPs improve the precision of derived quantitative
parameter maps, as shown in test-rest experiments.

In all patient cases, UPs lead to homogeneous tissue
contrast and parameter quantification throughout the brain,
also for the case of a large tumor (cf. Fig. 7D). We are
currently collecting more data to investigate the UP perform-
ance in patients. So far, we have not observed a single case
with remaining B1-induced image inhomgeneities. We attribute
this to two important properties of our UP design: first, a large
database of high-quality calibration data with diverse anatomy
is used, and second, UPs are designed with the largest possible
number of degrees of freedom (DoF) using the GRAPE
algorithm.10 With respect to the first property, it seems that
the B1 variability due to different anatomies in the database is
sufficient to cope with the B1 variability caused by lesions—this
observation is not surprising considering the smooth, person-
specific variations in B1, which are typically little affected by
pathology. On the basis of our experience, the second property
is, however, even more important: “general UPs” such as
GRAPE fully exploit the pTx dynamics by arbitrary simulta-
neous gradient and channel-wise RF waveforms. This results
in short, optimized pulses that are less sensitive to off-
resonances, for example, compared with kT-points or SPINS
pulses.31,32 The computation of these pulses takes several
hours or up to several days in case of a large database, even
when utlizing fast multiprocessing computers. As UPs are
precomputed, the calculation time is not relevant for clinical
applications, where UPs lead to fast, robust and calibration-
free B1-homogenization. In addition to these promising
properties of UPs, there have also been remarkable recent
advances in subject-specific pulse design. The FOCUS
approach originally proposed online-customized pulses for
the MPRAGE sequence, which are initialized by kT-points
UPs.33 FOCUS pulses are quickly calculated online utilizing
fast patient-specific B1 and B0

calibrations scans, resulting in
better performance than the initial UPs. However, so far it has
not been investigated if rapid online-calculated pulses can also
improve more sophisticated general UPs such as GRAPE.
More recently, FOCUS pulses were proposed for T2-weighted
imaging with the SPACE sequence,34 where the pulse design
also fully exploits the maximum available DoF, similar to
GRAPE. Another study showed that the approach leads to
strongly improved image homogeneity in patients when
compared with CP-mode acquisition.35 Again, a comparison
to advanced GRAPE-UPs has not yet been carried out and
should be investigated in the future. In addition, it would be
very interesting to use the UPs proposed in this work for
SPACE-FOCUS initialization, to find out if rapid online
customization can still improve highly optimized calibration-
free pulses. Obviously, online-customized approaches have the
advantage that subject-specific information is considered.
However, there is little time available to acquire the
information with sufficient quality and then make use of it
during online pulse design. Moreover, the same property may
turn into a disadvantage, if, for example, motion or
insufficient B0

-shimming degrades the calibration data. In
conclusion, online-customized pulses are promising, and it
remains to be determined whether they can already robustly
outperform UPs for neuroradiologic applications. Once 7T
will reach out to imaging the body, subject-specific pulse
design may become unavoidable. For neuroimaging applica-
tions, calibration-free UPs provide a robust and easy-to-use
alternative, as demonstrated in this work.T
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Next to pTx homogenization, high-resolution acquisitions
with short scan times are a key feature of the proposed protocol.
The structural scans achieve 0.6 mm isotropic resolution (SWI:
0.4 mm) in 4 to 7 minutes each. As previously shown, long scan
times at 7T using only conventional parallel-imaging techniques,
or T1-weighted structural imaging with MP2RAGE (eg,
TA= 9:32 minutes for 0.75 mm isotropic resolution), can lead
to increased motion artifacts compared with typical 3T imaging,
potentially limiting clinical value.36 Particularly strong motion
artifacts were not observed with the sequences proposed in this
study, which may be related to acquisition times comparable to
typical 3T protocols at 1 mm isotropic resolution.

The sequences can be combined in a modular manner. They
are suitable for a wide range of clinical and scientific applications
in neurology and neurodegeneration. The use of UHF MRI has
been recognized, for example, in epilepsy, especially for the
detection of epileptogenic lesions.3,37 In addition, 7T MRI has
very high sensitivity for detecting subtle hemorrhagic and vascular

changes, which are essential in the diagnostic workup of patients
with cerebral amyloid angiopathy (CAA).38 Recently, this has
become of particular interest in the context of patients with
Alzheimer’s undergoing amyloid-targeting therapies, where amy-
loid-related imaging abnormalities (ARIA-H), like microbleeds
and superficial siderosis, are a concern.39 However, for a
diagnostic workup imaging of the entire brain in high resolution
without local artifacts is a prerequisite. Today, additional 3TMRI
scans are often still acquired to assess the typical blind spots of 7T
MRI, which this work aims to overcome. Neurodegenerative
diseases where the neuropathology is emphasized in, but not
restricted to, the infratentorial structures are sporadic and
hereditary ataxias. Imaging of the cerebellum and brainstem has
so far been most affected by the technical shortcomings of UHF
MRI with pronounced signal loss in these regions. At the same
time, anatomical structures such as the tiny folia of the cerebellar
cortex and the serrated shape of the dentate nucleus benefit
enormously from higher resolution and iron-sensitive imaging. In

FIGURE 4. Quantitative CEST results of one healthy volunteer. Each quantitative parameter (percentage peak amplitude) is given in one row, from
top to bottom: direct saturation (DS), semi-solid Magnetization Transfer (MTSS), Amide Proton Transfer (APT), relayed Nuclear-Overhauser-
Enhanced (rNOE). The columns compare sagittal, coronal, and axial views of acquisitions using conventional circular polarized (CP) mode and
universal pulses (UP) for excitation and saturation, respectively. The saturation with CP-mode transmission fails in the cerebellum resulting in
artifacts for all contrasts (cf. red arrows).
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the light of upcoming gene therapies for the most common
autosomal-dominantly inherited ataxias,40 there is an urgent need
for imaging biomarkers that can capture subtle, early changes. In
addition to these examples, UHF offers tremendous opportunity
to significantly improve structural and metabolic neuroimaging
due to improved SNR and CNR, thus advancing the imaging of
pathological changes. Given the diagnostic approval and increas-
ing availability of UHF scanners the presented comprehensive
protocol offers an enormous potential to pave the way to a broad
use of UHF MRI in clinical routine and research in neurology.

By design, UPs are specific to the RF coil. Therefore, the
entire protocol presented in this study is limited to the usage with
the 8-channel Tx/32-channel Rx Nova coil, which is the vendor-
provided pTx head coil. For a different coil, the UPs must be
redesigned from scratch, which requires the acquisition of a new
calibration database from ~20 to 30 subjects. For example, high-
quality B1 and B0

maps can be rapidly acquired (TA< 1 min) using

the 3D-DREAM sequence.7 As UP calculation needs to be
performed only once for the new database, we do consider this a
manageable limitation. However, UP design requires experience
and knowledge, so this step cannot easily be performed by 7T users
unfamiliar with pTx pulse design. Interested sites are encouraged
to contact the corresponding author of this paper, as we are eager
to extend our approach to different hardware configurations.

Our custom sequences and protocols are available for the
Siemens 7T Plus, the 7T Terra, and the 7T Terra.X scanners.
However, comparisons between our protocol and vendor-
provided product sequences were only performed on the 7T Plus
system (which is technically equivalent to the Terra). The Terra.
X system now provides a pTx-enabled MPRAGE product
sequence based on online-customized FOCUS pulses, which
would allow such a comparison in the future. All other custom
sequences presented in this study do not yet have a pTx vendor-
product counterpart. This is likely to change in the near future

FIGURE 5. Quantitative MPM results of one healthy volunteer. Each quantitative parameter is given in one row, from top to bottom: Proton Density
(PD), Magnetization Transfer Saturation (MTsat), longitudinal relaxation rate (R1), and effective transverse relaxation rate ( ∗R

2
). For MPM, the

advantage of pTx is less pronounced, and both transmission modes, CP and UP, provide similar results. Largest differences can be observed for MTsat
and R

1, where CP-mode saturation and excitation were not sufficient in all areas of the cerebellum (cf. red arrows).
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for the SPACE sequence, again potentially implementing the
FOCUS approach. Once available, corresponding comparisons
with our sequences will be conducted in collaboration with
Terra.X sites. In addition, it should be noted that only the Terra.
X system has FDA/CE clearance for pTx product sequences.
Nevertheless, usage of our custom sequences remains restricted
to (clinical) research applications on all systems.

Another important research question for the future is the
extension of our sequence package to deep-learning (DL) based
image reconstruction, which enables very high acceleration factors
for anatomical brain imaging.41,42 Such promising developments
are complementary to the here-proposed parallel-imaging and
compressed sensing methods. Thus, DL can be implemented on
top, potentially providing even higher total acceleration. In the

FIGURE 6. Results of the test-retest repeatability study for one healthy volunteer. The plot shows the coefficient of variation (COV) of all quantitative
CEST and MPM parameters for both transmission modes, CP and UP. For most contrasts COVs<10% and therefore a good repeatability is
observed. Only MPM-MTsat shows substantially larger values. Overall, the CP and UP results are similar, but UP provide notably smaller COVs in the
cerebellum.
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future, we are planning to apply DL to our custom sequence
package and compare open DL-based image reconstruction
tools43 with the vendor-provided DL reconstruction, as for
example, available on the 7T Terra.X system. In addition, DL-
based reconstruction needs careful validation in the case of
quantitative imaging, as intended with the here-proposed protocol.
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