Advanced in Ultra-High Field Task-Based fMRI
Author Alessandro Nigi' - 6358292

Supervisor Wietske van der Zwaag?

Examiner Alex Bhogal'

'Image Science Institute, University Medical Centre Utrecht, Utrecht, the Netherlands
Spinoza Centre for Neuroimaging, Amsterdam, the Netherlands

ABSTRACT

Task-based functional Magnetic Resonance Imaging (fMRI) at ultra-high field (=7T, UHF) has revolutionized our
understanding of the human brain by enabling investigations of brain activity during specific cognitive tasks with
unprecedented precision. This review explores recent advancements in novel and advanced task-based UHF fMRI techniques
that have expanded the scope of studying brain function, offering novel opportunities to explore neural responses and their
relationship to cognitive processes, particularly in the context of laminar and columnar sub-millimetre fMRI. We discuss the
most common Blood Oxygenation Level-Dependent (BOLD) fMRI methods and examine the strategies to address their
limitations such as fast BOLD fMRI strategies, which include simultaneous multi-slice (SMS) acquisition, parallel imaging
and line-scanning fMRI, which enable investigations of sub-millimetre scales with higher temporal resolution. The paper also
presents insights into alternative contrast mechanisms like cerebral blood volume (CBV) imaging using vascular space
occupancy (VASO) contrast and direct cerebral blood flow (CBF) measurements using arterial spin labelling (ASL). These
techniques hold promise in studying specific cortical layers and columns, elucidating fine-scale neural structures and functional
organization. These advancements in task-based UHF fMRI provide valuable insights into neural mechanisms underlying
cognitive processes and pave the way for reliable mesoscopic resolution and sub-second temporal resolution in fMRI studies.
As the field continues to evolve, integrating these cutting-edge techniques with advancements in hardware and post-processing
methods will unlock even more detailed and comprehensive understandings of brain function, opening new horizons for
cognitive neuroscience research.

INTRODUCTION draining vessels bias. To overcome these limitations,
researchers have explored alternative sequences and
Task-based functional Magnetic Resonance Imaging contrast mechanisms that complement or enhance the
(fMRI) methods at ultra-high field (=7T, UHF) have BOLD signal.
revolutionized our understanding of the human brain by Temporal resolution plays a crucial role in capturing
enabling researchers to investigate brain activity during the dynamic nature of neural responses during cognitive
specific cognitive tasks in unprecedented detail'=. In tasks. In section 2, we discuss how the introduction of
recent years, continuous research led to significant simultaneous multi-slice (SMS) acquisition and
advancements in the development of task-based fMRI acceleration techniques based on parallel imaging has
techniques, expanding the scope of studying brain significantly improved the temporal resolution of task-
function with improved precision and specificity®'°. based fMRI'*1°,
These cutting-edge methods offer valuable opportunities Section 3 covers how line-scanning fMRI led to
to explore the complexities of neural responses and their significant improvements in spatial resolution®*22. Line-
relationship to cognitive processes. scanning fMRI selectively excites thin slices of brain
To study task-based laminar and columnar activity, tissue, enhancing spatial precision and allowing
which are fundamental units of brain function, researchers researchers to investigate fine-scale neural structures and
often aim for resolutions of less than 1 mm in the imaging functional organization in greater detail.
plane>!!. Some studies have pushed the resolution to as In addition to advancements in spatiotemporal
fine as 0.5 mm or even 0.3 mm, especially when using resolution, alternative contrast mechanisms have been
advanced MRI techniques and UHF systems>'"!2, Such developed to increase the specificity of the functional
high spatial resolution is necessary to capture the subtle signal. Cerebral blood volume (CBV)®? imaging using
differences in neural activity occurring at different depths vascular space occupancy (VASO)**2¢ contrast offers a
of the cortex, providing insights into the organization of more comprehensive understanding of neurovascular
neural circuits and information processing across cortical dynamics during task-based experiments. Direct
layers and functional columns. However, as we will measurements of cerebral blood flow (CBF)*?72% using
discuss, achieving such high resolution comes with arterial spin labelling (ASL)!®?° techniques provide a
technical challenges related to image quality, signal-to- more direct measure of neural activity, contributing to the
noise ratio, and increased acquisition time, which investigation of cognitive processes. These alternative
researchers strive to overcome using innovative imaging contrasts will be discussed in sections 4 and 5.
strategies. Finally, section 6 is dedicated to a few recent
Here 1 will first introduce the Blood Oxygenation alternative acquisitions and contrasts. These methods
Level-Dependent (BOLD)'>* fMRI methods like consist of combinations and adaptations of the previously
gradient-echo (GE) echo planar imaging (EPI, GE- discussed strategies, demonstrating the vastity of choice
EPI)*'5, which, while widely used in task-based studies, the field offers to researchers to address a wide range of
has inherent limitations such as their indirect measure of research questions.

neural activity and low functional specificity due to large

07/2023



1. BOLD-weighted fMRI at UHF

The most commonly employed technique for BOLD fMRI
at UHF is GE-EPL%'5 This method utilizes rapidly
switching gradients to acquire echo-planar images with
short echo times (TE), enabling fast whole-brain coverage
and high temporal resolution. The benefits of GE-EPI at
UHF include increased Signal-to-Noise Ratio (SNR),
allowing for improved spatial resolution and the detection
of smaller BOLD signal changes'?.

However, GE-EPI has several disadvantages that
limit its reliability and applicability. These drawbacks
include susceptibility artefacts, limited specificity in
detecting the BOLD signal, and challenges in achieving
high spatial resolution and precise localization'>3031,
Susceptibility artefacts are particularly problematic at
tissue interfaces like air-tissue and bone-tissue boundaries,
leading to signal dropout, distortions, and reduced image
quality, especially in regions like the frontal and temporal
lobes where susceptibility effects are prominent. These
artefacts can hinder the accurate localization of functional
activations and impact result interpretation. Another
limitation of GE-EPI is its lack of specificity in
distinguishing between extravascular and intravascular
contributions to the BOLD signal. The BOLD signal is
highly complex as it arises from changes in blood flow,
blood volume, and blood oxygenation'*32, GE-EPI's
inability to differentiate these contributions may lead to
confounds in fMRI interpretation. Further, achieving high
spatial resolution in fMRI is vital to localize functional
activations within fine-scale structures like laminae and
columns. However, this goal is challenging with GE-EPI
due to factors such as acquisition speed, image distortions,
and increased susceptibility artefacts at higher field
strengths. Moreover, While EPI sequences offer relatively
fast whole-brain coverage, they face limitations in
achievable temporal resolution due to factors like
repetition time (TR) and TE constraints. To improve
temporal resolution, shorter TRs and TEs are desired, but
they can exacerbate susceptibility artefacts and reduce
SNR by limiting signal detection. Balancing the need for
high temporal resolution with other considerations is
crucial. Finally, UHF imaging also presents inherent
challenges, including susceptibility artefacts and longer
T2* relaxation times, leading to signal dropout and image
distortions.

Overall, GE-EPI is a widely used technique for
BOLD fMRI at UHF due to its benefits in whole-brain
coverage and temporal resolution. However, its
disadvantages, such as susceptibility artefacts and limited
specificity, severely limit hinder its reliability and
applicability. Researchers continue to address these
challenges by developing advanced preprocessing
methods and alternative sequences to enhance the quality
and spatiotemporal resolution of BOLD fMRI data at
UHF*.

For instance, Kashyap et al. introduced an alternative
approach for laminar BOLD fMRI at 7T for mapping the
cortical BOLD response with enhanced spatial precision,
allowing direct examination of the mesoscopic
organization of the human cortex 3. The method involves
employing highly anisotropic “pancake” voxels to sample
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cortical depths, enabling focused investigation of cortical
layers and columns. Comparing the depth profiles
obtained using the anisotropic voxel approach (AVF) to
the commonly used isotropic voxel encoding (IVE) in
laminar studies, the study demonstrates the superior
effective spatial resolution of AVF in two dimensions,
although it comes at the cost of reduced brain coverage
(Fig 1). By exploring the functional properties of AVF in
studying cortical depth and distance profiles through
simulations, the research establishes its advantage over
IVE in terms of spatial resolution. Despite these benefits,
the AVF approach has some limitations, such as its
requirement for a relatively flat cortex with dimensions of
approximately ~1.4 mm x 2 mm and the necessity for prior
knowledge of the subject's anatomy and approximate
activation location. Nevertheless, the proposed technique
offers exciting possibilities for investigating cortical
layers and columns, providing valuable insights into the
fine-grained organization of the human cortex and
advancing our understanding of brain function at a more
detailed spatial scale.

Further, multi-echo EPI has also emerged as a
valuable technique in task-based BOLD fMRI studies®*~
3. This approach involves acquiring multiple echoes
within a single echo train, capturing different points along
the T2* decay curve. Multi-echo EPI offers several
advantages for task-based fMRI. Firstly, it provides an
improved characterization of the BOLD signal by
capturing different contrast-weighted images, allowing for
the separation of BOLD and non-BOLD contributions. By
fitting the acquired echoes to a biophysical model, such as
the extended phase graph model, quantitative estimates of
BOLD contrast, T2*, and other parameters can be
obtained, enhancing the specificity and interpretability of
the fMRI results*®*?. Secondly, multi-echo EPI allows for
the detection and correction of artefacts associated with
field inhomogeneities and susceptibility effects. Through
the acquisition of multiple echoes, it becomes possible to
estimate and correct for distortion and signal dropout
caused by susceptibility artefacts, improving the overall
image quality®®. Finally, the acquired multi-echo data
can be utilized to extract additional information about the
underlying physiology, such as CBF and cerebral
metabolic rate of oxygen consumption (CMRO2), by
leveraging the T2* and T2-weighted information*’. These
additional measures can provide complementary insights
into the neurovascular coupling and metabolic demands of
the activated regions during task-based fMRI experiments.

While multi-echo EPI offers several advantages for
task-based BOLD fMRI, it also has some limitations to
consider®>3%4%_ Firstly, acquiring multiple echoes within a
single echo train increases the acquisition time, potentially
reducing the temporal resolution of the fMRI data.
Secondly, the acquisition of multiple echoes may lead to a
decrease in the signal-to-noise ratio (SNR) compared to
single-echo EPI, affecting the detectability of subtle
BOLD signal changes?!-3. Additionally, the processing of
multi-echo EPI data can be more complex due to the need
for separation and utilization of different echoes, and
challenges in image registration and distortion correction
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Fig 1. (A) Two distinct acquisition schemes for layer-
specific fMRI: the IVE (left, red) and the novel AVF (right,
blue) methods. This visual representation highlights the
unique advantages of the AVF approach over the traditional
IVE method in layer-specific fMRIL. (B) Single-subject,
single-run activation maps for flickering checkerboard
stimulus in IVE (left) and AVF (right) acquisitions, revealing
the region of interest (ROI) in a coronal slice through the
occipital lobe. Zoomed-in panels show the grey matter-white
matter (GM-WM) boundary (dotted pink line) and grey
matter-cerebrospinal fluid (GM-CSF) border (blue line)*.

across the echoes. The use of multi-echo EPI introduces
additional parameters and assumptions in the data
analysis, which may pose a risk of confounding effects if
not appropriately addressed®’*’. Finally and most
importantly, at 7T, the T2* of grey matter (25-28ms) is
much shorter than at 3T (50ms). Consequently, to achieve
comparable results, the same multi-echo readout must be
compressed into a much shorter time for 7T imaging33-40,
However, this poses challenges as it places greater strain
on the gradients, and consequently, it also becomes more
demanding on the volunteers due to the intensified
acoustic noise experienced during the scanning process.
Despite these disadvantages, careful consideration of
acquisition strategies, preprocessing techniques, and data
analysis methodologies can help mitigate these limitations
and optimize the application of multi-echo EPI in task-
based fMRI studies.

2. Fast BOLD fMRI

Advanced imaging sequences such as SMS BOLD fMRI
and parallel imaging techniques have emerged as powerful
approaches to increase both temporal and spatial
resolutions in BOLD fMRI. SMS BOLD fMRI employs
multi-band radio frequency (RF) pulses to simultaneously
excite and acquire multiple slices within each TR7-1941,
The multi-band approach effectively reduces the duration
of each TR, allowing for faster sampling of the fMRI time
series. This time-saving advantage enhances temporal
resolution, enabling the capture of faster brain dynamics.
Further, by using the saved time, SMS allows to acquire
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more k-space data, enabling to achieve higher spatial
resolution imaging. This increased sampling rate and
spatial resolution captures rapid changes in the BOLD
signal of fine-scale structures, facilitating the investigation
of fast-evolving neural processes at sub-millimetre
scales! 194,

Moreover, parallel imaging techniques, such as
sensitivity encoding (SENSE)* and generalized
autocalibrating partially parallel acquisitions
(GRAPPA)¥# are employed in fMRI to overcome the
inherent trade-off between spatial and temporal
resolutions. These techniques exploit the spatial
sensitivity profiles of the multiple receiver coil elements
in the phased array coil setup to reconstruct data acquired
with undersampled k-space trajectories. By doing so,
parallel imaging techniques enable the acquisition of
extremely high temporal resolution fMRI images.
Particularly, SENSE utilizes the known spatial sensitivity
maps to reconstruct the aliased data'®*2, while GRAPPA
estimates the missing k-space data by using the acquired
calibration data'®®. These reconstruction methods
effectively reduce image acquisition times and improve
spatial resolution by mitigating the blurring effects caused
by the extended point spread function. Consequently,
parallel imaging techniques enhance the ability to resolve
fine-scale spatial details and improve the localization of
functional activations in fMRI studies.

In addition to SMS and parallel imaging techniques,
three-dimensional (3D) EPI has emerged as a promising
method to increase spatial resolution in task-based BOLD
fMRI*+¢, Traditional EPI acquires images in a slice-by-
slice manner, leading to through-plane blurring and
limitations in spatial resolution*’. In contrast, 3D-EPI
acquires volumetric data by sampling one plane of k-space
per one or two shots. This approach allows for higher
spatial resolution in all directions, capturing finer
anatomical details and improving the ability to localize
functional activations with greater precision. 3D-EPI
sequences utilize segmented k-space acquisitions, with
each segment encoding a portion of the 3D volume. These
segments are then combined to reconstruct the complete
volume. The use of 3D-EPI enhances the effective
resolution along the phase-encoding direction and reduces
the impact of through-plane blurring. However, this
method also presents challenges, including longer echo
trains that increase susceptibility-induced signal losses
and distortions*®*. These challenges can be addressed
through the integration of parallel imaging techniques.
Additionally, multi-echo acquisitions can be employed
with 3D-EPI to estimate and correct for BOLD signal
distortions caused by susceptibility effects®®>=7. By
combining 3D-EPI with these advanced techniques,
researchers can achieve higher spatial resolution and
improved image quality, leading to enhanced sensitivity in
fMRI studies.

3. Line-scanning BOLD fMRI
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Fig 2. Set up of the line-scanning method®'.

Line-scanning is an alternative approach used in BOLD
fMRI studies that offer unique advantages compared to
traditional volumetric imaging methods.?*#>" In line-
scanning, rather than acquiring full 3D volumes, a single
line or narrow strip of voxels is repeatedly sampled along
a specific direction, typically through the cortex (Fig, 1).
This sampling technique allows for high temporal
resolution, as data from a single line can be acquired much
faster compared to acquiring an entire 3D volume. The
increased temporal resolution enables the tracking of rapid
neural events with high precision. Additionally, line-
scanning reduces the impact of physiological noise from
cardiac and respiratory cycles, as it focuses on a smaller
region of interest?®?!, By targeting specific cortical layers
or regions, line-scanning can provide insights into
laminar-specific  neural activity and functional
connectivity. It can also help mitigate motion-related
artefacts, as the acquisition of a single line is less
susceptible to motion-induced blurring compared to full
3D volumes.

Line-scanning was introduced by Yu et al. in their
pioneer study on rats, where they showed that the method
allowed to perform high-resolution imaging of the
hemodynamic response function across cortical layers’'.
These features enabled the authors to conclude that the
onset of the hemodynamic response in the brain is not
uniform across cortical layers, and the peak fMRI signal
does not correspond to the onset time (Fig 2).

A more recent work by Raimondo et al. introduced a
novel method for line-scanning fMRI at 7T to enhance
spatial and temporal resolution.?’ They modified a pre-
existing 2D GE-BOLD sequence by deactivating the
phase-encoding gradients, causing the MR signal to
collapse along the phase-encoding direction into a line
profile (Fig 3A). As a result, each "phase-encoding step"
in a traditional fMRI experiment now became a time point,
converting the spatial information into a temporal
function. To ensure high spatial specificity during line-
scanning fMRI, the authors implemented outer volume
suppression (OVS) using two saturation pulses (Fig 3A,
2D and 2E). These saturation slabs were placed
strategically to suppress any undesired signal from outside
the region of interest, particularly in the visual cortex. By
applying the line-scanning method during a visual
stimulation task, they measured the blood oxygen level-
dependent (BOLD) responses along cortical depth every
250 mm with a 200 ms TR. The acquisition of k-space was
performed using a line-scanning k-space sampling pattern
(Fig B), acquiring the same frequency-encoding (krE) line
every TR. This approach demonstrated superior
performance compared to the standard 2D GE-EPI
method, offering reliable BOLD responses at sub-
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millimetre and sub-second resolution. The study further
examined the BOLD percentage signal change (PSC)
across cortical depth and time within ROI (Fig 3G). The
plot revealed varying magnitudes of neural response over
both cortical depth and time, indicating distinct neural
processes within different layers of the cortex.
Additionally, the t-stats values (Fig 3H) showed the
statistical significance of BOLD responses across cortical
depth, with higher values observed in voxels containing
grey matter, suggesting robust neural activity in this
region. The line-scanning technique proved to be feasible
in human subjects and holds promising applications in
cognitive and clinical neuroscience (Fig 31).

The same group made significant advancements in
human line-scanning fMRI by introducing several
improvements to the existing technique?!. These
enhancements included multi-echo readout, NORDIC
denoising to reduce thermal noise levels, and prospective
motion correction (Fig. 4A). By combining these methods,
they achieved a substantial enhancement in data quality,
evident in improved temporal signal-to-noise ratio (tSNR)
and more robust t-statistical values. In particular, the
researchers employed a 5-echo multi-echo acquisition
method, which outperformed the previous single-echo
line-scanning approach in terms of tSNR and t-statistical
values. The application of NORDIC denoising effectively
removed noise artefacts from the data, resulting in higher
quality and more reliable measurements. The denoising
process substantially improved the tSNR (Fig. 4D, 4E).
NORDIC denoising not only improved t-stats but also
preserved the BOLD response characteristics, enabling
better detection of the BOLD response to the visual task
(Fig. 4D, 4E).

Finally, the group explored the potential of a spin-
echo line-scanning (SELINE) sequence (Fig. 5A)°2. This
novel sequence offered the promise of both high spatial
and temporal resolution (250 pm, 500 ms) and the
advantage of microvascular specificity in functional
responses. This specificity was crucial as the
corresponding gradient-echo version (GELINE) often
suffered from compromised sensitivity to changes in the
local T2* relaxation time. The authors found that SELINE
displayed significantly improved line selection, evident
from a sharper line profile compared to GELINE.
However, this improvement came at the cost of a
substantial drop in functional sensitivity. Precisely, the
SELINE sequence employed two different orientations of
90° and 180° gradients for the excitation and refocusing of
perpendicular planes (Fig. 4A). This selective excitation
and refocusing of longitudinal modes allowed image-
specific planes while minimizing unwanted signals from
other planes (Fig. 5B). Overall, the SELINE sequence
exhibited promising characteristics for high spatial and
temporal resolution fMRI with microvascular specificity
(Fig. 5). However, the challenge of low functional
sensitivity needs to be addressed before fully harnessing
its potential for neuroscientific applications.

However, line scanning poses several challenges.
The reduced field of view limits the coverage of the brain,
potentially missing important activations outside the
scanned line?2152, Furthermore, careful consideration is
needed when interpreting line-scanning results, as the
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Fig 3. (A) Gradient echo line-scanning sequence with
removed phase-encoding gradients and outer volume
suppression slabs. (B) Line-scanning k-space sampling
pattern, acquiring the same kFE line every TR. (C) Slice
obtained from the line-scanning sequence. (D) Outer volume
suppression (OVS) using saturation slabs to minimize
undesired signals outside the region of interest. (E) Effect of
OVS on the phase-encoded slice, resulting in a cleaner and
more focused image. (F) ROI indicated by a red box on the
anatomical image, highlighting the specific cortical area
under investigation. (G) BOLD percentage signal change
(PSC) across cortical depth and time within the ROI,
showing varying neural responses. (H) t-stats values
indicating statistical significance of BOLD responses across
cortical depth, with higher t-stats in gray matter voxels. (I)
Mean PSC plotted against time, revealing distinct neural
processes in different layers of the cortex?,

sampled line may not fully capture the complexity and
spatial extent of functional activations*>-*°, Therefore, line
scanning is often used in conjunction with other imaging
techniques to provide complementary information about
local cortical dynamics and connectivity. Overall, line-
scanning offers a valuable approach for high-temporal-
resolution investigations of specific cortical regions or
layers, with advantages in motion mitigation and reduced
physiological noise, while requiring careful interpretation
and consideration of its limitations in coverage and spatial
extent.

Despite its extensive sensitivity to changes in
deoxyhemoglobin and wide accessibility, BOLD fMRI
has several limitations. Spatial specificity is constrained
due to the predominant influence of large draining vessels
on the BOLD signal'%2°, Images are subject to geometric
distortions stemming from the lengthy EPI readout, and
signal dropout can occur in regions near air cavities.
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Finally, the BOLD signal does not directly or
quantitatively measure brain function®2%-27-2,

4. VASO-CBV

CBYV signal is an alternative imaging contrast that offers a
more comprehensive understanding of the neurovascular
dynamics during task-based experiments’. Unlike
traditional BOLD fMRI, which relies on changes in blood
oxygenation, CBV fMRI focuses on variations in cerebral
blood volume as an indicator of neural activity. By directly
probing vascular responses associated with brain
activation, CBV fMRI provides valuable insights into the
interplay between neural and hemodynamic processes.
CBF using VASO utilizes magnetization inversion to
selectively null the signal from venous blood while
preserving the signal from tissue and arterial blood?®3.
This selective nulling allows VASO to measure tissue-
based responses, making it particularly adept at studying
small vascular structures and layer-dependent activity
within the cortex. By enhancing the specificity of fMRI
signals to tissue changes and minimizing the influence of
large draining veins, VASO provides improved sensitivity
to subtle neural activity variations.

Huber et al. conducted a study on optimal
acceleration and reconstruction strategies for layer-
dependent VASO fMRI**. They suggest that for ultra-high
resolutions, alternative contrast mechanisms (e.g., CBV)
and readout strategies (e.g., 3D-segmented-EPI) may be
more advantageous than conventional functional contrast
(GE-BOLD) and readout strategies (2D-EPI).
Specifically, CBV with 3D-segmented EPI demonstrated
superior signal stability and local specificity to cortical
layers, making it a more suitable choice for neuroscientific
layer-dependent applications compared to classical GE
BOLD EPL

In a more recent study, Huber et al. delved into the
potential of layer-specific vascular-space-occupancy
(VASO) fMRI to distinguish activation related to cortical
input and output in the primary motor cortex (Fig. 6)*.
They employed a 3D-VASO sequence based on a 3D-EPI
implementation and parameters from a previous study,
allowing them to measure input and output activity
separately. The findings revealed that the non-invasive,
CBV-weighted fMRI data accurately reflected neural
activity in the cortical layers and showcased directional
functional connectivity. This innovative technique
provided an additional level of detail to conventional
fMRI, enabling in vivo investigations of cortical micro-
circuitry in both healthy individuals and those with
neurological disorders. Moreover, it acted as a bridge
between macroscopic (conventional fMRI) and
microscopic (extracellular recordings) assessments of
brain function. The motor cortex was the focal point of the
study, and participants performed four different
sensorimotor tasks. The averaged layer-dependent fMRI
responses in all participants showed fMRI signals with
variations according to cortical depth within the thumb-
index finger pinch motor area (Fig. 6A). Furthermore,
across all participants, the average cortical profiles
displayed distinct laminar patterns in superficial and deep
cortical laminae for each task (Fig. 6B). To ensure
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Fig 4. (A) Sequence diagram for prospective motion
correction. (B) Standard line-scanning fMRI data. (C) The
same data after undergoing NORDIC denoising, removing
noise artifacts. (D) Single voxel timecourse for standard
line-scanning data (red line) and NORDIC-denoised data
(blue line) alongside the GLM model following the visual
task. (E) Comparison of tSNR (temporal signal-to-noise
ratio) between standard line-scanning data (red line) and
NORDIC-denoised data (blue line), showing improved
tSNR and higher data quality. (F) Distributions of t-stats for
standard data (red) and NORDIC-denoised data (blue),
highlighting enhanced t-stats distribution and more robust
statistical results. (G) Scatter plot representing t-stats values
for one participant, comparing standard and NORDIC-
denoised t-stats. NORDIC denoising improves t-stats,
leading to better detection of the BOLD response to the
visual task  while preserving BOLD  response

accuracy, the shaded areas represented the standard error
of the mean (SEM) across participants. Although the
layer-specific  VASO fMRI technique demonstrated
promising results, the authors acknowledged that its
universal applicability to all brain regions or tasks might
be limited. Nonetheless, this research contributes valuable
insights into understanding cortical processing and
connectivity in the human brain.

Lately, Oliveira et al. conducted a study to explore
the potential advantages of VASO-CBV imaging over
BOLD imaging in terms of spatial specificity?*. They
utilized sub-millimetre resolution VASO fMRI at 7 T to
simultaneously map VASO-CBYV and BOLD responses in
the motor and somatosensory cortices during individual
finger movement tasks (Fig 7). The researchers evaluated
the cortical overlap in two ways: first, by calculating
similarity coefficient metrics (DICE and Jaccard), and
second, by computing selectivity measures. The paper's
results demonstrated that VASO-CBYV responses exhibited
less overlap between the digit clusters compared to
BOLD, with higher selectivity measures for VASO-CBV.
Additionally, the authors observed a consistent
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topographical organization of the targeted digit
representations (thumb-index-little finger) in the motor
areas. These findings remained consistent across metrics
and participants, confirming that VASO-CBV provided
higher spatial specificity than BOLD. In their imaging
protocol, a carefully positioned slab was used to
encompass the left primary sensorimotor area (Fig. 7A).
The participants engaged in a block-designed individual
finger movement task (Fig. 7B). The digit representations
were found to be organized in an orderly manner along the
central sulcus, primarily within the S1 area, following the
arrangement of fingers - thumb, index, and little finger
(Fig. 7C). This precise mapping method allowed
researchers to study the neural representations of the
fingers in the primary sensorimotor area, leading to
valuable insights into the topographic organization of digit
representations in the brain.

In summary, CBV fMRI provides valuable insights
into the interplay between neural and hemodynamic
processes during task-based experiments. This integration
enhances the specificity of fMRI signals, making it well-
suited for studying small vascular structures and cortical
layer-dependent activity, ultimately improving spatial
specificity and advancing our comprehension of brain
function and cognitive processes. Nevertheless, CBV
techniques in fMRI come with certain limitations, such as
lower signal-to-noise ratios, longer acquisition times,
limited spatial coverage, reduced temporal resolution and
high sensitivity to magnetic field strength. Despite these
challenges, the potential benefits of CBV and VASO
integration in advancing brain mapping and cognitive
neuroscience research make them a promising avenue for
future investigations. Addressing these limitations and
refining the methodologies will be crucial for maximizing
their potential in functional brain imaging studies.

5. ASL-CBF

CBF fMRI using ASL is an innovative and non-invasive
technique that directly measures CBF in the brain?7-2%,
Unlike traditional BOLD fMRI, ASL utilizes magnetically
labelled arterial blood water as an endogenous contrast
agent, providing a quantitative and more direct measure of
neural activity®®. This approach enables investigations at
the layer and column levels, offering opportunities to
study fine-scale neural structures and functional
organization with improved precision. Further, ASL's
interrogation of CBF changes provides valuable insights
into the neurovascular coupling mechanisms underlying
cognitive processes and the dynamics of cortical
microcircuits, advancing our understanding of brain
function at different spatial scales>®. Despite lower SNR
and acquisition speed, ASL's quantitative nature and
temporal stability make it suitable for longer experimental
paradigms, such as pharmacological fMRI and studying
conditions like sleep deprivation. Moreover, ASL's
specificity to CBF and CBV changes within the neural
parenchyma makes it attractive for layer-specific fMRI,
surpassing BOLD imaging in differentiating activity
between cortical layers'®%. Additionally, ASL's
advantages extend to regions with susceptibility-induced
static field inhomogeneities, where BOLD techniques may
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Fig 5. SELINE and GELINE sequence comparisons. (A)
SELINE omits phase-encoding gradients, utilizing 90° and
180° gradients to excite and refocus perpendicular planes
(red arrow). Crusher gradients prevent artifacts, while
spoilers eliminate transverse magnetization. (B) Excitation
and refocusing of two perpendicular planes (yellow beam),
minimizing unwanted signals from other planes. (C) t-stats
for 1 SELINE acquisition, (D) t-stats for 1 GELINE
acquisition, showing statistical significance. (E) t-stats for 4
runs averaged SELINE acquisition, and (F) t-stats for 2 runs
averaged GELINE acquisition, with t-stats overlaid on
acquired slices. Light blue and red boxes show regions of
line-scanning acquisitions for focused analysis in specific
regions of interest™.

suffer from signal loss. ASL-based fMRI sequences, such
as 3D stack of spirals and 3D-GRASE readouts, efficiently
collect k-space data after a single labelling/control period,
ensuring sufficient temporal resolution’.

At UHF, ASL benefits from increased intrinsic SNR
and longer T1 relaxation times of blood, offering potential
advantages in shorter scan times, higher spatial resolution,
and improved sensitivity to low perfusion levels'®%,
However, technical challenges have limited the
widespread use of ASL at UHF, including increased Bo
and Bl+ inhomogeneity, higher power deposition, and
increased T2/T2* decay. Recent advances in optimized
inversion pulses and SMS EPI have improved ASL
labelling efficiency, brain coverage, and temporal
resolution, making it promising for high spatial resolution
functional imaging, such as laminar and columnar fMRI>.
While pseudo continuous ASL (PCASL) offers potential
solutions for whole-brain coverage, it remains sensitive to
technical issues, necessitating further work to tackle these
challenges>®. Mitigating Bo inhomogeneity, compensating
for reduced Bl+ amplitude, and improving transmit
efficiency are critical areas of investigation®!%.
Overcoming these challenges could realize the full
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Fig 6. Layer-dependent fMRI responses in the motor cortex
during four sensorimotor tasks. (A) Tasks in the thumb-index
finger pinch motor area showed depth-related signal
variations (black box). (B) Average cortical profiles across
participants revealed distinct laminar patterns for each task.
Shaded areas represent the standard error of the mean (SEM).

theoretical potential of ASL at UHF, enabling optimal
labelling and background suppression and potentially
utilizing full parallel transmission capabilities. UHF
pulsed ASL (PASL) could be considered for very high
spatial resolution needs, particularly for layer-specific
functional imaging?®°>%, Moreover, in UHF task-based
fMRI studies, common ASL settings involve the use of
pseudo-continuous labelling schemes and 3D multi-slice
acquisition techniques, providing robust and reliable CBF
measurements and enhancing labelling efficiency and
CBF sensitivity. Finally, the 3D multi-slice acquisition
enables the simultaneous acquisition of multiple slices,
improving temporal resolution and facilitating
investigations of rapid neural dynamics with enhanced
precision. By adopting these settings, UHF task-based
ASL fMRI achieves enhanced spatial and temporal
specificity, allowing for more precise examinations of
brain function and cognitive processes.

6. Other Strategies

In the following sections, we will discuss alternative
approaches to high spatiotemporal resolution fMRI,
combining or adapting the techniques previously
described, which yielded highly encouraging results. As
certain techniques like CBV and CBF-weighted fMRI
may have limitations in spatial specificity, we will also
explore other methods like spin-echo EPI (SE-EPI)*"-,
which, despite potential noise concerns compared to ASL
or VASO fMRI, offers higher spatial specificity. By
examining these different approaches and their respective
strengths and weaknesses, we aim to provide insights that
will help researchers make informed decisions in selecting
the most suitable technique for their specific research
needs, striking a balance between spatial and temporal
considerations.

As anticipated, while GE-EPI remains the dominant fMRI
method at UHF, spin-echo EPI (SE-EPI) has gained
attention due to its potential advantages in mitigating
susceptibility artefacts and improving functional



Fig 7. VASO-CBV and BOLD topographic digit mapping in
six participants. (A) Imaging used a carefully positioned slab
encompassing the left primary sensorimotor area. (B)
Participants performed finger movement tasks, using their
thumb (D1, blue), index finger (D2, green), and little finger
(D5, red) in a block-designed manner. (C) Voxel data was
assigned to specific digits using a winner-take-all algorithm,
creating digit representation maps. Notably, representations
followed an organized pattern along the central sulcus,
predominantly within the S1 area, reflecting the finger
arrangement - thumb, index, and little finger. This method
precisely mapped neural representations of fingers in the
primary sensorimotor area, providing valuable insights into
the topographic organization of digit representations in the
brain.

specificity’’°. SE-EPI incorporates a refocusing radio
frequency (RF) pulse to create a SE, which reduces signal
dropout caused by susceptibility effects. By acquiring both
positive and negative contrast images, SE-EPI enables
more accurate detection of the BOLD signal and
differentiation between extravascular and intravascular
contributions. Additionally, SE-EPI provides valuable
insights into microvascular and macrovascular
contributions to the BOLD signal, contributing to a better
understanding of neurovascular coupling and addressing
potential confounds associated with GE-EPI.

In early work by Yacoub et al., Hahn Spin Echo
(HSE) BOLD functional MRI at 7 Tesla demonstrated
reproducible mapping of ocular dominance columns
(ODCs) in the human visual cortex with high accuracy and
robustness®. This HSE BOLD methodology provided a
more generalized approach for mapping cortical
functional architecture compared to the conventional GE-
BOLD signal, which sometimes struggled to uniformly
resolve ODCs due to non-specific signals. By refocusing
and suppressing BOLD effects caused by large vessels in
the extravascular space, HSE BOLD signals mainly
originated from the microvasculature, eliminating blood
signals at high magnetic fields. This advancement holds
promise for studying the functional architecture of human
sensory cortices and specific cognitive processes. Despite
the increased energy deposition in subjects, limiting
volume coverage and temporal resolution, HSE BOLD
remains a valuable tool for understanding cortical
functional architecture and cognitive processes in the
human brain.

In a recent study, Priovolous et al. addressed the
limited spatial specificity of BOLD fMRI caused by
cortical depth-dependent venous bias, which hampers the
exploration of cortical layers, columns, and signal
directionality between brain regions®'. To overcome this
limitation, the researchers introduced a novel approach
named Arterial Blood Contrast (ABC). This method
selectively reduces venous and tissue signals using a
pulsed saturation scheme, enhancing intracortical fMRI
contrast based on CBV weighting (Fig. 8). The ABC
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Fig 8. fMRI signal change analysis overview: (A)
Unsmoothed fMRI signal change during right index hand
flexing for participants, masked for M1 and S1. (B) BOLD
fMRI signal change during the task, thresholded at 5% for
significant responses. (C) Isolated-ABC signal change,
thresholded at 1%. (D) Cortical depth analysis; isolated-ABC
reduces pial-surface bias for accurate depth-dependent fMRI
responses. (E) Mean timecourse of fMRI signal change in the
region of interest. (F) z-stat distribution of significant voxels
in M1 using different approaches: time-matched ABC (red),
time-matched BOLD (blue), and isolated-ABC (green)®'.

technique maintains high sensitivity and spatial resolution
in humans while modulating the typical fMRI spatial
specificity. To achieve a time-efficient ABC-weighted
fMRI in the SAR-constrained 7 T environment, the
authors combined a sparsely-repeated on-resonance
magnetization transfer train with a centre-slice-out,
submillimeter 3D-EPI, a technique that studies
magnetization exchange between protons in free water and
macromolecules in MRI. Additionally, they conducted an
interleaved ABC and BOLD experiment to isolate the
ABC component (Fig. 8C, 8D). Integrating ABC with the
existing BOLD contrast effectively modulated
intracortical contrast, while isolating the ABC component
demonstrated a response free of pial-surface bias. The
findings indicate the potential of ABC to enhance fMRI
spatial specificity, opening up valuable applications in in-
vivo neuroscience. Notably, a comparison with a recently
introduced saturation-based arterial CBV-weighted
method revealed that the ABC method displayed increased
sensitivity to the more spatially-specific arterial and
capillary CBV changes. These advancements represent a
significant step towards advancing fMRI techniques and
understanding brain function with greater precision.

To conclude, back in 2002, Silva et al. introduced an
alternative method to increase temporal resolution in
BOLD fMRI to the milliseconds scale®’. They swapped
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the order of the phase-encoding and repetition loop,
acquiring one single k-space line for every time frame
before incrementing the phase-encoding gradient to the
next line (Fig 9). This approach reduced the TR down to
40 ms per frame, enabling the reliable detection of the
onset time of BOLD signals. The study found that BOLD
signal changes have distinct amplitude and temporal
characteristics, varying spatially across cortical layers.
The earliest onset time was found to correspond
anatomically to layer IV, while superficial and deeper
layers started significantly later. The research revealed
considerable heterogeneity in the BOLD signal changes
across the laminar organization of the brain, emphasizing
the need to consider partial volume effects in oxygen
consumption measurements. High temporal resolution
fMRI may be more susceptible to noise and artefacts,
potentially  affecting measurement accuracy and
increasing the risk of motion artefacts. However, the
authors minimized the effects of physiological noise on
the BOLD signal using a gated activation paradigm. They
reported consistent results across different rats and cortical
layers, indicating that the high temporal resolution was
sufficient for their purposes. Fig. 9 shows the laminar
heterogeneity of BOLD signal changes with a temporal
resolution of 10 seconds per point. The BOLD time
courses are displayed for three regions of interest (ROIs)
based on the anatomical description of rat cortical layers.
The top ROI encompasses pixels from layers I-III, the
middle ROI comprises pixels from layers IV-V, and the
bottom ROI includes pixels from layers VI. This
visualization illustrates the diverse BOLD signal
fluctuations across different cortical layers during the
specified stimulation period.

DIANA (Direct Imaging of Neuronal Activity) is
perhaps the latest and most exciting application of such a
kind of sequence®. According to the authors, the method
increases the temporal resolution up to the precision of
neuronal activity in milliseconds while retaining the high
spatial resolution of MRI by combining the line-scanning
method previously discussed with the fast fMRI method
explained above. Precisely, similarly to Silva and
colleagues, the authors modified the 2D-GE sequence by
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exchanging the phase-encoding and repetition loop to
reach 5 ms resolution per frame by acquiring single k-
space lines per stimulation period (Fig. 10). Further, they
acquired data from a single 1-mm coronal brain slice (line)
to obtain high spatial resolution. According to the study,
this 2D fast line-scan method enabled direct imaging of
neuronal activity with high temporal and spatial
resolution. The results indicate the feasibility of DIANA
through in vivo mouse brain imaging at 9.4 teslas during
electrical whisker-pad stimulation. In vivo, spike
recording and optogenetics confirmed the high correlation
of the observed MRI signal with neural activity. Hence,
the authors concluded that this convergence of high
temporal and spatial resolution realized through DIANA
could help elucidate the causal relationship between
temporal and spatial dynamics of neural networks and
their functions.

The authors found that the underlying mechanism of
the DIANA response involves a strong T2 dependence,
most likely resulting from changes in membrane potential
leading to cell swelling and alterations in the hydration
water of the plasma membrane. Additionally, the DIANA
method ensures effective BOLD signal suppression with
its extremely short TE, as the BOLD signal is typically
optimal when TE ~= T2*. These features suggest that the
DIANA method may detect subtle magnetization changes
on the neural surface during an action potential, providing
direct  access to  highly-specific  inter-neural
communication. However, several limitations undermine
DIANA. For instance, the DIANA sequence requires a
high magnetic field strength (9.4T), which may limit its
widespread use in clinical settings. Furthermore, the 2D
Fast Line-Scan assumes consistent event-related
responses across all trials without trial-by-trial variability,
potentially introducing bias in the results with even small
variations in neural spikes, given the method's high
specificity. Lastly, although the study was conducted on
mice, it remains unclear whether the same results can be
obtained in humans, who exhibit more complex
feedforward and feedback responses.

Finally, a recent study reported that the initial attempt
to observe neuronal activation in humans using DIANA
did not yield clear signals®. Although signals were
detected that resembled possible functional activity when
using small manually drawn ROI, increasing the stimulus
duration did not lead to corroborating signal changes.
Moreover, these signals disappeared when averaged over
larger functionally or anatomically derived ROI. Further
analysis of the data highlighted DIANA's sensitivity to
inflow effects and subject motion. The paper concludes
that the translation of DIANA from animals to humans
appears to be non-trivial, and care should be taken not to
mistake spurious signals for neuronal activity. The authors
suggest that continued effort translating DIANA from
mice to humans may well be worth it, considering the
potential payoff. To aid in this endeavour, parallel studies
focused on DIANA's biophysical underpinning and ability
to detect excitatory and inhibitory signals in controlled
settings will likely be of great value.
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Fig 10. (A) 2D fast line-scan DIANA acquisition scheme for
real-time visualization of neural activity. (B) Percent
changes in DIANA signals reflecting neuronal responses to
specific stimuli. (C) Mean signal changes during post-
stimulation with electrical whisker-pad stimulation
(magenta) and without stimulation (black). Also,
postmortem condition shown in gray. (D) Percent signal
changes of BOLD responses from thalamus (left) and
contralateral S1BF (right) under two conditions. Red bar
indicates electrical stimulation period. (E) Similar analysis
using DIANA with data from six mice (n = 6 mice). Vertical
dashed lines indicate stimulation onset time for BOLD
responses in thalamus and contralateral SIBF®,

CONCLUSION

Task-based fMRI at UHF has revolutionized our
understanding of the human brain, offering unprecedented
precision in studying brain activity during specific
cognitive tasks. Recent advancements in novel UHF fMRI
techniques have significantly expanded our ability to
explore neural responses and their relationship to
cognitive processes, particularly in the realm of sub-
millimetre fMRI, focusing on layer-dependent and
column-dependent studies. By addressing the limitations
of traditional BOLD fMRI methods, researchers have
ventured into alternative contrast mechanisms, such as
CBV imaging using VASO contrast and direct CBF
measurements using ASL, providing promising avenues to
study specific cortical layers and columns, revealing fine-
scale neural structures and functional organization.
Moreover, improvements in spatial resolution, like line-
scanning fMRI, and enhanced temporal resolution through
SMS acquisition have enabled more precise investigations
of sub-millimetre structures and rapid neural dynamics.
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These advancements not only offer valuable insights into
the neural mechanisms underlying cognitive processes but
also open the possibility for reliable mesoscopic resolution
and sub-second temporal resolution in future fMRI
studies. As the field of task-based UHF fMRI continues to
evolve, the integration of these cutting-edge techniques
with advancements in imaging hardware (e.g. surface coils
and stronger static magnetic fields) and post-processing
techniques (e.g. effective denoising) promises to unlock
even more detailed and comprehensive understandings of
brain function, opening new horizons for cognitive
neuroscience research.
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