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Summary

Magnetic resonance imaging (MRI) has shown to be a valuable tool for studying the
human brain, allowing in-vivo visualization of structures and anatomy in great detail, especially
at Ultra-High field strengths (> 7T). MRl is not limited by anatomical and structural information.
It can study the brain’s anatomy, functionality, connectivity (functional and structural), and
chemical metabolism. Functional MRI (fMRI), for instance, enables the investigation of brain

function mechanisms in-vivo with a non-invasive advantage compared to other tools.

The present thesis focuses on advanced MRI techniques for ultra-high field strength (>
7T), specifically for neuroscience applications. Combined with the higher field strength, these
techniques provide better imaging quality and precise brain activity measurement. For
example, high-quality anatomical T1 weighted images are essential for several MRI
applications, notably, to serve as an anatomical reference in fMRI and gray matter
segmentation. Unfortunately, increased field strength also induces non-uniformities in the
transmit field (B1%) that can compromise image contrast non-uniformly. One of the goals of

the present thesis was to investigate new strategies to overcome this issue.

Regarding the functional brain investigation, the gradient-echo (GRE) is the typical
method of choice for fMRI applications. Despite its high sensitivity to deoxyhemoglobin
variations and widespread availability, the gradient-echo (GRE) BOLD signal is predominantly
driven by the large draining vessels resulting in a limited spatial specificity, especially for 7T or
higher field strength applications in which the BOLD sensitivity (susceptibility effect) is higher
compared to lower static field scanners. In this context, we investigated an alternative fMRI
method called vascular space occupancy (VASO) that promises higher spatial specificity than

the typical GRE BOLD.

To achieve the aim of this thesis, we used four approaches (chapters 2-5). We first
evaluated the universal pulses capabilities in combination with a more adiabatic inversion pulse
(TR-FOCI) to mitigate the UHF inhomogeneity problem, evaluating the contrast enhancement
of the T1-weighted image from the MPRAGE sequence in comparison to the T1-weighted
image of the self-bias MP2RAGE sequence (Chapter 2), and we found that these combinations

can mitigate the inhomogeneity problem and increase the image quality of T1-weighted



MPRAGE. For the second part of this thesis, we focused on the VASO fMRI approach; for our
first fMRI assessment (Chapter 3), we implemented the Slab Selective Slab Inversion (SS-SI)
VASO sequence. We investigated the linearity behavior of the VASO-CBV responses,
comparing their behavior with respect to the movement rate in the motor cortex with BOLD

responses. We observed a strong linear relationship between VASO-CBV and BOLD responses.

We used response selectivity measurements to investigate the cortical activation with
sub-millimeter VASO-CBV and BOLD fMRI data during individual finger movement (Chapter
4). We found that the higher vascular specificity of VASO-CBV fMRI results in higher response
selectivity or less vascular overlap than BOLD imaging. Finally, we investigated how VASO-CBV
compares to BOLD fMRI for cognitive neuroscience applications in the visual cortex (Chapter
5). We show similar eccentricity and polar angle maps. Likewise, the pRF size estimates were

similar between VASO-CBV and BOLD.

This work brings the ability to improve image quality and overcome typical challenges
of ultra-high field MRI for both anatomical and functional applications. | hope that the
neuroscience and technical fundaments discussed here can further contribute to the

developing field of MRI and neuroimaging.
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Chapter 1

General Introduction

The human brain is the most important organ of the nervous system. Our brain is in
charge of coordinating all the vital functions of our body, making sense of what is happening
around us. The brain receives signals from the outside world through our five senses; sight,
smell, touch, taste, and hearing. The brain interprets this information, releases chemicals, and

sends electrical signals to cause the body to respond.

The brain not only regulates our bodies and our movements but is also the home of
our minds. Our minds constantly control the flow of information, memories, thoughts, emotion,
and imagination, working as a network. The flow of information is sent to different brain parts
along neurons and relies on the brain's underlying structure and chemical composition to

function successfully.

Magnetic resonance (MR) has empowered neuroscience with a fantastic tool to
investigate the brain's inner structure and function in vivo. Although brain research has made
considerable progress over recent years, especially after neuroimaging technology such as MR|,
many questions remain unsolved. A thorough investigation and validation of the newly

available tools and techniques are needed to answer those questions reliably.

MRI at Ultra-High fields

Magnetic resonance imaging (MRI) is the most efficient investigative tool of choice for
many clinical diagnoses and research applications (Ledig et al., 2018; MacDonald and Frayne,
2015; Meijer et al, 2017; O'Brien et al, 2014a; Riber et al, 2018). From a neuroimaging
perspective, MRI can study the brain’s anatomy, functionality, connectivity (functional and
structural), and chemical metabolism. Its diversity and broad applicability are the pillars of its

efficiency and popularity.

Anatomical, T1-weighted (MRI) are essential for several MRI applications in clinical and
research settings. Regarding the clinical applications, T1-weighted images are used to assess
structural details. For example, it is often used with exogenous contrasts in clinical routine to
enhance the signal contrast. For research applications, because of the excellent contrast

between gray and white matter, the T1w serves as an anatomical reference in functional MRI
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(fMRI) and is often used for gray-matter segmentation. Moreover, it can benefit substantially
from the use of Ultra-High Field (UHF, > 7T). Compared to conventional, clinical, field strengths,
imaging at 7T offers a higher signal-to-noise ratio (SNR), which can be traded for an increased
spatial resolution to reduce partial volume effects and more precise cortical measurements.
The increased use of UHF scanners resulted in a significant increase in submillimetre
topographic and cortical-depth dependent studies (Fracasso et al., 2016; Gulban et al,, 2018;
Huber et al,, 2017; Kashya et al., 2018). As a result, many cortical areas have been identified or

used to support previous findings (Dumoulin et al., 2017; Wiggins et al., 2017).

Additionally to the increase in SNR, the higher static field affect other MR parameters
and the image contrast (T1, T2, and T2* of brain tissue), and these changes can be
advantageous or not, depending on the image method used (van der Zwaag et al., 2016).
Nevertheless, producing a high quality image is then challenging with UHF. For example, the
field uniformity from both the static (Bo) and the transmit (B1*) is often compromised, as well
the increase in specific absorption rate (SAR). Specifically, the transmit and receive
radiofrequency field inhomogeneities also affects the traditional T1-weighted image acquired
with a Magnetic Prepared Rapid Gradient Echo (MPRAGE) sequence to the extent that the
inversion efficiency of an adiabatic pulse may also be affected, especially in the cerebellum and

temporal lobes (O'Brien et al., 2014b).

To obtain a more homogeneous contrast, it is necessary to provide an effective
inversion, independent of B1* inhomogeneities (Marques and Norris, 2018; O'Brien et al.,
2014b). The B1 uniformity can be achieved using either more homogeneous adiabatic pulses
such as a flattened hyperbolic secant pulse (HS8) (Garwood and DelaBarre, 2001) or time
resampled frequency offset compensated inversion (TR-FOCI) pulse (Hurley et al., 2010), which
promises a higher B1 uniformity or using dielectric pads (van Gemert et al., 2019). A further
and more sophisticated alternative is the use of special pulse design for both the inversion and
excitation pulses on parallel transmission systems (pTx or Multix system), like Universal Pulses

(Gras et al., 2017b), in which the required prescans can be avoided.

Parallel transmit system and universal pulses
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At Ultra-high field (BO) strengths, the wavelength of the fields generated by the transmit
coil elements inside the object becomes equal to or smaller than its diameter (Ibrahim et al,
2001). As a result, constructive and destructive interferences occur, leading to an
inhomogeneous B1 distribution with alternating bright and dark regions across the sample.
Moreover, when a subject is inserted inside the magnet, tissue dielectric properties distort the

B1 profile (Ibrahim et al., 2001; Padormo et al., 2016).

3T T

A) B)

Fig1. Schematic representation shows the RF field's interferences when moving from 3T to 7T.
A) At 3T, relatively little interference. B) At 7T, a higher degree of interference occurs because
the wavelength of the field is equal to or smaller than the object's diameter. C) The increased
wave interference manifests itself in areas of low transmit efficiency. (Figure adapted from
https://www.lumc.nl/org/radiologie/research/gortercenter/DielectricPads/)

As mentioned before, a more recent and sophisticated alternative to improve contrast
homogeneity is using multiple transmission channels, also known as parallel transmission (so-
called pTx or Multix systems). The idea is relatively simple, instead of a single RF coil
transmitting a single B1 field, multiple element arrays are individually controlled to generate
their own B1 subfields. The sum of these subfields constitutes the net B1 experienced by the
tissue. The magnitude and phase of each element can be optimized such that the most
homogeneous B1 distribution is produced. In addition to controlling their amplitudes and

phases (RF shimming), the individual array elements can also run different RF waveforms.

There are several pTx pulse design approaches (see Deniz 2019 for a thorough review);

nevertheless, in general, the optimization of the transmit field relies on calibration
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measurements performed before scanning the participants. Thus, two issues usually
compromise the workflow of the calibration. First, it requires expertise to calculate the
waveforms, and second, the pre-acquisition images (B1"maps for each array element and BO
distribution) might take up to 10 to 15 minutes to be acquired and post-processed, including
the data transfer, analysis, and pulse design. These issues prevent more effective use of this
technology in routine clinical and neuroscience applications (Deniz, 2019). Aiming to solve this
issue, broadly-calibrated plug-and-play pulses were developed (Gras et al., 2017b) for inversion
and excitation (Gras et al., 2017a). The so-called universal pulses have proven to be a highly
effective pTx solution not only for its calibration-free characteristic but also because it shows
that it is possible to mitigate the inhomogeneity problem accurately on several different
applications (Gras et al., 2019b, 2019a, 2018; Le Ster et al.,, 2019). The universal pTx solution is
also relatively simple, it relies on the calculation of individual performance (B1+ and BO) of a

group of participants, and the solution is the average of this group.

CP Mode

Fig.2. T1-weighted MPRAGE illustrates the differences between Universal Pulses versus CP
mode. A signal increase is seen in cerebellar and temporal areas after applying the universal
pulse (red arrows).

11



Chapter 1

Functional MRI

One of the most exciting discoveries in the NMR field is functional MRI (fMRI). fMRI was
first demonstrated in 1990 by Seiji Ogawa (Ogawa et al., 1990). He observed the MRI signal
changes in brain regions depending on their oxy- and deoxyhemoglobin concentrations. When
brain neurons are activated, the oxygen consumption required to active brain regions leads to
measurable variations in the MRI signal. This concept was further used to map brain regions

responding to various stimulations.

@ Stimulus Neural activity © Neurovascular coupling @ fMRI

\ / l deoxy-hemoglobin

T BOLD signal

visual task .

, ¥ N

cerebrovascular reactivity
leads to vasodilation

i % TCBF TCBV
motor task neural activation TToxygen metabolism

Cerebral Blood Flow (CBF)
Cerebral Blood Volume (CBV)

Fig.3. Illustration of the blood oxygenation level-dependent (BOLD) mechanism showing the
transformation from stimulus to BOLD response. The BOLD signal reflects changes in
deoxyhemoglobin driven by localized changes in brain blood flow and blood oxygenation,
coupled to underlying neuronal activity by neurovascular coupling. The event starts in A) with
stimulation, which can be a flickering checkerboard (visual task) or a hand movement task
(motor task). The stimulus will induce an increase in neural activation B), which will trigger the
neurovascular coupling C). The increase in neuronal activity induces vasodilatation, resulting in
a significant increase in local cerebral blood flow (CBF) and increased cerebral blood volume
(CBV). This process brings more oxygenated blood and thus washout the deoxyhemoglobin,
resulting in a more homogeneous magnetic field in which the transverse magnetization occurs
more slowly, and the BOLD fMRI signal increases D).
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Thirty years later, fMRI is currently the mainstay of neuroimaging in neuroscience
(Logothetis, 2008; Turner, 2016). Advances in scanner technology, image acquisition, and
analysis improve the fMRI application in 7T (Ladd et al., 2018; Marques and Norris, 2018), with
a significant increase in the number of publications in the past few years (van der Zwaag et al.,
2016). As mentioned before, the UHF (> 7T) scanner's advantage is the increase in signal-to-
noise ratio (SNR) which enables higher image quality and resolution also for fMRI applications
(Pohmann et al., 2016; Setsompop et al., 2016). Additionally, UHF strengths enhance the
magnetic susceptibility contrast, as is the case of the blood oxygenation level-dependent

(BOLD) contrast, the most common contrast used for fMRI (van der Zwaag et al., 2009).

The higher BOLD sensitivity (fCNR, functional contrast-to-noise ratio) achieved at UHF
has enabled studies of fine-scale functional architecture, such as cortical columns, layers, and
subcortical nuclei (Dumoulin et al., 2017; Norris and Polimeni, 2019; Viessmann and Polimeni,
2021) and also increases the statistical power needed for single-subject analysis (Cai et al.,

2021; Viessmann and Polimeni, 2021).

The gradient-echo EPI (GRE-EPI) is the typical method of choice for fMRI applications
(Glover, 2011). Despite its high sensitivity to deoxyhemoglobin variations and widespread
availability, the gradient-echo (GRE) BOLD signal is predominantly driven by the large draining
vessels resulting in a biased measurement towards the superficial cortical layers. The increased
sensitivity achieved with UHF can also be traded for specificity either by using Spin Echo based
T2 contrast (Kemper et al., 2015; Siero et al., 2013) (EPI or GRASE readout) or by measuring
different contrast mechanisms like cerebral blood flow (CBF) with Arterial Spin Labeling
(Kashyap et al., 2021) (ASL) or cerebral blood volume (CBV) with Vascular Space Occupancy
(VASO) (Huber et al.,, 2017) techniques.

Throughout the present thesis, we will explore and further investigate the advantages
of the VASO fMRI sequence. Vascular space occupancy (VASO) is an fMRI alternative based on
changes in CBV (Lu et al., 2013, 2003). The VASO sequence and its variants take advantage of
the T1 differences between arterial blood and the surrounding tissue to null the blood signal
and measure CBV changes (Lu et al., 2003). An inversion recovery pulse minimizes blood signals
while a substantial part of the tissue signal remains available for detection. The increased
cerebral blood volume results in a negative signal change during the neuronal activity, caused

by the tissue signal reduction in the voxel. VASO-CBV contrast promises higher microvascular
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specificity since it is sensitive to arteriole and post-arterial CBV changes, resulting in better
spatial localization of the neuronal activity with reduced draining vein contamination than

BOLD (Huber et al., 2014; Jin and Kim, 2008).

AIM

The overall aim of the present thesis is to investigate and develop advanced MRI
techniques for UHF, targeting neuroscience applications. In chapter 2, | first examined the
universal pulses capabilities in combination with a more adiabatic inversion pulse (TR-FOCI) to
mitigate the Ultra-high field (UHF) inhomogeneity problem, evaluating if the contrast
enhancement of the T1-weighted image obtained with  MPRAGE sequence could be
comparable to the T1-weighted image obtained with the self-bias field corrected MP2RAGE
sequence. For the approach outlined in chapters 3-5, | explored the VASO-CBV specificity
advantage targeting three different questions. First, in chapter 3, | hypothesized that the
vascular source would explain part of the fMRI nonlinearity effect. Thus, the VASO-CBV signal
would elicit a different response than BOLD regarding the movement rate. Similarly, in chapter
5, | hypothesized that the vascular component of the pRF size estimate would yield a smaller
pRF size for the VASO-CBV. Nevertheless, for chapter 4, | hypothesized that the higher
specificity of VASO-CBV would yield higher selectivity than BOLD.
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Thesis outline

In Chapter 2, | propose a strategy to improve B1+ homogeneities on the T1-weighted MPRAGE
sequence in direct comparison to the MP2RAGE. The strategy consisted of combining the
adiabatic TR-FOCI pulse to invert the signal uniformly with the kt-point Universal Pulses
approach for homogeneous excitation. In addition, to improve the scan time, the k-space

shutter technique was employed.

In Chapter 3, | implement the Slab Selective Slab Inversion (SS-SI) VASO sequence to
investigate the linearity of the VASO-CBV responses using a hand movement task. As the
VASO-CBV and BOLD contrast are thought to have distinct weighting for microvascular
compartments, a distinct response behavior with respect to an increased movement rate was
anticipated. Thus, a comparison between BOLD and VASO-CBV was performed with respect to

the hand movement rate in the motor cortex.

In Chapter 4, | investigate the cortical activation with sub-millimeter BOLD and VASO fMRI
during individual finger movement in healthy participants using response selectivity
measurements. | hypothesized that the assumed higher specificity of VASO-CBV imaging
would translate to reduced overlap in fine-scale digit representation maps compared to BOLD-

based digit maps.

In Chapter 5, to investigate how VASO-CBV compares to BOLD fMRI for cognitive neuroscience
applications. | compared population receptive field (pRF) mapping estimates between VASO-
CBV and BOLD. Because pRF size estimates also depend on the vascular sources, | hypothesized

that VASO-CBV would elicit distinct pRF properties compared to BOLD.
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Abstract

Ultra-high field (UHF) MRI provides a significant increase in signal-to-noise ratio (SNR) and
gains in contrast weighting in several functional and structural acquisitions. Unfortunately, an
increase in field strength also induces non-uniformities in the transmit field (B1+) that can
compromise image contrast nonuniformly. The MPRAGE is one of the most common T1
weighted (T1w) image acquisitions for structural imaging. It provides excellent contrast
between gray and white matter and is widely used for brain segmentation. At 7T, the signal
non-uniformities tend to complicate this and therefore, the self-bias-field corrected MP2RAGE
is often used there. In both MPRAGE and MP2RAGE, more homogeneous image contrast can
be achieved with adiabatic pulses, like the TR-FOCI inversion pulse, or special pulse design on
parallel transmission systems, like Universal Pulses (UP). In the present study, we investigate
different strategies to improve the bias-field for MPRAGE at 7T, comparing the contrast and
GM/WM segmentability against MP2RAGE. The higher temporal efficiency of MPRAGE
combined with the potential of the user-friendly UPs was the primary motivation for this
MPRAGE-MP2RAGE comparison. We acquired MPRAGE data in six volunteers, adding a k-
space shutter to reduce scan time, a kt-point UP approach for homogeneous signal excitation,
and a TR-FOCI pulse for homogeneous inversion. Our results show remarkable signal contrast
improvement throughout the brain, including regions of low B1* such as the cerebellum. The
improvements in the MPRAGE were largest following the introduction of the UPs. In addition
to the CNR, both SNR and GM/WM segmentability were also assessed. Among the MPRAGEs,
the combined strategy (UP + TR-FOCI) yielded highest SNR and showed highest spatial
similarity between GM segments to the MP2RAGE. Interestingly, the distance between gray
and white matter peaks in the intensity histograms did not increase, as better pulses and higher
SNR especially benefitted the (cerebellar) gray matter. Overall, the gray-white matter contrast
from MP2RAGE is higher, with higher CNR and higher intensity peak distances, even when
scaled to scan time. Hence, the extra acquisition time for MP2RAGE is justified by the improved

segmentability.
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High-quality anatomical T1w images are essential for several MRI applications, notably
to serve as an anatomical reference in fMRI and Gray Matter segmentation (Marques and
Norris, 2018). Typically, 3D T1 weighted images are acquired with the Magnetization Prepared
Rapid Gradient Echo (MPRAGE) sequence (Mugler and Brookeman, 1991, 1990). A 3D Gradient
Echo (GRE) train is applied with short repetition times (TRs) and small flip angles (close to the
Ernst angle), with the level of T1 weighting being predominantly controlled by the inversion

time and the inversion efficiency of the applied inversion pulse (Mugler and Brookeman, 1991).

Anatomical, T1-weighted Magnetic Resonance Imaging (MRI) can benefit substantially
from the use of Ultra-High Field (UHF, > 7T). Compared to conventional, clinical, field strengths,
imaging at 7T offers higher signal-to-noise ratio (SNR), which can be traded for an increased
spatial resolution to reduce partial volume effects and more precise cortical measurements.
Although T1 relaxation times at 7T are longer for both GM and WM, the difference is sufficient
to result in significant gains in tissue contrast for structural MRI (Rooney et al., 2007; Wright et
al., 2008). While there are benefits at ultra-high field (UHF), traditional MPRAGE data are also
affected by transmit (B1+) and receive (B1-) radiofrequency field inhomogeneities. In addition,
large static (BO) field variations in brain areas close to air-tissue boundaries also affect the

inversion efficiency.

Hence, some measures have to be taken to make MPRAGE images B1+ insensitive at
7T. Several possibilities exist. A widely used approach is that of the adiabatic pulses for
inversion. These adiabatic pulses have lower or no dependency on B1+. Examples of adiabatic
pulses are the flattened hyperbolic secant pulse (HS8) (Garwood and DelaBarre, 2001), and
time resampled frequency offset compensated inversion (TR-FOCI) pulse (Hurley et al., 2010).
This is not sufficient to completely remove all B1+ contamination as it only improves the

inversion homogeneity; the excitation homogeneity is still affected by B1+ variation.

In the MP2RAGE sequence (Marques et al., 2010), two 3D GRE trains are acquired at
different inversion times (Tl), producing a T1w, and an approximately proton density (PD)
weighted image. The combination of both images results in a TTw and a T1 map, ideally both
free of B1°, PD and T2* contrast (Marques et al., 2010; Van de Moortele et al., 2009). Even in an
MP2RAGE acquisition, very low local B1+ can cause a loss of SNR and contrast, usually in the
cerebellum and temporal lobes (O’'Brien et al., 2014b). If not adequately addressed, these non-

uniformities can compromise the image quality, or even provide incorrect segmentation,
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inappropriate diagnostic or poor co-registration (Haast et al, 2018; O'Brien et al., 2014a,
2014b). Also, in the MP2RAGE, more homogeneous contrast can be achieved by applying
better and more efficient adiabatic inversion pulses (O'Brien et al., 2014b). Previous studies
showed that image contrast uniformity from TR-FOCI is higher compared to HS8 (Hurley et al.,
2010; O'Brien et al., 2014b).

A third alternative to improve contrast homogeneity is using multiple transmission
channels, also known as parallel transmission (so-called pTx or Multix systems) (Padormo et al.,
2016). Parallel transmission systems enable local decreases or compensation in B1+
inhomogeneity using multiple transmit RF coils which are independently driven and operating
simultaneously (Deniz, 2019). Typically, pTx pulse design relies on calibration measurements
performed before scanning subjects, which takes up valuable scan time. To address this issue,
broadly-calibrated plug-and-play pulses were developed (Gras et al., 2017) for both inversion
and excitation. This Universal Pulses approach involves first collecting the B1+ field information
for several subjects, followed by calculating their optimal set of parameters. The resulting
pulses are therefore computed to account for the average variations in B1+ field. Successful
implementation in a variety of sequences has been demonstrated, including 3D T1 weighted
MPRAGE (Gras et al., 2017), T2-weighted TSE, (Gras et al., 2018), fluid-attenuated inversion
recovery (FLAIR) (Gras et al., 2019b), multi-band and 3D EPI for whole-brain fMRI (Gras et al.,
2019a; Le Ster et al.,, 2019) and T2* weighted 2D Gradient echo (Gras et al.,, 2017).

Regarding temporal efficiency, high resolution isotropic TTw MPRAGE can be acquired
in 5-7 minutes, whereas a TTw MP2RAGE with the same spatial resolution usually requires 10-
14 minutes, in both cases using a two-dimensional (ky-kz) undersampling pattern with parallel
imaging reconstruction. Various strategies have been employed to reduce scan time in both
acquisitions. The most common approach is to skip and zero-fill parts of the k-space, whether

applying partial Fourier or elliptical sampling schemes (k-space shutter).

The differences between both MPRAGE-like sequences has been studied before,
although mainly for morphometric assessment (Fujimoto et al., 2014; Okubo et al., 2016; Seiger
et al.,, 2015; Yan et al., 2020). To our knowledge, the influence of different bias-field correction
strategies, specifically using UPs for whole-brain MPRAGE compared to MP2RAGE, has not
been reported yet. Therefore, the present study compares different strategies to improve the

homogeneity of contrast in whole-brain MPRAGE images. This comparison is motivated by
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higher temporal efficiency of MPRAGE, combined with the great potential of UPs to make UHF
more accessible. To acquire the best possible MPRAGE on a 7T scanner we acquired T1-
weighted images with (1) a k-space shutter to reduce scan time; (2) Universal kt-point pulses
to homogenize signal excitation and (3) a TR-FOCI to invert the signal uniformly. We expected
that the combination of all advanced techniques would improve image SNR and CNR and
improve the segmentation results. The MPRAGE data were compared to MP2RAGE data, which

were acquired with a k-space shutter and a standard HS8 inversion pulse or a TR-FOCI.
Methods
Subjects

Six healthy volunteers (age 25-40 years, three women) participated in the present study.
The local ethics committee approved the study, and all volunteers provided written consent

after being informed of the experimental procedures.

MRI Sequences

All imaging measurements were performed on a 7T MRI scanner (Philips Healthcare,
Best, The Netherlands) using an 8-channel transmit, 32-channel receive head coil (32Rx8Tx ,
Nova Medical Inc, Wilmington, United States) with a close to circularly polarized-mode

achieved by B1-shimming over the entire brain of a separate group of volunteers.

The whole-brain T1-weighted MPRAGEs and MP2RAGEs were acquired within the same
session with matched voxel sizes and acceleration factors for all six sequences to ensure a fair
comparison between all sequences. The common set of parameters for both techniques were:
matrix size = 288x288x232, Field of View (FOV) = 230x230x 186mm?, with isotropic voxel-size
of 0.8 mm, with SENSE undersampling factor in two directions (Left-Right and Anterior-
Posterior), 2D SENSE = 1.8(LR)x 1.8(AP), a slice oversampling of 20% and sagittal orientation.
All the MPRAGEs shared the same TR/TE= 12/3.3 ms, Tl = 1000 ms, TRvoume=3000 ms, FA = 8°
and BWreadout = 235.2 Hz. This protocol was based on the ADNI T1-weighted anatomical
(http://adni.loni.usc.eduy/), albeit with longer TR to accommodate the longer T1 at 7T. For the
MP2RAGE, Bloch simulations were used to optimize the inversion times, TRvolume and flip angles

following (Marques et al., 2010), resulting in a TR/TE = 6.2/2.3 ms, Tl1 = 800 ms and Tl, = 2700
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ms, TRvolume = 5500 ms , FA = 7°/5° and BW/cadout = 401.9 Hz. The length of a readout block for
the MPRAGE is 1996 ms and for the MP2RAGE 1016 ms. The total scan duration and the specific

parameters for the individual scans are given in Table 1.

Table 1: Acquisition parameters for MPRAGE and MP2RAGE acquisitions.

Parameters MPRAGET  MPRAGE2  MPRAGE3  MPRAGE4  MP2RAGE5  MP2RAGE6
TR/TE (ms) 12/3.3 12/3.3 12/3.3 12/3.3 6.2/2.3 6.2/2.3

FA (degree) 8 8 8 8 7/5 7/5

T1/Tl> (ms) 1000 1000 1000 1000 800/2700 800/2700
Inversion Pulse | HS8 HS8 HS8 TR-FOCI HS8 TR-FOCI
k-space shutter YES YES YES YES YES
Readout lines 159 164 164 164 164 164
Universal Pulses YES YES

TRyotume (Ms) 3000 3000 3000 3000 5500 5500
Duration (s) 467 350 350 350 638 638

Duration refers to the total scan duration

The standard MPRAGE was defined with an HS8 inversion pulse, standard excitation
pulse (no UPs), a fully sampled matrix (without the k-space shutter), and called MPRAGE1. The
159 readout lines correspond to a single plane in k-space for MPRAGE1. For all other scans, a
vendor-supplied elliptical k-space shutter was added. With the k-space shutter the edges of
the k-space are skipped in an ellipsoidal fashion, reducing scan time by ~25%. A similar number
of lines per gradient echoes (GRE) readout block was used (164) as for the MPRAGE1 (159). For
MPRAGE3 the standard excitation pulses were additionally replaced by the UPs. For the UPs,
the kt-point method (Cloos et al., 2012) was used to generate the appropriate pulse shapes. A
small tip angle pulse with 1Tms of duration with five kt-points was designed on 16 subjects with
an interleaved greedy-local optimization (Grissom et al., 2012) as in (Roos et al,, 2019). And

finally, for MPRAGE4 the HS8 adiabatic inversion pulse was replaced by the TR-FOCI pulse, with
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an amplitude adjusted to have a minimum of 15uT and inversion pulse duration of 13ms. The
MP2RAGEs were acquired with the standard HS8 and with a TR-FOCI. Both MP2RAGEs were
acquired solely with k-space shutter and standard excitation pulses, to keep the scan session
reasonably short. The vendor-supplied bias-field removal correction CLEAR (Constant Level
Appearance) (Harvey et al., 2015) was used for both MPRAGE and MP2RAGE data, though this

is cancelled out again in the MP2RAGE T1-weighted images.

MP2RAGE reconstruction

In the MP2RAGE sequence, after the simultaneous acquisition of the first inversion
(GREr1) and the second inversion (GRErp), a uniform T1-weighted image is obtained by
computing the real component of the normalized complex ratio from both volumes (Marques
et al,, 2010), where GRE7,, stands for the complex conjugate of GRE;;;. Once the T1-weighted
image was generated, a background noise removal was applied using LaYNii toolbox (Huber
et al,, 2021).

_ Re(GRE7;,GREr3)
|GREr;11% + |GREr,|?

Registration and Segmentation

All TTw data were registered to the MPRAGE1 space using the six degrees of freedom

rigid body co-registration of SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12/) to allow

further comparisons. Segmentation of gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) were performed for each subject separately using the computational anatomy

toolbox CAT12 (www.neuro.uni-jena.de/cat/) for SPM with bias field correction in medium level

(0.5). The segmentation procedures resulted in 6 different GM and WM segmentation volumes,
which were combined, resulting in a single GM and WM combined ROI for each subject and
later used to define the regions of interest's (ROI's). Voxels were assigned GM if they were GM
in at least two datasets, the same approach was used for the WM, and overlapping voxels were
excluded from the final combined ROI. A cerebellum mask was created using the Nighres brain
region extraction function (Huntenburg et al., 2018) and further separated into GM and WM

cerebellum masks using the GM and WM mask from the unified segmentation. Another two
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cubic ROIs (50x50x50 mm) in the right temporal lobe and centred on the PCC (Posterior
Cingulate Cortex) were assessed as additional examples of low (temporal) and high (PCC)-B1+

areas.

A) Registration B) Segmentation

AVERAGE

AVERAGE

Fig. 1. Flowchart representation of the registration and segmentation used to create the unified
GM and WM mask. A) Registration performed in SPM12. The panel B) shows the output of
CAT12 segmentation, for a single sequence; after performing the segmentation in all six
sequences, the GM and WM probability tissue maps were averaged, resulting in a single GM
and WM masks. The voxels were assigned GM if they were GM in at least two datasets the
same approach was used for the WM, and overlapped voxels were excluded from the final
combined ROI.

Data Analysis

The k-space shutter blurriness evaluation metric was the local point spread function
(PSF). A signal profile was taken along the LR axis through the ventricles for both MPRAGE1
and MPRAGE2. The Full width half maximum (FWHM) of the ventricles along this line was
calculated. The FWHM estimation was performed for both MPRAGEs, per subject, and the

differences were assessed using a paired t-test. Additionally, a sigmoid function, equation [2],
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was fitted to part of the profiles covering the ventricle wall, and the slope parameter 'd’ was

taken as a measure of the steepness of the slope (Bazin et al., 2020).
y=a+——j5= 2]

The quantitative assessment was based on Signal-to-Noise ratio (SNR) and Contrast-
to-Noise ratio (CNR) measurements. The SNR was calculated using equation [3], where
Mforeground 1S the mean and Oforeground i the standard deviation of the signal over the foreground
mask, with n equal to the number of voxels within the mask. The foreground mask corresponds
to the combination of GM and WM masks. The CNR was calculated using equation [4], where
Hem and pwwm are the mean over GM and WM, respectively and ogm (standard deviation of GM)
and owwm (standard deviation of WM). One-way ANOVAs with Tukey post-hoc analyses were
used to assess the SNR and CNR differences between all the six sequences. All generated
boxplots, and the repeated measures ANOVA estimation with Bonferroni Pairwise correction
was performed using R (R Core Team, 2020), where p-values < 0.05 were considered statistically

significant.
SNR = .u(foreground)/U(foreground) *yn/(n—1) [3]

CNR = abs(uwm — .uGM)/ (UVZVM + UgM) [4]

The GM and WM ROI masks were used to assess the histograms of image intensity.
Receiver operating characteristic (ROC) curves and area under the curve (AUC) were used to
evaluate the robustness of separation from the GM and WM histogram intensity (GM and WM
tissue fraction) peaks, reflecting which sequence yielded better segmentation. Both alternative

metrics were calculated per subject.

We calculated the Dice Similarity Coefficient (DSC) (Dice, 1945) of the GM probability
tissue mask (with threshold = 0.59) to compare the segmentation’s spatial similarity among all
six sequences. DSC is an overlap-based metric commonly used to validate segmentation
boundaries, and in the present study, the DSC was used to verify that the segmentation is

consistent.

Results
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Fig. 2 shows the sagittal, coronal and axial views of all six T1-w images of a single
representative subject (subject #2). Visual inspection suggests that there are no significant
differences between MPRAGET and MPRAGE2. However, a less intense central brightening and
more signal in the cerebellar cortex can be seen in MPRAGE3&4 compared to MPRAGE1&2
(Fig. 2, white arrow). Generally, the UPs recovered the signal in the low-B1 regions. Another
observation was the more homogenous WM signal throughout the brain in MPRAGE3&4. The
MP2RAGEs (Fig. 2, right column) were likewise visibly more homogeneous than MPRAGE1&2
(Fig. 2, left column). Example slices of T1w images from all six subjects can be seen in the
supplementary material (Supplementary Fig. 1.). Noteworthy, the bias field gradually reduced
from MPRAGE1/2 to MPRAGE3/4 and the MP2RAGEs (Supplementary Table. 2). With the used
parameters, all protocols are expected to have some B1+ dependent spatial variation, even the
MP2RAGEs (Haast et al., 2018; Marques et al., 2010). In addition, a residual B1- variation is
expected in the MPRAGE data, even with the vendor-supplied CLEAR correction (Harvey et al,,
2015).

MPRAGET1 MPRAGE2

e

UP: no UP: yes ye UP: no

HS8 for inversion HS8 for inversion H$8 for inversion TR-FOCI for inversion HS8 for inversion TR-FOCI for inversion
kespace shutter: no k-space shutter: yes k=space shutter: yes k-space shutter: yes k-space shutter: yes kespace shutter: yes
scan time: 7mind7s scan time: 6min50s scan time: 6min50s scan time: 6min50s scan time: 10min38s scan time: 10min38s
Mean Bias Field: 70+1%  Mean Bias Field: 68+2% Mean Bias Field: 75+3% Mean Bias Field: 75:3%  Mean Bias Field: 88+1%  Mean Bias Field: 89+1%

Fig.2. Sagittal, coronal and axial T1w example slices of subject #2 for all six acquisition
protocols. The cerebellar area of low B1+ yields low signal in MPRAGE1 and MPRAGE2. A signal
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increase is seen in the same regions by introducing the UP in MPRAGE3 (white arrow), where
the central brightness also appears less intense. The bias field gradually reduced from
MPRAGE1/2 to MPRAGE3/4 and the MP2RAGEs (Mean Percentage Bias Field gradually
increases from MPRAGET to MP2RAGE6). Note that Mean Bias Field percentage is the
estimated intensity effect (Bias Field) averaged across subjects. The percentage values
represent the data quality estimated before the bias field correction in CAT12 (higher is better,
representing the data quality).

Fig. 3a and b show the sampling pattern of the k-space shutter and the resulting point
spread function (PSF). The observed profiles (Fig. 3B-G) show minimal changes; the most
noticeable is the signal intensity reduction in MPRAGE?2, related to the reduced scan time. We
calculated the FWHM and the steepness of the slope for both MPRAGEs. No differences in
FWHM in these profiles were observed (21.2+/- 1.0 and 21.3 +/- 1.0, Paired two-sided t-test
p=0.36) and the slope parameter of the sigmoid fit was also stable (0.46 +/-0.04 and 0.45 +/-
0.04, Paired two-sided t-test p=0.52), suggesting that the edges were preserved with the
application of the k-space shutter.
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Fig.3. Panel A) shows the sampling pattern in k-space of the k-space shutter used on the k-
space coverage for MPRAGE2-4 & MP2RAGES and 6. From B) to G) we show the signal profile
along the Left-Right axis through the ventricles in individual subjects, the green signal profile
represents MPRAGE1 signal profile, in which no elliptical shutter was employed and the yellow
signal profile representing the MPRAGE?2 signal, with k-space shutter yielding 25% scan time
reduction. There was no difference in the estimated sharpness of the PSF.

The SNR and CNR assessment results of all sequences are shown in the boxplots in Fig.

4. Four distinct regions were assessed; a whole-brain ROI (including the cerebellum), a
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cerebellum ROI, a right temporal lobe and a PCC, as example regions affected by B1+
inhomogeneities. For all ROIs, the UPs yielded higher SNR (all ROIs with p < 0.05), and when
combined with TR-FOCI pulse, the SNR was even higher, notably for whole-brain and
cerebellum (higher median, dark orange boxes). MP2RAGE also showed similar results; the
introduction of the TR-FOCI pulse also led to a higher median SNR than the HS8 pulse in the
whole-brain and cerebellum masks. It is worth mentioning that the low SNR values found here
are also related to the contrast contributions to the signal variation, as the CNR of the
gray/white matter difference showed a somewhat different pattern. CNR was higher for
MP2RAGEs than the MPRAGEs, for both whole-brain and the cerebellum masks (both with p <
0.05), with the TR-FOCI in MP2RAGE®6 leading to a slightly higher CNR (higher median) than
the HS8 inversion in MP2RAGES, though this difference was not statistically significant. Among
the MPRAGEs, the measured CNR was similar, with only a slightly higher value for MPRAGE
3&4 (higher median) than MPRAGE 1&2, although also with higher variability between
volunteers. It is also important to mention that the higher inter-subject variability in the right
temporal and PCC masks are most likely due to differences in anatomy (gray/white matter
ratio) across the subjects; an example of the positioning of both ROIs can be seen in the
supplementary Fig.5. The SNR (SNR/,[T,cq) and the CNR (CNR/,[T,cq) per unit of time were
also assessed to compensate for differences in acquisition time. For the SNR, a significant
difference was observed (p<0.05) for the UPs (MPRAGE 3&4) when compared with other
MPRAGEs and MP2RAGEs for all masks. As expected, the CNR increased when UPs were
employed, however, with no significant differences to the MP2RAGEs, although it is worth
mentioning that the CNR values are higher for MPRAGE3 in the right temporal and both
MPRAGE3 & MPRAGE4 in the PCC mask. A detailed description of the SNR and CNR per unit

of time can be seen in Supplementary Fig. 2.
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Fig.4. Boxplots for each sequence showing the SNR and CNR (between Gray and White matter)
in the whole brain, cerebellum, the right temporal area and the '‘PCC’ (a cube centred on the
posterior cingulate cortex). In all cases, the SNR was higher after introducing Universal pulses,
MPRAGES3 (blue box) and MPRAGE4 (dark orange box) and higher after combining with the
TR-FOCI (MPRAGE4, dark orange). In contrast, the CNR was higher for MP2RAGEs for all
example areas. 'PCC’ area resulted in higher inter-subject variability due to anatomy differences
(gray/white matter ratio) across subjects.

Fig. 5 (Panels A and B) shows the histograms of the signal distributions in MPRAGE and
MP2RAGE acquisitions. The gray matter (~100 and ~130) and white matter (~200 and ~300)
signal intensities for the whole-brain (Fig. 5 Panel A) underwent a substantial shift after the
introduction of the UPs for all subjects, relatively higher in the gray matter than in white matter.
For the cerebellum (Fig. 5 Panel B) the same behaviour was observed, it also presented a shift
towards higher intensities values after introducing the UPs. Note that the MP2RAGE intensities
were put on a scale of 0-409.6 here, rather than the usual 0-4096. The intensity histograms for

all six subjects are depicted in the supplementary material (Supplementary Fig. 3).
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ROC curves and, subsequently, the AUC were calculated per scan and per subject to
quantify the gray-white matter separability since the GM and WM intensity peaks are not
entirely separated in the histograms. Fig. 5 (Panels C and D) shows the GM and WM fraction's
ROC curves for one representative subject. The ROC curves from all six subjects are depicted
in supplementary Fig.4. For the example subject, as for the other individuals, the ROC curves
were higher for the MP2RAGE than for the MPRAGEs, with only small differences between
MPRAGE acquisitions. To summarise the segmentability in a single number, the area under the
curve, or AUCs, for the whole brain ROl and the cerebellum were generated and shown in
violin/boxplot format (Fig. 5, Panels E and F). AUCs were consistently higher for the MP2RAGEs.
Among the MPRAGEs acquisitions, MPRAGE3&4 showed slightly higher values than
MPRAGE1&2 for the whole-brain ROI (Fig.5 Panel E) while, on the other hand, for the
cerebellum ROI (Fig.5 Panel F) the MPRAGE 1&2 show higher values than MPRAGE3&4.
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respectively. The curves show better separability of GM and WM for MP2RAGE compared with
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MPRAGE for both masks. Areas under the curve (AUC) for whole-brain (Panel E) and cerebellum
(Panel F). MP2RAGE shows better GM/WM segmentability.

Fig. 6 shows the Dice coefficients of the GM probability tissue, averaged over all six
subjects. (Panel A for whole-brain and Panel B for cerebellum). The DSC per subject can be
seen in supplementary material (Supplementary Table 1.a-b). The purpose of this metric is to
verify how similar the segmentations are. DSC coefficient shows that the segmentation results
from MPRAGE1 and MPRAGE2 were highly similar. Even higher similarity was observed
between MPRAGE 3&4 and between MP2RAGE 5&6. It is worth pointing out that the
segmentation performance of MPRAGE3&4 scored higher values than the MPRAGE1&2 when
the reference was the MP2RAGES5 or MP2RAGES6.

A) Whole-brain B) Cerebellum
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Fig.6. Dice Similarity Coefficient (DSC) of GM probability tissue averaged over all six subjects.
Panel A) whole-brain mask and Panel B) cerebellum mask. Dice similarity coefficient evaluates
the segmentation's performance by measuring their spatial overlapping (higher is better). The
present study highlights which sequence offers the best segmentation or approximates from
the ideal. The Dice coefficient shows that the MPRAGE 1&2 were highly similar. Another high
similarity was observed between MPRAGE 384 and between MP2RAGE 5&6. The MPRAGE 3&4
scored higher values than the MPRAGE 1&2 when the reference was one of the MP2RAGEs.
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Discussion

In this study, we compared different strategies to improve whole-brain MPRAGE
acquisitions at 7T. A k-space shutter was used to reduce the scan time further, Universal kt-
point pulses were used to homogenize signal excitation, and the TR-FOCI was used to invert
the signal more uniformly. All these MPRAGE variations were compared to MP2RAGE data
acquired with two different inversion pulses (HS8 and TR-FOCI). We anticipated that combining
all advanced techniques would yield higher SNR and CNR, resulting in a better separability of
Gray and White Matter for MPRAGE with comparable results with the MP2RAGE acquisition
which is now very widely used at 7T. Interestingly, we found that the UPs and the TR-FOCI pulse
provide a robust uniformity and an increase in SNR; however, it does not translate into better

segmentability than MP2RAGE.

The use of a k-space shutter did not significantly affect the MPRAGE in terms of SNR (Fig.
2), and no difference in blurring at the high contrast edge of the ventricles was found (Fig. 3).
These results were expected since the outer regions of the k-space only have small signal
amplitude compared with the amount of noise; removing the corners of k-space results in a
minimal loss of spatial resolution and considerable time saving for MPRAGE (~25%, here
approximately two minutes). It seems safe to use a k-space shutter to save scan time where the
loss in SNR because of the reduced scan time is not harmful. For these medium-resolution

anatomical images, the loss in SNR does not affect the segmentation quality (Fig. 6).

Quantitative assessment was performed using SNR and CNR as metrics over the different
acquisitions. The increased SNR offered by introducing the UPs (MPRAGE 38&4) shows a
remarkable improvement compared to the other sequences used, including the MP2RAGE, for
both whole-brain and cerebellum. The TR-FOCI pulse introduction resulted in a higher
inversion efficiency and SNR, especially in the cerebellum, as expected (O'Brien et al., 2014b).
However, the difference was not as large as in the O'Brien study, which used a single-channel
transmit coil. A possible explanation might thus be the TX8 Nova coil's performance, which
already provides good B1+ coverage over the brain. However, without a direct hardware
comparison, this remains speculation. The increase in SNR achieved in MPRAGE3&4 did not
translate to higher CNR values than MP2RAGEs (Fig.4). This result is most likely due to the

balance of tissue types in the areas most affected by the B1+-inhomogeneity. These contain
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mainly gray matter, and with increasing brightness becomes closer in intensity to the overall

white matter peak.

Regarding the signal distribution (Fig. 5), both GM and WM signal increased with the
introduction of the UPs; the dark orange/blue curves are moving to the right in the histogram
for all subjects in the supplementary material (Supplementary Fig. 3). Similar behaviour was
observed in previous work when UPs also induced a signal increase compared with CP mode
(Gras et al,, 2017). Again, as the gray matter peak moved more than the WM peak, the signal
intensity distribution of gray and white matter did not become better separable in MPRAGE3
or MPRAGE4 (Fig.5A-B). This effect is especially clear in Fig.5E-F, where the AUC improved a bit
in the whole brain acquisition, probably because of the higher SNR, but decreased for
MPRAGE3&4 compared to MPRAGE1&2 in the cerebellum, where the increase in GM signal
intensities was largest. With the two signal compartments closer together in the image intensity
histogram, they overlapped more. Nevertheless, the (cerebellar) segmentations in
MPRAGE3&4 were more consistent than in MPRAGE1&2, as shown by the off-diagonal values
in Fig. 6.B.

We also compared the segmentation of gray and white matter, using the Dice coefficient
to measure the segmentation stability. A high overlap was observed between MPRAGE 1 (no
shutter) &2 (shutter), meaning that the k-space shutter's introduction does not compromise
the MPRAGE contrast. Even higher dice coefficients were observed between MPRAGE 384 and
between MP2RAGE 5&6, which means that these pairs of acquisitions yielded very consistent
segmentation of GM/WM. Interestingly, the segmentation performance of MPRAGE 384
scored higher values than the MPRAGE 1&2 when the reference was one of the MP2RAGEs,
which means that the introduction of the UPs and the TR-FOCI pulse lead to better

segmentation than a standard MPRAGE.

Nevertheless, all our results and extracted image quality metrics show that the MPRAGE
does not yet match the MP2RAGE for gray and white matter contrast or segmentability. We
achieved higher signal homogeneity using Universal Pulses (UPs) and TR-FOCI inversion and
shorter scan time with k-space shutter. However, the increase in SNR obtained for MPRAGE
was insufficient to translate directly into better CNR values or better separability of GM and
WM than MP2RAGE. Hence, in their current implementation, MP2RAGE still merits the

additional scan time for a T1-weighted 7T anatomical scan. A further advantage from MP2RAGE
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acquisitions is that a Ty-map can be obtained from the data at no extra scan time (Marques et
al, 2010), but as these are not relevant when the images are only used as anatomical
background, this has not been further considered here. Nevertheless, for applications where
scan time is limited and segmentation not the primary objective, such as for fMRI anatomical

reference data, an MPRAGE with UPs and TR-FOClI is a very good alternative.

A higher variability in CNR and AUC was observed for MPRAGEs 3&4. In line with (Gras
et al, 2017), we speculate that the higher variation in flip angle maps was most likely due to
variations in the head position. Several parameters in these protocols affect the expected SNR
and contrast beyond the inclusion of a second readout. Here, we selected the acquisition
parameters based on two ‘standard’ protocols (the proposed MP2RAGE and the ADNI
protocol), while adapting for the inclusion of a k-space shutter and the field strength and fixing
the spatial coverage, voxel size and undersampling factors. Moreover, the use of universal
pulses in the MP2RAGE would strengthen even further the MP2RAGE dataset, as we can see
from (Mauconduit et al., 2020). The addition of the UPs brings the advantage of intrinsically
correcting for flip angle variations throughout the brain. Another possibility is the use of post-
hoc correction based on Sa2RAGE to remove residual B1* effects (Haast et al., 2021, 2018).
Besides B1 inhomogeneities solutions, fat navigators (fatNavs) for retrospective motion
correction could also improve image quality even further (Federau and Gallichan, 2016;

Gallichan et al,, 2016).

Finally, it is worth pointing out that although UPs for excitation and TR-FOCI pulse for
inversion did not allow the MPRAGE to match MP2RAGE for gray-white matter contrast, the
SNR, CNR and segmentability were much improved compared with the standard MPRAGE
sequence and their use is highly recommended. A k-space shutter was also introduced without
detrimental effects and seems an excellent way of saving scan time without a loss in image

PSF.

Conclusion

Higher signal homogeneity was achieved in MPRAGE data using Universal Pulses (UPs)
and TR FOCI inversion; however, the higher SNR obtained for MPRAGE did not translate directly

into better separability of GM-WM. A possible explanation is that the signal increase is more
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pronounced in GM than in WM. Our results show that the MPRAGE does not yet match
MP2RAGE for gray- white matter contrast, even after a robust SNR increase using sophisticated
alternative pulses. The additional scan time of an MP2RAGE acquisition seems merited.
Nevertheless, for applications where scan time is limited and segmentation not the primary

objective, an MPRAGE with UPs and TR-FOCI is a good alternative.
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Supplementary material

MPRAGE1 MPRAGE2 MPRAGE3 MPRAGE4 MP2RAGES MP2RAGE6

e

Supplementary Fig. 1. Sagittal T1w for all six subjects and acquisition protocols. From left to
right: MPRAGE1 (no shutter + HS8), MPRAGE2 (shutter + HS8), MPRAGE3 (shutter + HS8 +
UPs), MPRAGE4 (shutter + TR-FOCI + UPs), MP2RAGES5 (shutter + HS8) and MP2RAGE® (shutter
+ TR-FOCI). A signal increase is specially seen in the cerebellar areas after the introduction of

the Universal Pulses (MPRAGE3 & MPRAGE4) in all six subjects.
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Supplementary Fig.2: Boxplots for each sequence showing the SNR (SNR/,/T,.4) and the

CNR (CNR/\/E) per time unit (between Gray and White matter). Whole-brain, cerebellum,
the right temporal area and the 'PCC’ (a cube centred on the posterior cingulate cortex) were
assessed. In all cases, the SNR was higher after introducing Universal pulses, MPRAGE3 (blue
box) and MPRAGE4 (dark orange box), and higher after combining with the TR-FOCI
(MPRAGE4, dark orange). As expected, the CNR increased when UPs were employed (MPRAGE3
and MPRAGE4), however, with no significant differences to the MP2RAGEs. A repeated measure
ANOVA with Bonferroni Pairwise correction (pwc) was performed to allow comparisons within

the subject’s means.
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Supplementary Fig. 3. Signal distribution in MPRAGE and MP2RAGE acquisition for GM and
WM matter tissues. A) Whole-brain and B) Cerebellum ROlIs, for all six subjects. Note that the
MP2RAGE intensities are divided by a factor of 10.
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Supplementary Fig. 4. ROC curves of all six subjects for whole-brain and Cerebellum. For all
subjects, the curves show better separability of GM and WM for MP2RAGE compared with
MPRAGE for both masks.
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Subject #04 Right
Temporal

Sagittal

Supplementary Fig. 5. Example data from the ROI position in one subject (subject #4). Two

cubic ROIs were added as low (Temporal area) and high (PCC)-B1* areas. On the left, the Right
temporal ROI, and the right the 'PCC’ (a cube centred on the posterior cingulate cortex).
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DICE Coefficient

MPRAGE T & 2
MPRAGE 1 & 3
MPRAGE T & 4
MPRAGE T & 5
MPRAGE T & 6
MPRAGE 2 & 3
MPRAGE 2 & 4
MPRAGE 2 & 5
MPRAGE 2 & 6
MPRAGE 3 & 4
MPRAGE 3 & 5
MPRAGE 3 & 6
MPRAGE 4 & 5
MPRAGE 4 & 6

MP2RAGE 5 & 6

Chapter 2

sub1 sub2 sub3 sub4 sub5 sub6 | MEAN  SD
0.95 0.94 0.93 0.94 0.91 0.93 | 0.93 0.02
0.90 0.91 0.90 0.90 0.87 0.89 | 0.89 0.01
0.89 0.90 0.89 0.88 0.88 0.89 | 0.89 0.01
087 087 0.88 0.89 0.88 083 |0.87 0.02
0.86 0.87 0.86 0.89 0.87 0.83 | 0.86 0.02
0.90 0.90 0.91 0.90 0.87 0.88 | 0.89 0.01
0.89 0.90 0.90 0.88 0.88 0.88 | 0.89 0.01
0.86 0.87 0.87 0.89 0.87 082 | 0.86 0.02
0.86 0.87 0.86 0.88 0.87 0.82 | 0.86 0.02
0.95 0.95 0.96 0.96 0.92 0.96 | 0.95 0.02
0.90 0.87 0.89 0.90 0.88 0.86 | 0.88 0.02
0.89 0.88 0.90 0.90 0.88 0.86 | 0.89 0.01
0.90 0.87 0.90 0.89 0.88 0.87 | 0.89 0.01
0.90 0.88 0.91 0.89 0.89 0.87 | 0.89 0.01
097 096 0.93 0.95 0.96 0.95 | 0.95 0.01

Supplementary Table 1.a. The table shows the Dice Similarity Coefficient in the Gray matter
probability tissue for all subjects and sequences, with their respective mean and standard

deviation for the whole-brain.
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DICE Coefficient Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Sub6 | MEAN SD

MPRAGE 1 & 2 0.87 0.89 0.81 0.86 0.77 0.85 084 0.04
MPRAGE 1 & 3 0.80 0.81 0.76 0.78 0.71 0.74 0.77 0.04
MPRAGE 1 & 4 0.79 0.80 0.73 0.77 0.73 0.74 0.76 0.03
MPRAGE 1 & 5 0.75 0.73 0.79 0.81 0.72 0.67 0.74 0.05
MPRAGE 1 & 6 0.74 0.74 0.70 0.80 0.72 0.68 0.73 0.04
MPRAGE 2 & 3 0.78 0.80 0.75 0.78 0.67 0.72 0.75 005
MPRAGE 2 & 4 0.78 0.79 0.72 0.77 0.70 0.71 0.74 0.04
MPRAGE 2 & 5 0.72 0.73 0.74 0.78 0.66 0.64 0.71 0.05
MPRAGE 2 & 6 0.71 0.74 0.68 0.78 0.65 0.66 0.70 0.05
MPRAGE 3 & 4 0.91 0.93 0.92 0.90 0.83 0.92 0.90 0.03
MPRAGE 3 & 5 0.81 0.79 0.82 0.81 0.75 0.75 0.79 003
MPRAGE 3 & 6 0.81 0.80 0.85 0.82 0.76 0.77 0.80 0.03
MPRAGE 4 & 5 0.80 0.78 0.82 0.78 0.76 0.75 0.78 0.03
MPRAGE 4 & 6 0.80 0.79 0.86 0.80 0.77 0.77 0.80 0.03
MP2RAGE 5 & 6 0.94 0.94 0.84 0.92 0.91 0.91 091 0.04

Supplementary Table 1.b. The table shows the Dice Similarity Coefficient in the Gray matter
probability tissue for all subjects and sequences, with their respective mean and standard
deviation for the Cerebellum.

Bias s071 s02 s03 s04 s05 s06 MEAN SD

MPRAGE 1 7043% 71.94% 7083% 6791% 7058% 68.26% | 69.99%  1.44%
MPRAGE 2 69.54% 71.99% 69.73% 66.07% 67.63% 66.33% | 6855% 2.09%
MPRAGE 3 76.13% 7957% 77.39% 72.13% 7151% 74.73% | 75.24%  2.83%
MPRAGE 4 75.38% 80.05% 77.23% 71.94% 71.26% 74.98% | 75.14%  3.00%
MP2RAGE 5 89.48% 8896% 8893% 88.11% 88.16% 88.82% | 88.74%  0.48%
MP2RAGE 6  89.65% 8857% 91.87% 88.08% 87.87% 90.15% | 89.37%  1.38%

Supplementary table 2:

segmentation procedure.

The estimated intensity effects (Bias Field) in percentage (higher is
better) calculated by the CAT12 algorithm prior to applying the bias field correction during the
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Abstract

Functional magnetic resonance imaging (fMRI) based on the Blood Oxygenation Level
Dependent (BOLD) contrast takes advantage of the coupling between neuronal activity and the
hemodynamics to allow a non-invasive localization of the neuronal activity. In general, fMRI
experiments assume a linear relationship between neuronal activation and the observed
hemodynamics. However, the relationship between BOLD responses, neuronal activity, and
behaviour are often nonlinear. In addition, the nonlinearity between BOLD responses and
behaviour may be related to neuronal process rather than a neurovascular uncoupling. Further,
part of the nonlinearity may be driven by vascular nonlinearity effects in particular from large
vessel contributions. fMRI based on cerebral blood volume (CBV), promises a higher
microvascular specificity, potentially without vascular nonlinearity effects and reduced
contamination of the large draining vessels compared to BOLD. In this study, we aimed to
investigate differences in BOLD and VASO-CBV signal changes during a hand movement task
over a broad range of movement rates. We used a double readout 3D-EPI sequence at 7T to
simultaneously measure VASO-CBV and BOLD responses in the sensorimotor cortex. The
measured BOLD and VASO-CBV responses increased very similarly in a nonlinear fashion,
plateauing for movement rates larger than 1 Hz. Our findings show a tight relationship between
BOLD and VASO-CBV responses, indicating that the overall interplay of CBV and BOLD
responses are similar for the assessed range of movement rates. These results suggest that the
observed nonlinearity of neuronal origin is already present in VASO-CBV measurements, and

consequently shows relatively unchanged BOLD responses.
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Introduction

Functional Magnetic Resonance Imaging (fMRI) is the most popular means of probing
neuronal activity in living humans, with blood oxygenation level-dependent (BOLD) the most
common non-invasive contrast used to detect brain function. The BOLD signal relies on T2 or
T2* relaxation, which is sensitive to local concentrations of paramagnetic deoxyhemoglobin

(dHb), which leads to alterations in MRI signal intensity (Kim and Ogawa, 2012).

The measured BOLD signal during functional activation depends predominantly on the
changes in venous blood oxygenation, which in turn depends on the induced neurovascular,
hemodynamic, and metabolic changes. When interpreting functional MRI signals, we generally
assume a linear coupling between neuronal activation and the observed vascular signals
(neurovascular coupling)(Boynton et al., 2012, 1996; Cohen, 1997; Friston et al., 1994; Heeger
et al.,, 2000; Miezin et al., 2000). However, BOLD responses, neuronal activity, and behaviour are
often nonlinearly coupled (Buxton et al, 2014; Friston et al, 2000; Hermes et al., 2012;
Logothetis, 2008; Logothetis et al., 2001; Siero et al., 2013; Soltysik et al., 2004; Yesilyurt et al.,
2008).

Although the BOLD signal mechanism is complex, previous studies demonstrated the
presence of both linear and nonlinear behaviour of the BOLD signal with task variations. For
the visual cortex, it has been shown that the amplitude and duration of the BOLD response can
be assumed to be linear for stimulus duration longer than 4 seconds (Boynton et al., 1996; Liu
and Gao, 2000; Soltysik et al., 2004; Vazquez and Noll, 1998; Yesilyurt et al., 2008). In contrast,
a nonlinear scaling in amplitude and duration between stimulus and the BOLD signal has been
observed, for example, in visual stimuli with a short duration (< 3-4 seconds). Here, BOLD
response amplitude was larger than the prediction as expected from a linear system (Birn and
Bandettini, 2005; Liu et al., 2010; Logothetis et al., 2001; Miller et al., 2001; Yesilyurt et al., 2008;
Zhang et al., 2009, 2008). Nonlinear behaviour was also observed for the BOLD response
amplitude for a range of other fMRI experimental paradigms; word presentation rates (Biichel
et al, 1998; Friston et al, 1998; Rees et al., 1997), visual stimuli with different frequency
contrasts (Gaglianese et al., 2017). In the motor fMRI literature too, plateauing at high
movement rates has been observed for different hand motor tasks (Jancke et al., 1998; Khushu

et al,, 2001; Riecker et al., 2003; Sadato et al., 1997; Siero et al., 2013).
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Several studies combined electrocorticography (ECoG) with BOLD fMRI showing a close
to linear relationship between neuronal population activity measured by electrocorticography
(ECoG) and BOLD responses with respect to different stimulus rates (Gaglianese et al., 2017;
Siero et al.,, 2013). Specifically, in the sensorimotor cortex, Siero et al. showed that both the
BOLD and neuronal ECoG responses plateau at high movement rates (> 1Hz). These findings
corroborate to the suggestion that a significant part of the BOLD nonlinearity, i.e. plateauing
of the response amplitude at high movement rates, has a neuronal origin (Birn and Bandettini,
2005; Zhang et al.,, 2009). The remaining part is likely due to vascular nonlinear effects such as
vascular refractory effects where the response to a repeated stimulus can be diminished (Zhang
et al., 2008). These effects are thought to occur in larger vessels that can exhibit inconsistent
response delays due to pooling of upstream microvascular blood with different transit times
(Zhang et al., 2009). Another potential source of vascular nonlinearities is the BOLD ceiling
effect, where the maximum amount of BOLD signal is reached when the blood flow is increased
to the point that all the deoxyhemoglobin (dHb) in the venous vasculature is washed out

(Buxton et al.,, 2014).

Cerebral blood volume (CBV) measurements provide an alternative fMRI contrast
mechanism to BOLD. The Vascular Space Occupancy (VASO) contrast is sensitive to arteriole
and post-arterial CBV changes and promises higher microvascular specificity, thus better
spatial localization of the neuronal activity with reduced draining vein contamination compared
to BOLD (Hua et al.,, 2018; Huber et al., 2014; Jin and Kim, 2008; Lu et al., 2013, 2003). In VASO,
the contrast is based on the differences between the longitudinal relaxation times (T1) of blood
and tissue, and it is generated by nulling the blood signal using an inversion pulse while

maintaining part of the tissue signal.

Although the linearity of the CBV response has, to date, not yet been investigated, the
CBV responses are not expected to behave in the same fashion as the BOLD response to
repeated stimuli and stimulus rate. Since VASO-CBV responses promise higher microvascular
specificity, we might expect reduced vascular nonlinear effects as previously observed in BOLD
fMRI experiments. Simultaneous assessment of CBV and BOLD responses can shed light on the

extent of vascular nonlinear effects observed in the BOLD signal.

In this study, we measured simultaneously BOLD and VASO-CBV responses, using a

double readout 3D-EPI VASO sequence, during the execution of hand digit movements at
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several movement rates. The goal was to evaluate and compare the BOLD and VASO-CBV

response behaviour with respect to movement rate in sensorimotor cortex.

Materials and methods
Subjects

Five healthy volunteers (age 25-40 years, two women and three men) without hand
movement impairments participated in the study. The local ethics committee approved this
study, and all volunteers provided written consent prior to participating after being informed

of the experimental procedures.

Stimulus

Each subject repeated the experiment twice in two separate sessions, where the subjects
performed the same motor task. The task consisted of moving the right hand periodically
following a visual cue, from a rest position to a loosely clenched fist, at five different movement
rates: ~0.33, 0.5, 1, 1.5, and 2 Hz. The visual cue was projected on a screen at the end of the
bore of the scanner, which the subjects viewed using a mirror. The visual cue consisted of two
different coloured squares (with the green square meaning move, and red indicating rest)
alternating at the appropriate clenching rate and was generated in ‘Matlab’ (The MathWorks,
Natick, United States) using the ‘Psychophysics Toolbox Version 3'. Both task and movement
rates have previously been shown to yield robust BOLD responses and nonlinearity with the

stimulus rate (Siero et al., 2013).

The task paradigm consisted of a 30 second baseline, then alternating between 12 seconds of
movement, and 24 seconds of rest. In total, 12 trials were performed per movement rate in a
pseudo-randomized order across subjects and sessions. All subjects were briefly trained
outside the scanner and instructed to use a constant force across movement rates. The hand
movements were recorded using a DataGlove 5 Ultra MRI (Fifth Dimension Technologies 5DT,
www.5dt.com) with a sampling rate of 120Hz. The right-hand dataglove is metal-free and
consists of five fiber-optical sensors in total (one sensor per finger), placed on the back of each

digit. These fiber-optical sensors provide an average measurement of the finger flexure for

57



Chapter 3

each of the five fingers by measuring the optical fiber path length. Hence, with these sensors,
fist-clenching can be observed clearly, but not the movement of individual phalanges or wrist
rotations. The traces from the index, middle, ring and little fingers were averaged to verify the
subject's movement rate and task performance. For an example recording, see Fig. 1. One
subject’s session was removed after the detection of motion-related artifacts, and the
remaining 45 runs were included in the final analysis.

In order to eliminate bias in the comparison analysis between different movement rates
we obtained the region of interest (ROI) from an additional stimulus run using the same
paradigm described above, with 1.0 Hz and eight trials, the same processing steps were

performed for all datasets including the functional localizer run.

0.3Hz a.u. ” “ M “ “
0 10 20 30
0.5Hz au “ (\ i\ “ f\ “ “
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B.)
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1.5Hz a.u. MNWVVWNW
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Fig. 1. A) Single-subject dataglove traces across 12 trials shown in gray with the average
response in black. The subplots illustrate the functional paradigm and task performance. From
top to bottom, hand movement rates ~0.33, 0.5, 1.0, 1.5, and 2 Hz, the hand movements were
performed for 12 seconds, followed by 24 seconds of rest (baseline). The task consisted of
moving the right hand from a rest position (B) to a loosely clenched fist position (C). The
dataglove data was used to check for task performance and to calculate an accurate movement
rate for each subject. Note that, for the highest movement rates (greater than 1.0Hz), the
subjects accrued timing deviations in the executed movement onset with respect to the visual
cue resulting in a reduced amplitude for the average movement trace (black).
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MR sequences

Imaging was performed on a 7T MRI scanner (Philips Healthcare, Best, The Netherlands)
using an 8 channel transmit coil and a 32 channel receive coil (Nova Medical Inc, Wilmington,
United States) with a close to circularly polarized-mode achieved by B1-shimming of the entire
brain of a group of volunteers. A Slice-Saturation Slab-Inversion (SS-SI) VASO scheme was used
to simultaneously acquire CBV and BOLD weighted images using interleaved pair-wise 3D-EPI
readouts (Huber et al., 2014) (Fig. 2). The timing parameters for the interleaved acquisition were
based on previous 7T findings, taking into account gray matter (GM) and blood T values,
arterial arrival time in the sensorimotor cortex, and an additional margin as previously
proposed (Huber et al., 2018). Combining these, we used TI+/TI>/TE/TR = 1100/2600/17/3000
ms. For the magnetization inversion, we implemented an adiabatic inversion TR-FOCI pulse,
which ensures an effective inversion with reduced B1+ inhomogeneity dependency compared
to a more conventional hyperbolic secant adiabatic inversion pulse (Hurley et al., 2010). Data
were acquired with an isotropic voxelsize of 1.5 mm, FOV = 192x192x21 mm?3, matrix size =
128x128, 14 slices, partial Fourier factor = 0.78 in the phase encoding direction and SENSEinpiane
factor = 2.5. 154 volumes were acquired per run, leading to a total scan time (per movement

rate) of 7 minutes and 42 seconds.

In addition, a higher resolution T2*-weighted scan was acquired to identify the veins in
the imaging area. A 3D multishot gradient-echo EPl was acquired with the following
parameters: TR/TE = 67/29 ms, flip angle = 20°, averages = 2, SENSE factor = 2, isotropic
voxelsize = 0.6 mm, and FOV = 215x160x75 mm?, matrix size = 360x342. 100 slices were

acquired to cover the sensorimotor cortex, with a total scan time of 2 minutes and 35 seconds.

Flip angle sweep

A 3D-EPI readout not only results in higher image SNR compared a 2D-EPI readout (Van
Der Zwaag et al., 2012) but also leads to a reduced power deposition as typically smaller flip
angles are used. In SS-SI VASO, longitudinal magnetization recovery during the 3D-EPI
readouts leads to different T1-weightings along the k,-direction, which can result in blurring

across slices. To reduce this blurring, we modulated the flip angle train, such that the
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magnetization in the gray matter remains approximately constant (Gai et al, 2011). The
nominal flip angles in the optimal sweep were: 14.4°, 14.9°, 15.4°,15.9°, 16.5°,17.2°,17.9°, 18.7°,
19.6°, 20.6°, 21.8°, 23.2°, 25.0°, 27.1°, 30.0° (Fig. 2). The SAR values never exceeded 2 W/kg (or

20% of the local SAR limit), according to the SAR estimation of the vendor.
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Fig. 2. Depicted pulse sequence (sequence diagram) combined with the z-magnetization
during a 3D-EPI Slice-Selective Slab-Inversion (SS-SI) VASO acquisition. A) An adiabatic
inversion (180°) pulse (TR-FOCI) followed by two acquisition modules with 3D-EPI readout with
a variable flip angle (). Inversion times Tly, Tl,, and volume repetition time TR were 1100, 2600,
and 3000 ms, respectively. B) In SS-SI VASO, an increase in tissue signal is realized by
manipulating the longitudinal magnetization of the stationary gray matter (GM) tissue
separately from the inflowing blood. Here, a 90° magnetization reset pulse is applied in the
imaging slab after both readout modules, resulting in an increased available tissue signal.

Data analysis

All data pre-processing was performed using the SPM12 (Statistical Parametric Mapping)

software package. We first performed a motion correction for BOLD and VASO images
separately, followed by a BOLD correction used to minimize the extravascular BOLD signal
contamination present in the VASO images (Huber et al, 2014). No additional spatial
smoothing or temporal filtering was applied to minimize loss in specificity. T2*-weighted
images were registered to the same space as the functional data, and all movement rate data
sets were registered to the same common space, per subject using the functional localizer as

reference.


http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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The ROI definitions were based on VASO-CBV and BOLD activated voxels from the
localizer run. After a GLM (FEAT in FSL, v.6.0) analysis, the VASO-CBV and BOLD Z-statistic
activation maps were thresholded at a Z-statistic value = 2.5. To assess signals originating from
draining veins, we created a “vessel ROI" based on the high-resolution T2*-weighted image,
where low signal intensity spots indicate the larger draining veins, and the overlap with the
BOLD activation map. To account for the extravascular BOLD signal extent of the draining vein,
voxels adjacent to the large vessels were also included in the ROI (Fig. 3C, D in red) (Siero et
al, 2011). A second ROI was created based on the BOLD activation map, but excluding the
overlapped voxels from the vessel ROI, resulting in a “BOLD non-Vessel ROI" (BnV RO, Fig. 3C,
D in blue). The final ROl was defined as the common set of CBV and BOLD activated voxels,
also excluding voxels from the vessel ROI, which we will dub "CBV BOLD Combined non-Vessel

ROI" (CBnV ROI). (Fig. 3C, D in green).

To investigate the response linearity with respect to the movement rate, we first averaged
the time courses of all voxels within each ROI. Next, we obtained CBV and BOLD percentage
signal changes for all subjects and movement rates. To evaluate the relationship between
VASO-CBV and BOLD responses in the different ROIls, we ran a linear regression on the percent
signal changes per session and movement rates; five CBV-BOLD pairs of data points (per
session, at five movement rates) were entered into the regression model, in total, nine slopes
and intercepts were generated and further averaged. This procedure followed what was
proposed in (Makin and De Xivry, 2019). One-way ANOVAs with Tukey post-hoc analyses were
used to assess the slope and intercept differences between ROIs. All generated plots, linear
regression and ANOVA estimation, were performed using R (R Development Core, 2008), where

p-values < 0.05 were considered statistically significant.
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Fig. 3. Example BOLD and VASO-CBV-weighted activation maps with their respective signal
amplitudes, followed by the ROI selection outline. A) shows BOLD and VASO-CBV activation
maps from the functional localizer run for a representative subject, and B) signal timecourses
averaged across all subjects, extracted from the ROIs used in the analysis (e.g. BnV for BOLD
timecourse and CBnV for VASO timecourse). The dashed line represents the stimulation period,
and the transparent shaded area represents the standard error across subjects. In C) and D), a
T2*-weighted image is shown with a schematic of the three different ROIs. In red, delineation
of draining veins incorporating a BOLD extravascular signal extent (Vessel ROI). In blue, the
"BOLD non-Vessel" (BnV ROI), based on BOLD activated voxels, excluding the voxels from the
vessel ROI. In green, the "CBV BOLD Combined non-Vessel" (CBnV ROI), i.e. a common set of
BOLD and CBV activated voxels, also excluding Vessel ROI voxels.
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Results

Fig. 1 shows the averaged dataglove response of one representative subject and
illustrates the functional paradigm and associated task performance. We assessed the
dataglove responses and calculated the execute movement rate for all runs. The dataglove
shows that the subjects’ performance was similar between the movement rates, even for higher
movement rates (> 1 Hz), where the responses start to reduce in amplitude, but the movement
rate still matches with those introduced by the stimuli. Hand movements were executed within

0.337 + 0.002 Hz, 0.505 + 0.030 Hz, 1.002 + 0.026 Hz, 1.523 + 0.025 Hz, and 1.978 + 0.114 Hz.

Robust BOLD and VASO-CBV responses in the sensorimotor cortex were detected in all
participant sessions for all five different movement rates. Fig. 3A shows exemplar BOLD and
VASO-CBV activation maps for a representative subject, and Fig. 3B the signal timecourses
averaged across subjects. Fig. 4 shows the average VASO-CBV and BOLD percentage signal
changes with respect to movement rate for the different ROIs. Both the BOLD and VASO-CBV
response amplitude show an increase for movement rates till 1 Hz and plateaus for higher
movement rates > 1 Hz. As expected, the BOLD response amplitude was much higher in the
vessel ROI than in the other two ROIs. VASO-CBV response amplitudes were higher in the
combined ROI (CBnV ROI) than in the BnV ROI because of the way both ROIs had been defined.
Interestingly, VASO-CBV responses were also significant in the vessel RO, albeit more modest
than the increase in BOLD compared to the BnV and CBnV ROIs. In addition, the VASO-CBV
contrast-to-noise ratio (CNR) was approximately 56% of BOLD CNR for the CBnV RO],

calculated using the average percentage signal change across all subjects.

In Fig. 5, a linear regression was used to assess the linearity of the relationship between
VASO-CBV and BOLD responses in the three different ROIs. For all ROIs and subjects, a
significant linear relationship was found between the movement rate dependent BOLD and
VASO-CBV responses. The following results are the average slopes, intercepts and the
Pearson's correlations across subjects and movement rates. For the vessel ROI, slope = 0.95 +
0.10 %BOLD/%VASO-CBYV, intercept = 2.20 + 0.12 %BOLD and the R = 0.77, for the BnV RO|,
slope = 1.18 + 0.05 %BOLD/%VASO-CBYV, intercept = 1.13 + 0.07 %BOLD and the R = 0.89,
and finally for the CBnV ROI, slope = 0.90 + 0.12 %BOLD/%VASO-CBV, intercept = 1.10 + 0.28
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%BOLD and R = 0.80. The fitted linear curves are depicted in Fig. 5 for all ROIs per session; the
dashed line represents the average of all nine sessions. Note that all the fitted slopes are
relatively close to 1 and did not significantly differ between ROlIs, as the one-way ANOVA with
Tukey post-hoc analysis revealed, ROlvessel-gnv, p=0.26, ROliessel-cenv, p=0.93 and ROlgnv-cenv,
p=0.14. Interestingly, there is a significant offset, i.e. a non-zero BOLD-intercept, at VASO CBV
(%) = 0, for all ROIs. The intercept value was significantly higher for the Vessel ROl compared
to both the BnV and CBnV ROIs (both p=0.001), while the BnV and CBnV ROIs had a similar
intercept value (p=0.9).

We also investigated the cerebrospinal fluid (CSF) contribution in the Vessel ROI. We
correlated the brightness of the mean EPI from each subject, with the percentage signal change
in the vessel ROI to investigate the relationship between CSF and VASO-CBV signal. The
brightest voxels in the mean EPI indicates the presence of a high voxel CSF content due to the
long T1 and T2* of CSF. Lower intensity voxels generally indicate larger venous content (shorter
T1 and T2* for venous blood). A positive correlation would indicate that voxels with a high
percentage of VASO-CBV signal change are related to the voxels with a large partial volume
contribution of CSF. We found that the correlation for the VASO-CBV signal changes are much
closer to 0 and not consistently negative or positive (i.e. non-significantly different from 0, p =
0.44), suggesting that the impact of the draining veins and CSF content is on the response
amplitude is small. The results for the BOLD response amplitude, however, showed a significant
negative correlation (p = 7.71 x 1078) for all movement rates, indicating higher BOLD signal

changes for voxels with higher venous blood content, as expected.
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Fig. 4. The BOLD and VASO-CBV percent signal change with respect to movement rate for the
different ROIs, averaged across subjects. A.) Vessel ROI, B.) The “BOLD non-Vessel” (BnV ROI),
and C) The "CBV BOLD Combined non-Vessel” (CBnV ROI, i.e. common CBV and BOLD
activated voxels). The higher sensitivity of BOLD compared with VASO-CBV is reflected in the
higher percentage signal change. The error bars are the standard error. Regardless of the ROI,
both BOLD and VASO-CBV percentage signal change show similar behaviour, with both

increasing in a linear fashion for movement rates < 1 Hz and saturating for movement rates >
1 Hz.
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%BOLD versus %VASO-CBV
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Fig. 5. %BOLD versus %VASO-CBV for different ROIs, showing the linear trend in the
relationship between both measured responses for all movement rates. Each line represents
the slope of %BOLD versus %VASO-CBV for all movement rates (open circles) of a single
session, and the dashed lines represent the average slope across all sessions. In red, the
draining vein or "vessel" ROI. In blue, the "BOLD non-Vessel" (BnV) ROI; based on BOLD
activated voxels, excluding the voxels contained in the vessel ROI. In green, the "CBV BOLD
Combined non-Vessel" ROI (CBnV ROI), i.e. the common set of BOLD and VASO-CBYV activated
voxels excluding vessels.

Discussion

In the present study, we evaluated the relationship between 7T BOLD and VASO-CBV

fMRI responses for a simple motor task with five different hand movement rates. A double
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readout 3D-EPI VASO sequence enabled us to acquire BOLD and CBV responses rates in
sensorimotor cortex simultaneously. As the CBV and BOLD contrast are thought to have distinct
weighting for (micro)vascular compartments, we anticipated distinct response behaviour with
respect to movement rate. Interestingly, we found a high degree of similarity between BOLD

and CBV response behaviour regarding movement rate.

Observed VASO-CBV activation patterns (Fig. 3A) are similar in magnitude and spatial
extent to previous studies using the same spatial resolution in sensorimotor cortex, showing
reduced large draining vessel activations compared to the BOLD activation patterns (Huber et
al., 2018, 2014). The relative sensitivity differences between VASO-CBV and BOLD was also in
agreement with previous work (Huber et al.,, 2014). For the CBV BOLD Combined non-Vessel
ROI (CBnV ROI), the VASO CBV contrast-to-noise ratio (CNR) was approximately 56% of BOLD
CNR.

We found that the BOLD response first increases and then plateaus for movement rates
> 1 Hz. Interestingly, the CBV response showed a markedly similar response behaviour as the
BOLD response for all ROIs (Fig. 4). Several fMRI studies have described movement frequency
dependency in sensorimotor areas and other areas such as basal ganglia, cerebellum and spinal
cord (Agnew et al., 2004; Jancke et al., 1998; Maieron et al., 2007; Rao et al., 1996). In addition,
electrophysiology studies have shown evidence for a negative relationship between motor
cortex neuronal firing rate and movement frequency: greater speed of movement was
associated with a reduced number of spikes/second in primates (Aflalo and Graziano, 2007).
This notion is in agreement with human electrophysiology (ECoG) studies which observed that
the plateauing could be associated with strongly reduced neuronal population activity (high-
frequency gamma-band power) for fast movement rates after the very first movement.
Moreover, the beta-band power remained suppressed, indicating a release of motor cortex
inhibition, in a sense facilitating movement initiation for these fast movement rates (Hermes et

al., 2012; Siero et al.,, 2013).

Plateauing of the BOLD response has been observed in sensorimotor cortex using a
range of task designs such as finger tapping, button-pressing or hand movements (Jancke et
al., 1998; Khushu et al., 2001; Riecker et al., 2003; Sadato et al., 1997; Siero et al., 2013). In all
cases, response plateauing was observed at high movement rates with a variation in the exact

range of frequencies, differences that are likely related to the different experimental designs.
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Interestingly, the observed VASO-CBV signal changes in the vessel ROl were
comparable to the VASO-CBV signal changes in the CBnV ROI and higher than the BnV ROI. A
possible explanation could be a partial volume effect from cerebrospinal fluid (CSF) (Donahue
et al., 2006; Huber et al., 2015). The CSF signal is much higher than the gray matter signal for
the used SS-SI-VASO scan parameters. Thus, for a similar displacement of the voxel's content
by vascular dilation and/or adjacent tissue swelling, the signal intensity is reduced much more
for high CSF content voxel than for low CSF content voxel. We investigated the CSF
contamination by performing a voxelwise correlation between the mean EPI signal intensity
and %VASO-CBV and %BOLD signal changes. While we found a negative correlation in the
BOLD data confirming the importance of veins in this ROI, no such correlation was found for
the VASO-CBV contrast, indicating minimal CSF contamination in the vessel ROI. The result of
the correlation analysis are shown in the supplementary material (Suppl. Fig. 1.). However, other
potential confounders could also explain the unexpected vessel ROI VASO CBV signal change.
Previous studies reported that VASO fMRI is expected to capture CBV changes in small pial
arteries (Donahue et al,, 2006; Huber et al., 2015). Small pial arteries are most likely present in
the vessel ROI but exhibit no image contrast, as the pial veins do, with respect to the CSF and
gray matter signal. We also checked the VASO-CBV percentage signal change in the vessel ROI
and the CBnV ROI when omitting the BOLD contamination correction. The results are shown in
the supplementary material (Suppl. Fig 2.). As expected, the VASO-CBV responses are reduced
when omitting the BOLD contamination correction. The amplitude for the non-BOLD corrected
vessel ROI responses are comparable to the non-BOLD corrected CBnV ROI responses for all
frequencies besides 1.5Hz, similar to the corrected data. Hence, any BOLD contamination is not
likely to be the cause of the comparable response amplitude for the vessel ROl with respect to
the CBnV ROL.

The observed tight relationship between BOLD and VASO-CBV responses for all ROIs
indicates that blood volume changes are strongly associated to changes in deoxyhemoglobin,
at least over the range of examined movement rates. This can also be seen in the scatter plot
and fitted linear equations depicted in Fig. 5, showing a high correlation between %BOLD and
%VASO-CBV changes and an almost one-to-one relationship as seen from the fitted slopes for
all ROIs. Interestingly, we observed a non-zero intercept for the fitted linear equations
describing the %BOLD versus %VASO-CBV all ROIs. At first instance, a zero-intercept would be

expected, meaning that in the absence of a notable CBV change, a zero % BOLD signal change
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would be observed. The observed non-zero BOLD intercept, though, could be remaining
extravascular BOLD signal in the VASO-CBV data, i.e. residual BOLD contamination. Both BOLD
and VASO-CBV readouts have similar T2* weighting, in this case, the positive BOLD signal
changes cancel some of the negative VASO-CBV signal changes during activation. Most of this
T2* or BOLD contamination is expected to be removed from the generated VASO-CBV images
using a BOLD correction scheme (Huber et al., 2014); however, remaining contamination
cannot be fully ruled out. It is worth pointing out that the BOLD correction scheme has been
validated by at least two different designs, in both cases, correcting major part of the BOLD
contamination with minimal overestimation of VASO-CBV signal changes (Huber, 2015).
Another possibility is that the BOLD intercept reflects an (intracortical) draining vein effect,
which is presumably not present in the VASO-CBV data but likely is present in the BOLD data,
even after masking out the largest vessels visible on the high-resolution T2* anatomy image.
Note that the intercept was the highest for the Vessel ROI.

The nonlinear behaviour observed in both the BOLD and VASO-CBV responses regarding
movement rate is most likely, and for the most part, explained by the neuronal source (Hermes
et al,, 2012; Siero et al., 2013). The remaining part is probably of vascular origin and caused by
vascular nonlinearity effects such as vascular refractory effects and the ceiling phenomenon.
The ceiling effect could potentially be the cause of the BOLD nonlinearity, as suggested
previously (Birn and Bandettini, 2005; Bruhn et al., 1994; Buxton et al., 2004). However, other
fMRI modalities such as CBF mapping using Arterial Spin Labelling (ASL) have found a
comparable nonlinear response with respect to different stimulus duration, and a linear
relationship between CBF and BOLD (Miller et al., 2001), which are also similar to previous PET
studies (Blinkenberg et al., 1996; Dettmers et al., 1996; Sadato et al., 1997). Our CBV findings
complement these previous findings, and together they suggest that there is a minimal
contribution of the ceiling effect in the BOLD nonlinearity since BOLD response is driven by
CBF and CBV changes (Buxton et al, 2014). A plausible explanation for the VASO-CBV
nonlinearities is that the CBV measurements reflect the nonlinear transformation from the
stimulus to the neural response since CBV are closely related to the underlying neuronal
activity. Consequently, the BOLD nonlinearities could be an extension of that, as the CBV

nonlinearities are also part of the BOLD responses.
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We observed a lower sensitivity for VASO-CBV responses, VASO-CBV CNR was about
56% compared to the BOLD CNR. The higher sensitivity is expected for GE-BOLD due to the
nature of the contrast mechanism. In addition, residual signals from macrovessels or signals
from non-specific large draining veins, can increase the observed BOLD CNR (Huber et al.,
2017; Uludag and Blinder, 2016). With respect to the sequence used here, the SS-SI 3D-EPI
sequence provides simultaneous acquisition of VASO-CBV and BOLD fMRI measurements,
however, care should be taken regarding the comparison and interpretation. An optimal VASO
sequence requires careful adjustment of timing parameters; an appropriate inversion time that
is not too long to avoid inflow effects, and a long TR to satisfy the VASO blood refilling
conditions; usually TR = 3 s or longer to allow blood to refill the vasculature in the imaging
volume but also to allow leaving the imaging volume before the next inversion pulse (Huber
et al, 2014; Jin and Kim, 2008). In addition, a short TE is required to minimize BOLD
contamination. In contrast, an optimal GE-BOLD sequence requires a relatively longer TE, and
the TR is usually limited by the coverage of the field of view. Thus, the current TR restriction of
the optimal SS-SI 3D-EPI VASO limits a more thorough investigation of the temporal features
of the hemodynamic response and the neurovascular coupling. Methods like Multiple
Acquisitions with Global Inversion Cycling (MAGIC) (Lu et al., 2004; Scouten and Constable,
2007) and the more recently Multiple Acquisitions with Global Excitation Cycling (MAGEC)
(Huber et al., 2020) can achieve whole-brain coverage and, therefore, be used to increase the

temporal resolution in future VASO studies.

Conclusion

We observed a strong linear relationship between VASO-CBV and BOLD responses, both
similarly increasing with increasing hand movement rate and plateauing at high movement
rates > 1 Hz. The presumed higher microvascular specificity of VASO-CBV compared to BOLD
does not directly result in a more linear response behaviour at high hand movement rates. The
observed plateau behaviour, i.e. nonlinear effects, regarding movement rate, are likely
predominantly of neuronal origin and therefore present in both the VASO-CBV and BOLD

response.
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Supplementary material

The VASO-CBV percentage signal changes in the vessel ROl were comparable to the “CBV
BOLD Combined non-Vessel” ROI (CBnV ROI) and higher than the “BOLD non-Vessel” ROI (BnV
ROI). To investigate the potential cause of the comparable VASO-CBV response amplitude in
the vessel ROI, we assessed 1) a partial volume effect caused by cerebrospinal fluid (CSF) in
voxels in the vessel ROI as these are predominantly located near the pial surface. And 2) the

non-BOLD corrected VASO-CBV responses in the vessel ROl and the CBnV ROI.

1.) CSF partial volume effect

We also investigated the cerebrospinal fluid (CSF) contribution. We correlated the brightness
of the mean EPI image of the second inversion time from each subject, with the percentage
signal change for the voxels in the vessel ROI to investigate the relationship between CSF
content and the VASO-CBV signal. The results (correlations over all subjects and movement
rates) are summarized below in the boxplot for both the VASO-CBV and BOLD percentage
signal change. The brightest voxels in the mean EPI indicates the presence of a high voxel CSF
content due to the long T1 and T2* of CSF. Low-intensity voxels generally indicate larger
venous content (shorter T1 and T2* for venous blood). A positive correlation would indicate
that voxels with a high percentage of VASO-CBV signal change are related to the voxels with a
large partial volume contribution of CSF. However, we found that the correlation for the VASO-
CBV signal changes are much closer to 0 and not consistently negative or positive (i.e. non-
significantly different from O, (p = 0.44), suggesting that the impact of the draining veins and
CSF content is on the response amplitude is small. The results for the BOLD response
amplitude, however, showed a significant negative correlation (p =7.71 x 1078) for all
movement rates, indicating higher BOLD signal changes for voxels with higher venous content,

as expected.
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VASO-CBV and BOLD versus mean EPI
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Supplemental Fig. 1. Boxplot showing the voxelwise correlations (over all subjects and
movement rates) between the mean EPI image signal intensity and the VASO-CBV percentage
signal change (in green) and the BOLD percentage signal change (in orange), respectively. The
VASO-CBV correlations are not significantly different from 0 (p = 0.44), suggesting that there
is no clear tendency for the CSF-rich voxels to drive the responses and that the influence of
pial veins is small. For the BOLD data, we observed a significant negative correlation (p = 7.71 X
1078) for all movement rates, indicating higher BOLD signal changes for voxels with higher
venous blood content.

2.) BOLD correction scheme

To investigate the effect made by the BOLD correction step, we assessed the non-BOLD
corrected VASO-CBV responses in the vessel ROl and the CBnV ROI (see Supplemental Figure
2 below). As expected, the VASO-CBV responses are reduced when omitting the BOLD
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contamination correction. The amplitude for the non-BOLD corrected vessel ROI responses is
comparable to the non-BOLD corrected CBnV ROI responses for all frequencies besides 1.5Hz,
similar to the corrected data. Hence, any BOLD contamination is not likely to be the cause of

the comparable response amplitude for the vessel ROI with respect to the CBnV ROI.
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Supplemental Fig. 2. BOLD and VASO-CBV percentage signal change with respect to the
movement rate for two ROls; the “Vessel ROI” and the "CBV BOLD Combined non-Vessel” ROI
(CBnV ROI), averaged across subjects. As expected, omitting the BOLD contamination
correction scheme reduced the VASO-CBV response amplitude. The non-BOLD corrected
VASO-CBV signal changes are comparable to the non-BOLD corrected CBnV ROI signal
changes for all frequencies besides 1.5Hz, similar to the corrected data. In the figure legend,
“VASO-CBV not corrected” correspond to the VASO-CBV data when the BOLD contamination
correction scheme is omitted.
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Abstract

Functional magnetic resonance imaging (fMRI) at Ultra-high field (UHF, > 7T) benefits from
significant gains in the BOLD contrast-to-noise ratio (CNR) and temporal signal-to-noise ratio
(tSNR) compared to conventional field strengths (3T). Although these improvements enabled
researchers to study the human brain to unprecedented spatial resolution, the blood pooling
effect reduces the spatial specificity of the widely-used gradient-echo BOLD acquisitions. In
this context, vascular space occupancy (VASO-CBV) imaging may be advantageous since it is
proposed to have a higher spatial specificity than BOLD. We hypothesized that the assumed
higher specificity of VASO-CBV imaging would translate to reduced overlap in fine-scale digit
representation maps compared to BOLD-based digit maps. We used sub-millimeter resolution
VASO fMRI at 7T to map VASO-CBV and BOLD responses simultaneously in the motor and
somatosensory cortices during individual finger movement tasks. We assessed the cortical
overlap in different ways, first by calculating similarity coefficient metrics (DICE and Jaccard)
and second by calculating selectivity measures. In addition, we demonstrate a consistent
topographical organization of the targeted digit representations (thumb-index-little finger) in
the motor areas. In terms of specificity, we show that the VASO-CBV responses yielded less
overlap between the digit clusters than BOLD, and specificity measures were higher for VASO-
CBV too. In summary, these results were consistent across metrics and participants, confirming

the higher spatial specificity of VASO-CBV compared to BOLD.
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Introduction

Functional MRI (fMRI), based on the blood oxygenation level-dependent (BOLD) effect,
is the most popular tool for mapping brain activity (Kim and Ogawa, 2012). Recent advanced
scanner technology, including ultra-high field (UHF) magnetic field strengths, improved image
acquisition techniques and advanced analysis tools have enabled researchers to investigate the
human brain at a sub-millimeter scales (Dumoulin et al., 2017; Norris and Polimeni, 2019;
Ugurbil, 2021; Uludag and Blinder, 2016). In UHF-fMRI, there are two crucial gains for fMRI, the
increased temporal SNR and the functional BOLD contrast that increases supra-linearly with
field strength (Cai et al., 2021; van der Zwaag et al., 2009). Because of its high sensitivity to
deoxyhemoglobin variations and widespread availability, gradient-echo (GRE) BOLD remains
the most widely used contrast in fMRI. Unfortunately, the GRE BOLD signal is predominantly
driven by the (large) draining vessels, resulting in a biased measurement towards the superficial
cortical layers (Markuerkiaga et al., 2016; Uludag et al., 2009; Yacoub and Wald, 2018).
Nevertheless, different MRI contrasts are sensitive to other physiological variables that can be
used to study brain function, like cerebral blood flow (CBF) with Arterial Spin Labeling (ASL)
(Kashyap et al., 2021) or cerebral blood volume (CBV) with Vascular Space Occupancy (VASO)
techniques (Huber et al., 2017).

The human brain contains multiple homunculi, or orderly body representations, in the
sensory and motor cortices (Penfield and Boldrey, 1937). The individual body parts within these
somatotopic maps occupy small parts of the cortex, integrating signal from a variable number
of neurons (Gardner and Costanzo, 1980). Visualizing somatotopic maps in humans with fMRI
has benefited from the advent of UHF fMRI. The higher SNR at UHF can be used to acquire
images with higher spatial and temporal resolution. Higher spatial resolution (smaller voxel
sizes) reduces partial volume effects (PVE), enabling researchers to more accurately map the
human somatotopic organization. Recent studies demonstrated individual finger movements
in the primary motor (M1) and primary somatosensory (S1) areas, notably at the individual level
(Besle et al., 2014; Kolasinski et al., 2016; Sanchez-Panchuelo et al., 2010; Schellekens et al,,
2018; Stringer et al., 2011). In addition, some studies have focused on showing that the spatial
pattern of BOLD activation at 7T reflects the patterns of underlying neural activity (Martuzzi et
al., 2014), with a direct comparison with electrocorticography (ECoG) (Siero et al., 2014). More

recently, Huber and colleagues used the higher specificity of VASO-CBV to distinguish two
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mirrored topographical representations of digits in the primary motor cortex (Huber et al.,

2020).

These studies show that high-resolution fMRI is a useful tool to study the somatotopic
organization. The investigation of pathological conditions such as movement disorders or any
disturbed sensory representation in neurological disorders like dystonia (Butterworth et al,
2003) also benefits from these methodological advances to map and quantify the organization
of motor function (Marquis et al., 2017). Moreover, a qualitative and quantitative assessment
of the changes in the cortical organization induced by these pathological conditions and the
brain plasticity is essential to understanding the underlying mechanisms of brain disease. It
may be relevant for developing or evaluating novel therapeutics or intervention strategies

(Olman et al., 2012; Serino et al,, 2017).

Because individual digit movements selectively activate distinct patches of the cortex,
it is possible to quantify the degree of selectivity to one digit movement and the relationship
of the cortical region to the movement of other digits (Akselrod et al., 2017; Martuzzi et al.,
2014; Olman et al., 2012). This measurement is called selectivity (or response selectivity), and it
can therefore be used to quantify the cortical overlap between adjacent digit clusters. There
are, however, different contributions to the overlap, which can be separated in ‘neural’,
‘'vascular’, and ‘methodology’ related overlap. For example, the methodological aspects, such
as the partial volume effect (PVE), head motion, and smoothing, are image acquisition-related
and contribute to the measured overlap. The vascular overlap contribution arises from the
blood pooling effect, which limits the spatial specificity of the BOLD response (Menon, 2002;
Turner, 2002). The neuronal overlap contribution arises from the notion that a specific neuronal
population distributed in a part of the motor cortex, for example, does not encode a single
finger's movement. Instead, they may contribute to the movement of several fingers (Gardner

and Costanzo, 1980; Georgopoulos et al., 1999).

The Vascular Space Occupancy (VASO) method is advantageous since it promises
higher specificity than BOLD due to reduced draining vein contamination (Huber et al., 2014;
Jin and Kim, 2008; Lu et al., 2013), especially for high spatial resolutions (Huber et al., 2020,
2017). The fine-scaled digit representation maps in the somatosensory cortex will likely benefit
significantly from more spatially specific measurements. Here, we simultaneously measured

VASO-CBV and BOLD responses at sub-millimeter resolution using a double 3D-EPI VASO
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sequence (Huber et al, 2014; Oliveira et al., 2021) during the execution of individual finger
movements using block-designed stimuli. We hypothesize that the higher specificity of VASO-

CBV images will result in higher response selectivity due to reduced vascular overlap.

Materials and Methods
Participants

Six healthy individuals (4 females mean age 30 + 4 years) with no history of neurologic
or orthopedic conditions participated in the study. All participants provided written informed
consent before participating after being informed of the experimental procedures, and the

local Medical Ethical Committee approved the study.

Stimulus

The functional study was conducted in a single session. The participants performed the
same task three times, once for each digit (thumb (D1), index (D2), and little (D5)) of the right
hand. The task consisted of flexing one finger from an extended position periodically following
a visual cue. The visual cue was projected on a screen at the end of the scanner’s bore, which
the participants viewed using a mirror. The visual cue was generated in ‘Matlab’ (The
MathWorks, Natick, United States) using the ‘Psychophysics Toolbox Version 3’ (Brainard, 1997;
Kleiner et al., 2007). The task paradigm consisted of 30 seconds of baseline with one-minute
blocks: 30s paced flexing-extension at THz and 30s rest, repeated ten times, resulting in 10
minutes and 30 seconds of acquisition for each digit (defined as one run). For this task, flexion
of D5 usually resulted in co-movement of D4 and the distal phalanx of D3. Nevertheless, we

refer to this movement as ‘D5'.

MR Sequences

The Slice Selective Slab Inversion VASO with 3D EPI readout (Huber et al., 2014; Oliveira
et al.,, 2021) was implemented on a 7T MRI scanner (Philips Healthcare, Best, The Netherlands)

using an eight-channel transmit coil and a 32 channel receive coil (Nova Medical Inc,
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Wilmington, United States) with B1 shim settings from a previous study (Oliveira et al., 2021).
In addition, an adiabatic inversion TR-FOCI pulse was used to ensure an effective inversion with
reduced B1+ inhomogeneity (Hurley et al., 2010). The timing parameters for the interleaved
acquisition were TI4/Tl2/TE/TR = 1100/2340/24/3000 ms. Data were acquired with a nominal
in-plane resolution of 0.79mm and nominal slice thickness of 1.5mm (0.79 x 0.79 x 1.5 mm?),
FOV = 140x140x20 mm?, matrix size = 176x176, 13 slices, partial Fourier factor = 0.78 in the

phase encoding direction, BW eadout = 87 Hz, and SENSEinpiane factor = 2.7.

Data Analysis

The preprocessing steps consisted of a separate motion correction for BOLD and VASO-
CBV data using SPM (Statistical Parametric Mapping), followed by the BOLD correction to
minimize the extravascular BOLD signal present in the VASO images (Huber et al., 2014). We
used the NORDIC PCA denoising technique (Moeller et al., 2021; Vizioli et al., 2021) before the
head motion correction step to increase the tSNR and accuracy of the functional maps. No
additional smoothing or temporal filtering was applied to minimize the loss in specificity. The
alignment across the three-digit runs was conducted as part of the motion correction. After
that, we computed z-score maps for each finger movement using FEAT in FSL (v.6.0). Statistical
differences between VASO-CBV and BOLD were assessed using Paired t-tests in R (R Core
Team, 2020).

The region of interest (ROI) definition was based on VASO-CBV and BOLD activated
voxels as described below. M1 and S1 masks were drawn manually based on anatomical
landmarks, i.e., the pre and post-central gyri. We included all voxels in the M1 and S1 regions
that responded to the stimulation with a z-score greater than 2.5 for at least one digit in VASO-

CBV and BOLD data.

We calculated the Dice Similarity Coefficient (DSC) and Jaccard Similarity Coefficient
(JSC) for each digit cluster-pair (D1-D2, D1-D5, and D2-D5). Both metrics are overlap-based
and often used to validate segmentation boundaries (Carass et al., 2020), and here were used
to quantify the overlap between digit clusters. We defined these clusters from the statistical z-
score maps for the movement of each digit within the M1 and S1 ROI. Next, a ‘winner-takes-

all" approach was used to divide the ROIs into digit clusters to obtain binary (non-overlapping)
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digit representation maps and calculate the average z-scores of the dominant digit and the

non-dominant digits (e.g., response to movement of D2 in the D1 ROI).

Finally, we used two distinct approaches to quantify the selectivity: 1) a general
approach called ‘overall selectivity’ (OS). For the OS approach, we divide the maximum z-score
between all three digits by the sum of the z-scores to all three digit movements. The advantage
of the OS measure is the straightforward calculation because it does not require a winner-
takes-all step (Equation 1). However, the disadvantage is that negative z-scores in the non-
dominant digits (a common occurrence in somatotopic maps) can lead to a division by 0 and
excessive selectivity values (see Supplementary Figure 2). Approach 2) is a more controlled
measure, called ‘digit selectivity’ (DS). Voxels were assigned to a specific digit for the DS
approach using a winner-takes-all approach, followed by equation [2] to quantify the selectivity
per digit. In [2], we take the mean difference between the response of the thumb (D1), index
finger (D2), and the little finger (D5) divided by the response of the thumb (D1). The benefit of

the DS measure is that it avoids the division by zero or by negative values (see Supplementary

Figure 2).
.. __ max(D4,D;,D5)
Overall Selectivity = SO (1]
Digit Selectivity (D1) = 0'5'((D1_DI§)+(D1_D5)) (2]
1
Results

Robust VASO-CBV and BOLD responses in M1 and S1 were detected in all six
participants (Figure 1). Figure 1 shows example slices of digit representation maps for all six
participants. The maps show distinct activation patterns for movement of each of the three
digits for this block-design task, organized in an orderly fashion (thumb-index-little finger)
along the central sulcus and predominantly in S1. A secondary representation of the index and
thumb, superior to the little digit representations, can be seen for subjects P02-P05. The VASO-
CBV responses are smaller in amplitude and cluster size than the BOLD responses. In Figure 1,
the threshold (Z-score vaso-cav from 3 to 7 and from Z-score gop from 5 to 15) is adapted to
allow a visual comparison of the activation patterns.
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Figure 1. Overview of the acquisition method and the topographic digit mapping of a subset
of fingers (D1, D2, and D5) using VASO-CBV and BOLD in the 6 participants. A) We carefully
positioned the imaging slab (0.79 x 0.79 x 1.5 mm?3) to cover the left primary sensorimotor
area. B) The participants performed individual finger movement on a block-designed task,
using thumb (blue, D1), index (green, D2), and little (red, D5). C) Each voxel was assigned to a
single digit using a winner-take-all algorithm, creating a subset of digit representation maps.
The digit representations are orderly organized (thumb-index-little) along the central sulcus,
predominantly in S1. No smoothing has been applied on VASO-CBV or BOLD data.

The quantification of the spatial similarity of each digit-pair is depicted in Figure 2. The
DSC of each pair of digit clusters represents the overlap between that pair of response patterns.
The pair-digits behave similarly for the M1 and S1 regions, with BOLD yielding consistently
higher DSC values and, therefore, higher overlap than VASO-CBV. There was a significant
difference between VASO-CBV and BOLD for both M1 and S1 regions for all three digit pairs
(Paired t-test, p<0.05). The DSC scores were similar between digit-pairs for both ROIs, with a
significant difference for the DSC score in the D2-D5 for BOLD (Paired t-test, p<0.05).
Additionally, we used a Jaccard Similarity Coefficient (Supplementary Fig.1) on the same cluster
in the same manner, and the results were nearly identical, with BOLD yielding a significantly

higher overlap than VASO-CBV (Paired t-test, p<0.05).

After assigning the voxels with a winner-take-all strategy, we calculated the average z-
scores of the dominant digit for a given digit cluster and the average z-scores of responses for
movement of the other digits in the same voxels. Figure 3 illustrates the M1 and S1 results
across all six participants. The obtained patterns were consistent across digits and participants,
visualized as black dots in each subpanel of Figure 3. The z-scores for movement of the non-

dominant digit were higher in the BOLD data than in the VASO-CBV data for both regions,
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indicating more overlap and crosstalk in BOLD digit clusters than in VASO-CBV digit clusters,
see the average group results in Table 1. These results agree with the DSC and JSC results in
Figure 2 and Supplemental Figure 1. Consistent with the maps shown in Figure 1, the z-scores,

on the whole, are higher for BOLD.

Figure 4A illustrates the overall selectivity (OS) measure for M1 and S1, and Figure 4B
illustrates the digit selectivity (DS). For the OS, VASO-CBV shows higher selectivity than BOLD
for both ROIs (Paired t-test, p<0.05), with ST showing higher selectivity indices than M1 for
both VASO-CBV and BOLD (average VASO-CBVu1 = 0.613 + 0.104, VASO-CBVs1 = 0.636 + 0.072
and BOLDwm1 = 0.462 + 0.035 and BOLDs; = 0.498 + 0.029). All digit clusters showed similar
results for the digit selectivity measure, with VASO-CBV yielding higher selectivity than BOLD
(Paired t-test, p<0.05). Again, S1 yielded higher selectivity than M1 for both VASO-CBV and
BOLD, though this difference was not significant (paired t-test, and see TABLE 2).

M1 S1

1.00

0.75 4

DICE

0.50 -

0.25 -

0.00 -

D1-D2 D1-D5 D2-D5 D1-D2 D1-D5 D2-D5

[l VASO-CBV [ BOLD
Figure 2. DICE similarity coefficients (DSC) for each pair-digit cluster in S1 and M1. BOLD
yielded higher scores than VASO-CBV (Paired t-test, p<0.05) in both regions. A higher similarity

score represents a higher overlap between each digit pair. The error bar is the standard
deviation. Please see Supplementary Figure 1 for Jaccard measurements.
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Figure 3. Average z-scores of the dominant finger (columns) in relation to the average z-score
of the other voxels (digit voxels). The lines between each digit cluster denote each participant's
average z-score. We found similar results for M1 and S1, with higher z-scores for the non-
dominant digit voxels in the BOLD data than VASO-CBV data.

TABLE 1. Group average (z-scores) of the dominant finger in relation to the digit voxels for M1

and S1
Region DF Digit voxels
BOLD VASO-CBV
D1 D2 D5 D1 D2 D5

D1 576 + 047 336+ 1.01 315064 348+024 120039 113055
M1 D2 370x075 537072 351+048 140+034 355+023 138+0.39
D5 354+038 341+059 566+074 127+034 128 +0.60 3.53+0.21

D1 589+105 335+102 360+088 344+034 1091048 1.07+044

S1 D2 329075 635+069 400x+060 1.12+056 349024 1.32+0.31

D5 272+097 328+080 679+083 114+026 1.18+0.27 3.58 +0.35
Abbreviations: DF, Dominant finger.
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A) Overall Selectivity B) Digit Selectivity

D1 D2 D5

1.00
7 \ \
0.50- _ﬁﬁ_ & =
P
e
'S 025
5
& ooo : - : -
<
W
0.75/ g
0.501 % n
0.25/
0.00

B8 vAso-cv [ BOLD

Figure 4. Response selectivity indices for the VASO-CBV and BOLD responses in M1 and S1. A)
Overall selectivity, and B) Digit selectivity with D1 (thumb), D2 (index), and D5 (little) according
to equations 1 and 2 (see methods). Both selectivity indices describe the magnitude of the fMRI
response to the movement of a specific digit relative to the motion of other digits. For the
overall selectivity, VASO-CBV showed higher cortical selectivity for all participants (lines denote
each participant result) and both M1 and S1. The digit selectivity indices are also higher for
VASO-CBV for all participants in both M1 and S1 when compared with BOLD.

TABLE 2. Average overall (OS) and digit selectivity (DS) for M1 and S1 ROIs (MEAN = SD)

Overall
Region Method Digit Selectivity Selectivity
D1 D2 D5
M1 VASO-CBV 0.642 + 0.068 0674 +0.111 0.664 £ 0.114 0.613 + 0.104
BOLD 0.422 +0.058 0418 +0.078 0441 +£0.070 0.462 + 0.035
S1 VASO-CBV 0.696 + 0.082 0.693 +0.082 0.691 +£0.076 0.636 + 0.072
BOLD 0.526 + 0.061 0.524 + 0.126  0.487 + 0.060  0.498 + 0.029
Discussion

The present study compares the specificity between VASO-CBV and BOLD cortical

activation of individual finger movements in healthy participants employing response

selectivity and spatial overlap metrics. We simultaneously measured high-resolution VASO-
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CBV and BOLD responses using SS-SI VASO sequence with a 3D-EPI readout. Therefore, any
observed differences between VASO and BOLD fMRI is unlikely the result of task performance
or head movement variations. We assessed the cortical overlap in different ways, (1) by
calculating the Dice similarity coefficient (DSC), Jaccard similarity coefficient and assessing
crosstalk between digit responses with the averaged z-scores of the dominant finger with
respect to the other fingers, and (2) selectivity measurements. Using standard block-designed
stimuli, we showed that VASO-CBYV yields less overlap between the digit clusters than BOLD
for both types of metrics. Moreover, we demonstrate a consistent topographical representation

of part of the sensorimotor digit region (thumb-index-little fingers).

We consistently found distinct activation patterns for movement of each of the three
digits, organized in an orderly fashion (thumb-index-little) along the central sulcus,
reproducing the results reported by (Siero et al., 2014), which used the same group of fingers
and directional cortical electrophysiological measurements, albeit with a slightly different
stimulus design. Moreover, the activation progression pattern was similar to 7T BOLD fMRI
studies employing tactile stimuli (Besle et al., 2014; Kolasinski et al., 2016; Sanchez-Panchuelo
et al, 2010; Schellekens et al., 2018; Stringer et al., 2011), 3T BOLD fMRI (Olman et al., 2012)
and a recent 7T VASO fMRI motor study (Huber et al., 2020). In addition, our results also
showed a secondary representation of the index and thumb, positioned superior to the little
finger representations (seen for participants P02-P05), as previously found by (Huber et al,
2020). The VASO-CBV responses are smaller in amplitude and cluster size than the BOLD
responses, as also reported previously in different VASO-CBV — BOLD comparisons (Huber et

al, 2020, 2017; Oliveira et al., 2022, 2021).

For the DSC results, the BOLD data yielded higher DSC values than VASO-CBV and
hence higher overlap between the activation clusters. The results for the Jaccard similarity
coefficient were nearly identical (see Supplementary Figure 1). A complementary measurement
was performed with the averaged z-scores of the dominant digit relative to the average z-
scores of the responses for the other digits (Figure 2). The averaged z-scores behaved similarly
to the overlap metrics (DSC and JSC). Moreover, our results were consistent across participants.
VASO-CBV vyielded higher selectivity than BOLD for the overall and the individual digit
selectivity (Figure 4). These results were also consistent across participants. We did not observe

significant differences between M1 and S1 in the DSC, JSC, or crosstalk measures except in (D2-
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D5, for DSC). Taken together, the observed higher response selectivity for the VASO-CBV signal
corroborates the hypothesized higher vascular specificity of VASO-CBV fMRI compared to the
BOLD signal.

The digit overlap between different digit representations has different sources, i.e.,
neural, vascular, and methodology-related overlap. Because we acquired VASO-CBV and BOLD
signal within the same functional run, the neural and methodological contributions are not
expected to differ in VASO-CBV compared to BOLD. The higher specificity in VASO-CBV is likely
due to the lower vascular contribution in the point-spread function. Thus, we speculate that
the selectivity quantification using VASO-CBV could be a tool to investigate pathological
conditions related to sensory and motor function and may perhaps be used to investigate brain

plasticity or aging and development.

Regarding the selectivity metrics used, we opted for multiple selectivity metrics rather
than a single metric because there are pros and cons to applying these metrics. As our results
show, OS and DS metrics demonstrate a higher spatial specificity for the VASO-CBV. However,
by using the overall selectivity, lower or negative responses (z-scores) in a single-digit voxel
can lead to divisions by zero and outliers values, potentially shifting the ROI selectivity value.
We did not observe a significant number of outliers here (less than 1%). On the other hand,
digit selectivity is better controlled, and this metric captures the selectivity for each digit. For
these reasons, we favor digit selectivity rather than overall selectivity. Nevertheless, both metrics
showed the same pattern and were consistent across participants. Another common approach
is calculating the sum of the absolute value of the responses using equation 1. This way, the
outliers can also be avoided; however, it can also lead to overestimating or underestimating

the selectivity values (see OS: in Supplementary Figure 2).

Conclusion

Here, we simultaneously recorded submillimeter VASO-CBV and BOLD signals to
investigate cortical activation in the primary somatosensory and motor areas during individual
finger movement. We used similarity and response selectivity metrics to compare VASO-CBV
and BOLD specificity. BOLD showed a higher overlap and lower selectivity than VASO-CBV.

These results were consistent across metrics and participants. Together, they suggest that the
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higher vascular specificity of VASO-CBV results in higher response selectivity or less vascular

overlap than BOLD, confirming the higher spatial specificity of VASO-CBV compared to BOLD.
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Supplementary material
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Supplementary Figure 1: Jaccard Similarity Coefficient (JSC) for each pair-digit in S1 and M1.
As seen in Figure 2 with the DICE coefficient, the BOLD responses yielded higher scores than
VASO-CBYV (Paired t-test, p<0.05) in both regions. A higher similarity score represents a higher
overlap between each digit pair. The error bar is the standard deviation.
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Supplementary Figure 2: Selectivity response using two variants of the overall selectivity (OS;
and OS>) in addition to the digit selectivity (DS). We computed each metric using the z-scores
of the three fingers, D1, D2, and D5. Each column represents the result in a specific dominant
digit. The number in parenthesis represents the z-scores, and x represents the digit z-score
that we vary from -4 to 4. Each curve highlights the advantages and disadvantages of each
selectivity method. For example, OS; is attractive because of its straightforward computation;
it does not require a winner-take-all step. However, lower z-scores or negative values can lead
to divisions by zero or negative selectivity responses, acting as outliers as shown for D2 and
D3). In OS;, the sum of the digits uses the absolute value of each digit. Thus the OS; can avoid
the outliers because the division by zero is not possible anymore. However, it can also lead to
underestimating the selectivity values. The DS metric shows a more linear behavior, which we
believe is preferred. The mean difference between the target digit and the others avoids
division by zeros, and the DS can capture the selectivity of each digit rather than just one overall

measurement.
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Abstract

Vascular Space Occupancy (VASO) is an alternative fMRI approach based on changes in
Cerebral Blood Volume (CBV). VASO-CBV fMRI can provide higher spatial specificity than the
blood oxygenation level-dependent (BOLD) method because the CBV response is thought to
be limited to smaller vessels. To investigate how this technique compares to BOLD fMRI for
cognitive neuroscience applications, we compared population receptive field (pRF) mapping
estimates between BOLD and VASO-CBV. We hypothesized that VASO-CBV would elicit distinct
pRF properties compared to BOLD. Specifically, since pRF size estimates also depend on
vascular sources, we hypothesized that reduced vascular blurring might yield narrower pRFs
for VASO-CBV measurements. We used a VASO sequence with a double readout 3D EPI
sequence at 7T to simultaneously measure VASO-CBV and BOLD responses in the visual cortex
while participants viewed conventional pRF mapping stimuli. Both VASO-CBV and BOLD
images show similar eccentricity and polar angle maps across all participants. Compared to
BOLD-based measurements, VASO-CBV yielded lower tSNR and variance explained. The pRF
size changed with eccentricity similarly for VASO-CBV and BOLD, and the pRF size estimates
were similar for VASO-CBV and BOLD, even when we equate variance explained between
VASO-CBV and BOLD. This result suggests that the vascular component of the pRF size is not
dominating in either VASO-CBV or BOLD.
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Introduction

The majority of functional MRI (fMRI) studies employ blood oxygenation level-dependent
(BOLD) contrast (Glover, 2011; Ogawa et al., 1990). BOLD contrast reflects a combination of
changes in venous blood oxygenation, cerebral blood flow (CBF), and cerebral blood volume
(CBV) (Buxton et al., 2014). The Gradient Echo (GE) BOLD sequence is the typical method of
choice, mainly because of its superior sensitivity, available Signal-to-Noise Ratio (SNR), and
high coverage (Havlicek and Uludag, 2020). Unfortunately, this sequence suffers from limited
spatial specificity due to contamination of the functional signal with draining and pial veins

effect (Kim and Ogawa, 2012; Menon, 2002; Uludag et al., 2009).

Vascular Space Occupancy (VASO) is a non-invasive fMRI technique sensitive to changes
in CBV (Lu et al., 2013, 2003). The VASO sequence and its variants take advantage of the T1
differences between arterial blood and the surrounding tissue to null the blood signal and
measure CBV changes (Lu et al., 2003). An inversion recovery pulse is used to minimize blood
signal while a substantial part of the tissue signal remains available for detection. The increased
cerebral blood volume results in a negative signal change during the neuronal activity, caused
by the tissue signal reduction in the voxel. VASO-CBV contrast promises higher microvascular
specificity since it is sensitive to arteriole and post-arterial CBV changes, resulting in better
spatial localization of the neuronal activity with reduced draining vein contamination than

BOLD (Huber et al., 2014; Jin and Kim, 2008).

The VASO-CBYV sequence variant developed by Huber (Huber et al., 2014) for 7T scanners
has proven to be a highly effective alternative for high-resolution acquisitions, especially for
depth-dependent applications (Beckett et al., 2020; Huber et al., 2020b, 2017, 2015; Persichetti
et al, 2019; Yu et al,, 2019). Another remark of the 7T VASO fMRI is that the sequence was
recently validated against established preclinical imaging modalities (Huber et al.,, 2021). In
addition, significant improvements in accelerated acquisition techniques, such as 3D EPI
readout (Huber et al., 2018a) and increased spatial coverage with MAGEC VASO (Huber et al.,
2020a), enabled the possibility of a broader number of applications. Multiple studies have
demonstrated the feasibility of using VASO fMRI for advanced neuroimaging applications (Finn

et al., 2019; Huber et al., 2020b; Lu et al., 2005). However, to date, VASO-CBV responses have
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not been extended to more complex paradigms and computational models, such as population

receptive field mapping.

Here, we evaluate the feasibility of VASO-CBV in the visual cortex using population
receptive field (pRF) modeling (Dumoulin and Wandell, 2008). The pRF is the region of visual
space that elicits a response for a given cortical location (Victor et al., 1994). The pRF analysis
with fMRI has become a popular method to study the topographic organization of primary
sensory neural populations and has been extended to several perceptual, cognitive, and clinical
domains (Dumoulin and Knapen, 2018; Wandell and Winawer, 2015). The conventional pRF
model characterizes the pRF with a two-dimensional Gaussian function with three parameters:
position (x,y or eccentricity, and polar angle) and size (sigma). Both neural and non-neural
components contribute to the pRF size (Dumoulin and Wandell, 2008). Neural components
include both single-neuron receptive field size and positional scatter. Non-neural components
include methodological aspects of head and eye movements, but also vasculature, such as
hemodynamic response function (HRF) and vascular point spread function (Dumoulin and
Wandell, 2008; Lerma-Usabiaga et al., 2020). Since pRF properties have both vascular and
neuronal contributions and the vascular contributions to pRF size are expected to be smaller
in VASO-CBV, we hypothesized that the VASO-CBV responses are more specific than BOLD

responses.

Thus the present work extends the use of the VASO-CBV technique to the population
receptive field modeling. The aim is to evaluate and compare VASO-CBV and BOLD pRF
estimates such as eccentricity and polar angle maps in addition to the pRF size, using a
standard pRF mapping approach in the visual cortex. We first used a dartboard flickering
checkerboard stimuli to determine the optimal slice orientation for VASO-fMRI in the visual
cortex. With the optimized slice orientation, we measured pRF estimates in visual field maps
V1-V3 simultaneously using a double readout 3D-EPI VASO sequence to test the hypothesis

that the higher spatial specificity of VASO-CBV would translate to smaller pRF size estimates.

Materials and methods

Participants
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The measurements were obtained from six healthy participants (five females, age 32 + 7
years [Mean + SD]). Three participants participated in the slice orientation experiment (PO1-
P03). The other three volunteers participated in the pRF experiment (P04- P06). All participants
had normal or corrected-to-normal visual acuity. The ethics committee of the Amsterdam
University Medical Centre - location AMC approved this study, and all volunteers provided

written consent before participating after being informed of the experimental procedures.

Visual Stimuli Setup

Visual stimuli were presented on a 69.84 x 39.29 cm LCD screen (Cambridge Research
System) placed at the end of the scanner's bore. Participants viewed the display through a
mirror mounted on top of the coil. The distance from the mirror to the display screen was 220
cm, and the display resolution was 1920 x 1080 pixels. The visual stimuli were generated in
Matlab (The MathWorks, Natick, United States) using PsychToolbox Version 3 (Brainard, 1997,
Kleiner et al., 2007).

Slice Orientation Experiment

We determined the optimal slice orientation for VASO fMRI in the visual cortex using a
dartboard-shaped flickering checkerboard stimulus. The dartboard was subdivided into 13
rings and 24 segments, totalizing 312 sectors. These sectors changed their contrast between 2
levels of luminance (black and white) in a frequency rate of 2 Hz. Each experiment run consisted
of 24 seconds of stimulation followed by 24 seconds of baseline, with an extra 12 seconds of

fixation at the start of each run.

pRF Experiment

The pRF mapping paradigm was similar to that described in previous studies (Dumoulin
and Wandell, 2008; Harvey and Dumoulin, 2011). The stimulus consisted of bar apertures with
a moving checkerboard pattern (100% contrast) that moved across the visual field. The width
of the bar subtended 1/4+ of the stimulus radius (1.25°). Four bar orientations (0°, 45°, 90°, and
135°) and two different motion directions for each bar were used, giving a total of 8 different
bar configurations within a given scan. The bar sweeps across the stimulus aperture in 12 TRs

(when the bar orientation is 45° and 135°) followed by a mean luminance period of 4 TRs, or in
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16 TRs (when the bar orientation is 0° and 90°) with no blank period. Diagonally and

orthogonally oriented sweeps were interleaved during each scan.

Participants were asked to fixate on the dot (0.125 radius) in the center of the visual
stimulus and press a button every time the dot color changed. The dot changed between red
and green at random intervals to ensure the participant’s attention to the presented stimulus.
Each participant's measurement was repeated twice in two separate sessions with seven runs

to obtain higher temporal SNR.

MR Sequences

A Slice-selective Slab-Inversion (SS-SI) VASO with a double 3D readout (Huber et al.,
2018a, 2014; Oliveira et al., 2021b) was implemented on a 7T MRI scanner (Philips Healthcare,
Best, The Netherlands). All data were acquired using an 8 channel transmit coil and a 32 channel
receive coil (Nova Medical Inc, Wilmington, United States). We used a global B1 shim set from
a previously assessed group of volunteers to achieve a, close to, circular polarization

(quadrature) transmission mode (Oliveira et al.,, 2021a).

The visual cortex has a longer arterial arrival time (AAT) than other brain areas (Mildner
et al, 2014). However, contamination by the inflow of non-inverted blood can be minimized if
the blood T1 is much shorter than the TR (Donahue et al., 2009; Huber et al., 2018b). To
minimize the inflow effect, the inversion time was kept relatively short. The timing parameters
for the interleaved acquisition are TI/TL/TE/TR = 1100/2600/15/3000ms. In addition, an
adiabatic inversion TR-FOCI pulse was used to ensure an effective inversion with reduced B1+
inhomogeneity (Hurley et al., 2010). The voxel size used in the present study is close to the
resolution typically used in pRF modeling (Aqil et al., 2021; Cai et al., 2021b; Hofstetter et al.,
2021). Data were acquired with an isotropic voxel size of 1.75 mm, FOV = 196x196x32 mm:,
matrix size = 112x112, 18 slices, partial Fourier factor = 0.78 in the phase encoding direction
and SENSE..... factor = 2.5 with constant flip angle, flip angle (FA) =15°. We included a fat
suppression module Spectral Attenuated Inversion Recovery (SPAIR) before VASO-CBV and
BOLD readout blocks with the same settings (Tl = 360ms, TR = 754ms, pulse duration ~ 20ms).
The vendor's specific absorption ratio (SAR) values never exceeded 65% of the local SAR limit.
Both experiments used the same SS-SI-VASO sequence. For the slice orientation experiment,
100 volumes were acquired per 5 minutes run, with 1 run for each orientation, and run order
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varied between participants. For the pRF experiment, 132 volumes were acquired per run,

leading to a total scan time of 6 minutes and 42 seconds.

Anatomical scans were acquired in separate sessions with the MP2RAGE sequence
(Marques et al., 2010; Oliveira et al, 20271a) at the isotropic resolution of 0.64 mm,
TRuzee=5500ms, TR/TE=6.2/2.2 ms, TI/TI.=800/2700 ms with FA = 7°/5°. For one of the

participants, a previously acquired dataset was used as an anatomical reference (0.8 mm).

We optimized the VASO-CBV scanning protocol for the visual cortex. Four different
orientations of the slab, together with a change in the direction of the readout gradient
orientation, were compared. Note that the slab positioning influences the amount of inflow,
the amount of available tissue signal in VASO measurements and SENSE unfolding
performance. The slice orientations (Fig. 1) were defined as follows: I) Aligned with the ACPC-
axis (Anterior-Posterior Commissure) covering the calcarine sulcus obliquely, with the phase
encoding in the Anterior-Posterior direction. Il) Aligned with the calcarine sulcus with phase
encoding in the Anterior-Posterior direction. Ill) Aligned with the superior surface of the
cerebellum, covering the calcarine sulcus (coronal orientation), with phase encoding in the
Right-Left direction. 1V) Purely coronal slices, again with phase encoding in the Right-Left

direction.

Data Analysis

Slice orientation Experiment

Raw images were corrected for head-motion, with a separate realignment for VASO and
BOLD in SPM12 (Statistical Parametric Mapping) software package using default settings,
followed by a BOLD correction to account for the T2* dependency in the VASO images (Huber
et al., 2014). The optimal slice orientation for VASO fMRI in the visual cortex was determined
by the highest level of activation represented by the highest average Z-scores obtained from
FEAT (FSL, v.6.0). The region of interest (ROI) definition consisted of the shared VASO-CBV
activated voxels within gray matter in all orientations with a minimum Z-score of 1.5, which we

will dub as overlap ROI. The Z-score differences were assessed using a one-way repeated
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measures ANOVA with post-hoc Holm correction. In addition, we also evaluated the Temporal
Signal-to-Noise Ratio (tSNR) using two cubic ROIs (12 x 12 x 12 mm) in the visual cortex. The
tSNR differences were also assessed using one-way repeated ANOVA with the same post-hoc

analysis.

bRF Experiment

T1w images were segmented into gray and white matter using cbs-tools (Bazin et al.,
2014) and resampled to a 1 mm isotropic resolution. The pre-processing steps were the same
as in the slice orientation experiment. No additional spatial smoothing or temporal filtering

was applied to minimize the loss in specificity.

Pre-processed functional data were then analyzed in the Vvistasoft software
(https://github.com/vistalab/vistasoft). The first four volumes of the functional data were
discarded to ensure steady-state magnetization. The first VASO-CBV volume was aligned to
the segmented anatomy, resulting in a 4 x 4 transform matrix in each session. Individual
functional images in the session were co-registered to the same anatomical space using the
same transformation. VASO-CBV and BOLD functional data were averaged across runs,
respectively. Since the VASO-CBV mechanism generates a negative intensity response, all
VASO-CBV time series were flipped by removing the mean, inverting the signal polarity, and

adding the mean.

We estimated the population receptive field position and sizes using the conventional
Gaussian pRF model (Dumoulin and Wandell, 2008). First, the functional response of each voxel
is predicted using a two-dimensional Gaussian pRF model. The predicted fMRI time course is
calculated by the convolution of the modeled pRF, the stimulus sequence, and a canonical
BOLD HRF (Boynton et al., 1996; Friston et al., 1998). The quantitative pRF parameters for each
voxel are determined by minimizing the residual sum of squared errors (RSS) between the
predicted and the observed fMRI time series. After estimating these pRF parameters, we
estimated the HRF parameters by minimizing the RSS between the predicted and the observed
responses over the visual cortex, where the pRF model explained > 10% of the variance in the

data. We used the new HRF to refine the pRF estimates (Harvey and Dumoulin, 2011). We
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analyzed the data both with and without the final HRF fit stage. The results were similar

(Supplementary Fig.1).

We included voxels for further analysis based on two criteria. First, we only used voxels
in V1, V2, and V3. Second, we limited the analysis to those voxels where the R? corresponded
to a p-value less than 0.05 in the VASO data. The variance explained (R?) was converted to p-
values using the same principle as shown in (Hofstetter and Dumoulin, 2021). We created a
null distribution using the same model-fitting procedure on voxels taken from the white matter
(WM) pooled across participants (P04: 44912 voxels; P05: 40920 voxels, and P06: 67890 voxels).
For each variance explained, the proportion of these voxels with model fits were calculated.
The variance explained of the pRF model was 21%, resulting in an equivalent probability of
0.048 of observing this goodness of fit by chance. Note that using these criteria, we are not
excluding the possibility of including voxels in the ROI that have below-threshold variance
explained in the BOLD data. For P04, this is the case in less than 1% of the voxels in each
ROI (V1, V2, and V3). For P05, in V1, and V3, less than 1% of the voxels had lower than 21% of
variance explained, and 2% in V2. For P06, all voxels had higher than 21% of the variance

explained in BOLD data.

Next, population receptive field sizes were estimated as a function of eccentricity for V1,
V2, and V3. We used unbinned data to estimate the best linear relationship (slope and offset)
and used data between 0.5-4.5 visual degrees to avoid pRFs close to the fovea and to account
for the boundaries of the stimulus display. The data was binned for visualization purposes only.
To assess BOLD and VASO-CBV pRF size differences, the pRF size from the central eccentricity
was calculated using the slope and intercept values per participant and per ROI (V1-3). The
comparison was performed between each BOLD run separately against the averaged VASO (14
runs) to approximate the variance explained. A one-way Bayesian ANOVA using JASP software
was used to assess the statistical differences (JASP team, 2021). The Pearson’s correlation and

the plots were generated in R (R Core Team, 2020).
Noise level assessment

The noise level was evaluated using two metrics: tSNR and variance explained (Cai et al.,
2021a). For both metrics, the quantification was calculated as a function of the number of runs.

The tSNR was separately estimated for the BOLD and VASO time series after motion correction
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and co-registration between both sessions. Gray and white matter masks were defined as the
intersection of the relevant output of the segmentation of the anatomical data with the
functional slab. The tSNR was calculated cumulatively across runs, the BOLD and VASO tSNR
was calculated as the mean value across gray matter (GM) and white matter (WM) divided by
the standard deviation across the same regions. The order of the runs was randomized within
ten iterations. The variance explained was estimated per voxel by computing the variance after
fitting the BOLD and VASO-CBV time series separately with the model prediction of a given
voxel. The voxel's prediction of a single BOLD run was used as the model prediction for BOLD
and VASO-CBV datasets. For the variance explained assessment, only voxels in V1 were used.

The order of the runs was also randomized within ten iterations.

Results

Optimal slice orientation for VASO-CBV

We evaluated four different slice orientations to find the optimal orientation for visual
responses in a VASO-CBV experiment: |) Aligned with the Anterior-Posterior Commissure
covering the calcarine sulcus with the phase encoding in the Anterior-Posterior direction, 1)
parallel to the calcarine sulcus with phase encoding in the Anterior-Posterior direction, IlI)
aligned with the cerebellar superior surface, with phase encoding in the Right-Left direction,
and V) perpendicular to the calcarine sulcus (coronal orientation) with phase encoding in the
Right-Left direction (Fig. 1A). Fig. 1A shows the four slice orientation planes (I-1V). Figure 1B
shows VASO-CBV activated voxels (z > 2.5) within the shared volume of all orientations,
overlaid on the anatomical data. Robust VASO-CBV responses in the visual cortex were

detected in all participants for all orientation planes (Fig.1B).

We summarized the slice orientation results by computing the average response into Z-
scores within the overlap ROI. The results of the slice orientation experiment are shown in
Fig.1C and D, for individual participants and averaged across participants, respectively. The
third slice orientation option (lll) yielded the highest average Z-scores across individual and
group averaged data. The Z score of orientation Ill was significantly different than the other
orientations. The post hoc Holm correction showed differences between | vs lll: p<0.001, Il vs

[l: p= 0.016, Il vs IV: p=0.04. There was also a significant difference between | and IV (p=0.04).
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Supplementary Fig.2A shows an example of tSNR maps for one of the participants (P02)
across all four orientations and the group mean across participants. The tSNR values were
higher for orientation Ill, with no statistical significance difference. In addition, we observed
insufficient fat suppression in the EPI readout for all three participants, which led to larger
ghosting, notably for orientation Il (Supplementary Fig.2B). Supplementary Fig.2B shows a
direct comparison between orientation Il and Ill. We did not observe ghosting artifacts due to
insufficient fat suppression for the other orientations. Hence, all subsequent experiments used
an orientation of the slab aligned with the superior surface of the cerebellum, covering the
calcarine sulcus in a coronal-oblique plane with the phase-encoding direction along the right-

left axis.
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Fig.1. We evaluated four different slice orientations to find the optimal orientation for visual
responses in a VASO-CBV experiment. A) Four slice orientations: 1) Aligned with the Anterior-
Posterior Commissure with the phase encoding in the Anterior-Posterior direction, 1) parallel
to the calcarine sulcus with phase encoding in the Anterior-Posterior direction, 1ll) aligned with
the cerebellar superior surface, with phase encoding in the Right-Left direction, and 1V)
perpendicular to the calcarine sulcus with phase encoding in the Right-Left direction. In all
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orientations, the calcarine sulcus was included in the slab. B) VASO-CBV activated voxels (z >
2.5) within the shared volume of all orientations, overlaid on the anatomical data. C) Boxplot
of the Z-scores within the overlap ROI per participant. D) Z-score averaged across participants
(the data points represent each participant). Both in single participants and averaged data, slice
orientation (lll) yielded the strongest signals.
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Fig.2. Example time courses and variance explained maps for VASO-CBV and BOLD. V1 is
outlined on top of a polar angle map from a representative participant. A) Map of the variance
explained by the pRF model for 14-run average VASO-CBV and two BOLD examples, one
averaged over 14 runs and a single run. B) An example pRF fMRI responses from a voxel located
in V1, for VASO-CBV, averaged over 14 runs and two BOLD examples, one averaged over 14
runs and a single run. The dashed lines with bullet points represent the measured response,
and the red line represents the model prediction. R*> denotes the amount of variance explained
by the model for the selected voxel.
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VASO-CBV and BOLD Population Receptive Field responses

The variance explained maps show the fMRI signal quality captured by the pRF model
(Fig.2). These responses covered the target visual area (V1-V3) for all three examples, although
the 14-run average BOLD shows more robust voxel responses. The single BOLD run shows a
lower but still a comparable explained variance. For VASO-CBYV, the extension of the variance
explained map is similar to the single BOLD run. The example voxel was selected to have a high
variance explained (R°=78.87%) in the VASO-CBV responses and was directly compared to the
BOLD responses in the same voxel, in a single run, averaged over 14 runs. The VASO-CBV time
series exhibits a lower response amplitude than the BOLD time series. The single BOLD run has
a comparable signal change to the 14-average BOLD run but has a much higher noise floor,
leading to a worse model fit and lower R? value. Note that the difference in amplitude for BOLD

and VASO-CBV is expected and reflects their sensitivity differences.
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Fig.3. pRF position estimates on an inflated cortical surface. A.) The visual area (occipital pole)
is indicated on the inflated cortical surface. The eccentricity maps are shown for BOLD (B) and
VASO-CBV (Q). Polar angle maps are likewise compared between BOLD (D) and VASO-CBV (E).
Maps are threshold at a variance explained of 5%. F) Correlations between eccentricity values
obtained from BOLD and VASO-CBV indicate a similar progression of pRF values across
eccentricity between the two sequences. R-value is the Pearson correlation coefficient.

The pRF visual field maps are shown in Fig.3. BOLD pRF maps show the expected pattern

of a complete visual field representation (Dumoulin and Wandell, 2008). VASO-CBV maps show
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a similar pattern for eccentricity and polar angle. The similarity between BOLD and VASO-CBV
pRFs was quantified using a Pearson'’s correlation test on the eccentricity values (Fig.3F). The
correlation was strong and statistically significant for all regions and participants at (R = 0.83
+ 0.11 [Mean % SD], p<0.0001). Most slope values of the fits were close to the unity line, where
eccentricity equates between VASO-CBV and BOLD (>0.9). Apart from V3 for P04 and PO5; and
V2 for P05, the measured slope was 0.73, 0.38, and 0.72, respectively. The pRF maps for the
other two participants are depicted in Supplementary Fig.3. These results show that pRF maps

can be obtained reliably with VASO-CBV as well as with BOLD.
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Fig.4. Quantification of the noise level assessed by tSNR and variance explained as a function
of the number of runs. A) The tSNR increases with the number of averaged runs for all
participants and both tissue types in similar proportions. BOLD tSNR is higher than VASO-CBV
for all regions and participants. B) The increase in variance explained is not at the same rate
and amplitude for BOLD and VASO-CBV. For BOLD, variance explained plateaus earlier than
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the VASO-CBV variance explained, but the levels of variance explained by BOLD are consistently
higher.

Fig.4. shows the tSNR (Panel A) and variance explained (Panel B) as a function of the
number of runs for BOLD and VASO-CBV. For both BOLD and VASO-CBV, the tSNR increases
with the number of runs for both regions and participants in similar proportions with higher
values for BOLD than VASO-CBV. Note that the differences between gray and white matter are
most likely caused by the stimulus-driven signal fluctuations in the gray matter, baseline signal
intensity, and non-task-related BOLD signal fluctuations, all leading to lower tSNR values in the
gray matter relative to the white matter. The variance explained in V1 does not increase at the
same rate and amplitude for both acquisitions: For BOLD, the same selected voxels can reach
70% variance explained at a cumulative sum of 14 runs (average), whereas the VASO-CBV
explained variance in the same voxels approaches 30%, approximately the same variance

explained as a single run of BOLD data.
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Fig.5. pRF size changes across eccentricity in V1, V2, and V3 for all participants, for the
averaged VASO-CBV 14 runs, the averaged BOLD 14 runs, and the individual BOLD runs. pRF
sizes increase with visual field eccentricity and across the visual area hierarchy.

The comparison of pRF sizes obtained from BOLD and VASO-CBV runs was performed
between the 14-run averaged VASO-CBV data and for each BOLD run to maintain similar levels
of variance explained. A linear increase of pRF size with eccentricity is expected for all visual
field areas, with increasing slopes for more downstream areas (Dumoulin and Wandell, 2008).

As expected, the pRF size increases as a function of eccentricity for both BOLD and VASO-CBV
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(Fig.5). The slope of this function increases from V1 to V3 in almost all volunteers. The only
exception is PO5, presenting a nearly similar slope for V2 and V3. However, in contrast to our
hypothesis, we did not observe smaller pRF sizes derived from VASO-CBV than BOLD-derived
PRF sizes. A one-way Bayesian ANOVA was performed to test the differences between pRF size
in BOLD and VASO-CBV. In the Bayesian framework, the alternative hypothesis is the difference
in the means between the averaged 14 VASO-CBV and the individual BOLD runs. We defined
the alternative hypothesis as the difference between the averaged 14 VASO-CBV and the
individual BOLD runs. The Bayesian ANOVA indicated weak evidence for the alternative
hypothesis in V1 (BF10=2.687). Moreover, no evidence was found for the alternative hypothesis
in V2 (BF10=1.044) and V3 (BF10=0.477). These results indicate that the pRF sizes for BOLD and
VASO-CBV are not significantly different.

Discussion

Overview of the results

In the present study, we evaluated the feasibility of VASO-CBV 7T fMRI for pRF mapping.
The SS-SI VASO sequence with 3D EPI readout enabled us to simultaneously acquire BOLD and
VASO-CBV responses in the visual cortex. Because of the longer arterial arrival time of the visual
cortex, we firstly aimed at the slice optimization of the VASO-fMRI sequence. The optimal
orientation that yielded a higher activation level (Z-score) was used in the pRF mapping
experiment. We found similar pRF positions, i.e. eccentricity and polar angle, for VASO-CBV
and BOLD derived maps. Likewise, the pRF size changed with eccentricity in V1-V3 for VASO-
CBV and BOLD in a similar manner. Because of its distinct sensitivity to microvascular blood
volume changes, we anticipated that VASO-CBV would show smaller pRF sizes than BOLD.
However, we found very similar pRF size estimates for BOLD and VASO-CBV. These results
suggest that, for the spatial resolution used here, the vascular component of the pRF size is

not dominating in either VASO-CBV or BOLD.
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Slice optimization

The way the CBV contrast is generated in VASO-CBV images implies limitations in
acquisition parameters. The readout blocks have to be timed so that the blood signal is nulled
or close to zero, e.g., a certain time after the inversion pulse. During this time, fast inflowing
blood may enter the slab if vessels transport non-inverted blood fast enough to the area of
interest. The so-called inflow effects lead to bright signals in small arteries and an unwanted
Cerebral Blood Flow (CBF) contribution, resulting in low sensitivity to CBV changes. At the same
time, we assume that all blood is replenished before the BOLD weighted image is acquired
(~1.5s after inversion). The manifestation of the inflow effect depends on several experimental
conditions, including the transmit coil coverage, inversion time, and functional task. For
example, the arterial arrival time is expected to be shorter during the task because of the
dilatation of the vessels and the changes in the flow velocity. For the visual cortex, the arterial
arrival time is much longer than in the more superior motor cortex (Mildner et al,, 2014),

potentially affecting blood refilling in an occipital imaging slab.

Here, we positioned the slice orientation to ensure that the slab covered V1, V2, and V3
used a short Tl to limit inflow effects in VASO-CBV images even during the task, while sufficient
refilling occurred to achieve good VASO-CBV sensitivity. The coverage of the transmit coil
determines the area of tissue in which a complete inversion of the signal is achieved and does
not differ between slice orientations. We did not observe indications of inflow artifacts in any
of the orientation planes. Nevertheless, the absence of clearly visible inflow artifacts is not

complete evidence of no residual inflow effect in the data (Huber et al., 2018b).

Still, orientation Ill yielded higher z-scores than the other orientations. One possible
cause for this difference was the quality of the fat suppression when compared with orientation
Il (Supplementary Fig.2). Although not significant, the tSNR measured in the visual area was
also higher for orientation Ill. The proximity and distribution of the channels in the receive coil
could also contribute to this result, as SNR and SENSE unfolding depend heavily on the
architecture of the rf-coil (Hendriks et al., 2020). Noteworthy, we believed that these findings
might depend on other aspects of the sequence. A different spatial resolution might result in
a different optimal slice orientation than found here, especially for small voxel sizes where

peripheral nerve stimulation (PNS) limits the maximum gradient strength and slew rate. Note



Chapter 5

that the gradient strength did not limit our experiment, and the PNS level was low according

to the vendor measurements.

tSNR and variance explained differences

Another challenge for the VASO sequence is the inherent lower SNR. In the present study,
VASO-CBV tSNR was consistently lower than BOLD. A previous study observed similar behavior
using similar spatial resolution and readout strategies in the motor area (Huber et al., 2018a).
The tSNR curves in Fig.4A reveal that, in general, a single BOLD run is equivalent to 4-5 average
runs of VASO-CBV. This low tSNR value limits the detection of VASO fMRI signal activation and
increases the experimental time compared to typical BOLD acquisitions. The pRF model
performance was measured by the variance explained (R?). For both VASO-CBV and BOLD, the
variance explained increases with the number of runs, although in different ratios, with BOLD
reaching a plateau earlier than VASO-CBV. Therefore, we compared the average of 14 runs of

VASO-CBV to individual BOLD runs in the pRF size analysis.

A promising approach for further VASO-CBV improvements is using denoising
techniques, for example, the recently proposed noise reduction with distribution corrected PCA
(NORDIC PCA) (Moeller et al., 2021). NORDIC PCA denoising targets the removal of the thermal
noise contribution to fMRI, leading to improvements in temporal SNR, functional signal
detection (more significant activated voxels), and accuracy of functional maps (Vizioli et al,
2021). Such a denoising technique could improve VASO-CBV tSNR resulting in reduced
acquisition times with fewer runs. Of course, BOLD runs also benefit from denoising, and the

need to average higher numbers of runs for VASO-CBV might not change.

VASO-CBV and BOLD pRF estimations

Polar angle and eccentricity maps derived from BOLD contrast were consistent with
previous fMRI findings (Dumoulin and Wandell, 2008). The maps derived from VASO-CBV
contrast were similar, but because of the lower tSNR less spatially extensive than BOLD at a

given threshold (Supplementary Fig.3). Our results show that VASO-CBV eccentricity has a
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strong correlation with BOLD eccentricity (Fig.3). The pRF tuning width changed with the
eccentricity (Fig.5) in V1-V3 for all three participants, similarly for BOLD and VASO-CBV. The
pRF variations observed here correspond to the same pattern as in previous reports (Dekker et
al, 2019; Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011). Interestingly, pRF size
measurements for VASO-CBV are not smaller than BOLD. The expected higher microvascular
specificity of VASO-CBV does not directly result in smaller pRF size estimates for the present

pRF experiment.

The pRF size estimate depends on a combination of two types of signal components;
neural and non-neural. For the neural component, the position scatter of the individual
receptive fields of the recorded neural population contributes to the overall pRF size (Dumoulin
and Wandell, 2008). Since the comparison was performed in the same cortical locations, the
position scatter is not expected to differ in VASO-CBV compared to BOLD. The non-neural
components have different origins: Previous studies showed that eye movements could cause
an increase in the pRF size (Klein et al,, 2014; Levin et al., 2010). Similarly, head movement-
related motion artifacts add noise to the measured responses and reduce the model prediction
accuracy, leading to broader measured pRF sizes. Because VASO-CBV and BOLD signals are
collected within the same functional run, movement related artifacts are not likely to differ
between VASO-CBV and BOLD. Additionally, the V1-3 pRF size variations (Fig.5) are similar to
previous studies (Dumoulin and Wandell, 2008), which provide further evidence that these
methodological aspects did not dominate our results. Last, another factor that may influence
the observed pRF size estimate is the SNR (Lerma-Usabiaga et al., 2020). However, the high
SNR case of 14-run averaged BOLD shows no difference in observed pRF size of single run pRF

estimates (Fig 5), therefore, we do not think that variations in SNR were a factor of influence.

The hemodynamic response properties may also influence the pRF size measurements
(Dumoulin and Wandell, 2008; Klein et al., 2014; Lerma-Usabiaga et al., 2020). To investigate
the impact of the HRF, we added an HRF fit procedure in addition to the pRF parameters
estimation (Harvey and Dumoulin, 2011). For comparison, we also analyzed the pRF sizes
obtained using the canonical HRF. The results with the canonical HRF and fitted HRF are near
identical (see Supplementary Fig.1). Taking these results together, we do not believe that the

HRF properties affected the VASO and BOLD pRF size.
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Therefore, our results suggest that either (1) the spatial vascular contributions to VASO-
CBV and BOLD signals do not differ or (2) that the vascular contributions to the pRF estimates
are small. We favor the second explanation. First, there are ample studies suggesting different
vascular contributions to the VASO-CBV and BOLD signals (Huber et al., 2017, 2021; Jin and
Kim, 2008). Second, the pRF estimates from BOLD fMRI and direct neural recordings are similar
in the same subjects, both in humans (Harvey et al,, 2013; Hermes et al,, 2017) and primates
(Klink et al., 2021). Furthermore, these pRF estimates match the spatial location of electrically
induced visual sensations further linking pRF measurements with perception (Winawer and
Parvizi, 2016). Thus, we suggest that pRF measurements are dominated by neural components
and that the vascular contribution to the pRF size measurements are minimal and thus pRF

estimates derived from VASO-CBV and BOLD signals will be similar.

These findings are specific for the experimental setup used in the present study, including
the spatial resolution used here. Higher spatial resolutions, e.g. T mm or lower, may elicit
different pRF size estimates, especially if investigated across cortical depth where the VASO-
CBV specificity is more pronounced since it is much less sensitive to the draining vein effect
than BOLD. Thus, we speculate that in a situation in which both the neural component of the
pRF decreases in size and VASO-CBYV is less sensitive to the large draining veins, there may be
a difference between pRF estimates derived from BOLD and VASO-CBV. However, the VASO-

CBV experiments would become practically unfeasible in terms of scan time.

Conclusion

In the present study, we investigate how VASO-CBV compares to BOLD fMRI for cognitive
neuroscience applications. We compared population receptive field (pRF) mapping estimates
between BOLD and VASO-CBV by extending the pRF mapping method to VASO-CBV fMRI at
7T. We simultaneously obtained VASO-CBV and BOLD weighted fMRI using a double readout
3D SS-SI-VASO sequence. The VASO-CBV reliably shows similar polar angle and eccentricity
maps to BOLD-based data. The pRF size increased systematically, both with eccentricity and
going from V1 to V3, with a high similarity between BOLD and VASO-CBV measured pRF sizes.

The expected higher microvascular specificity of VASO-CBV did not directly result in a smaller
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PRF size. These results suggest that the vascular contribution in the spatial pRF size is minimal

or very similar for VASO-CBV and BOLD for the spatial resolution used here.

Supplementary material
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Supplementary Fig.1: pRF size estimates across visual field eccentricity in voxels from V1, V2,
and V3 for all participants, for the canonical HRF. Average VASO-CBV time course and the 14
BOLD runs were plotted separately. For the canonical HRF, pRF sizes also increased with visual
field eccentricity and between visual areas. A one-way Bayesian ANOVA was also performed to
check the differences between pRF size in BOLD and VASO-CBV. The alternative hypothesis
was that the means are different, and the results indicated strong evidence that the means are
different in V1 (BF10=11.094). Weak evidence that the means are different in V2 (BF1,=2.898),
and no difference between the means in V3 (BF10=0.477).
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Supplementary Fig.2: Example of VASO tSNR maps for all four slice orientations: I) Aligned with
the Anterior-Posterior Commissure with the phase encoding in the Anterior-Posterior direction,
I) parallel to the calcarine sulcus with phase encoding in the Anterior-Posterior direction, Ill)
aligned with the cerebellar superior surface, with phase encoding in the Right-Left direction,
and IV) perpendicular to the calcarine sulcus with phase encoding in the Right-Left direction.
In all orientations, the calcarine sulcus was included in the slab. We also calculated the tSNR in
the visual area (two cubic ROIs positioned in the visual cortex, 12x12x12 mm). The orientation
[1) also shows higher signal stability than all other orientations, although with no statistical
significance. We also observed insufficient fat suppression in the EPI readout, which led to
larger ghosting, especially for orientation II).
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Supplementary Fig.3: Comparison of VASO-CBV and BOLD estimates for participants 2 and 3.
All maps were projected on an inflated brain mesh. The threshold used for both VASO-CBV
and BOLD and Eccentricity and Polar Angle maps was a variance explained of 5%. For
participants 2 and 3, VASO-CBV maps show a highly similar pattern for eccentricity and polar
angle. However less extensive than BOLD maps. The variance explained maps show that the
pRF model performance is markedly low for VASO compared with BOLD. Note that the
qualitative comparison is between 14 average VASO-CBV runs versus also 14 average BOLD
runs.
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General discussion

In this thesis, the overall aim was to investigate and mitigate typical 7T challenges for
anatomical and functional purposes, specifically targeting neuroscience applications. In the first
part of the present thesis, | have focussed on improvements in field homogeneity combining
parallel transmit (pTx) capabilities and special pulse design for 7T, namely, TR-FOCI for more
uniform inversion. Besides the structural purpose, the second part of this thesis focuses on

implementing and investigating an alternative fMRI approach to BOLD.

The first part of the present thesis comprehends chapter 2. | successfully showed that
the combination of Universal pulses (Gras et al., 2017) for excitation and TR-FOCI pulse (Hurley
et al., 2010) for inversion mitigate the transmit B1 field (B1+) inhomogeneity problem.
Additionally, the combined MPRAGE (TR-FOCI + UPs) yielded higher SNR, CNR, and the gray-
white matter contrast than the standard MPRAGE. We also compared the T1-weighted
MPRAGE with the T1-weighted image acquired with the self-bias-field corrected MP2RAGE
(Marques et al., 2010). For this case, the CNR and the gray-white matter contrast performance
were superior to all MPRAGE acquisitions. Therefore, | concluded that the additional scan time

of an MP2RAGE acquisition seems merited.

The second part of the present thesis comprehends the three following chapters. Starting
from chapter 3, | successfully implemented the recent variant of VASO, called Slab Selective
slab inversion VASO (SS-SI VASO) (Huber et al., 2014), specific for ultra-high-field (> 7T)
scanners. This chapter investigated the linearity behavior of the VASO-CBV responses using a
hand movement task. Previous studies found that the BOLD response tends to overestimate
activation at very brief stimulus duration or short stimulus intensities. The reasons for this
nonlinearity are still not fully understood. However, it is suggested that the significant part of
the BOLD nonlinearity has a neuronal origin (Birn and Bandettini, 2005; Liu et al., 2009), and
the remaining part is likely due to the vascular effects (Zhang et al., 2008). Here, | hypothesize
that part of the nonlinearity may be driven by vascular nonlinearity effects (Liu et al., 2009),
particularly the large vessel contributions. Because VASO promises higher microvascular
specificity (arteriole and post-arterial CBV changes) with a lower sensitivity to the draining vein
effect (Huber et al., 2017; Jin and Kim, 2008), we expect a different response when compared

to BOLD. On the contrary, | observed a strong linear relationship between VASO-CBV and BOLD
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responses, both similarly increasing with the movement rate and plateauing at high movement
rates (> 1 Hz). As mentioned in chapter 3, a plausible explanation for this tight relationship
between VASO-CBV and BOLD responses is that the CBV measurements reflect the nonlinear
transformation from the stimulus to the neural response since CBV are closely related to the

underlying neuronal activity.

Next, | investigated how the specificity of VASO-CBV compares to BOLD fMRI using digit
selectivity measurements (Akselrod et al., 2017; Martuzzi et al., 2014; Olman et al,, 2012). In
chapter 4, | hypothesized that the higher specificity of VASO-CBV would yield higher digit
selectivity than BOLD. For this experiment, we recorded sub-millimeter VASO fMRI using
individual finger movement (three fingers, thumb-index-little finger) and a stimulus based on
a standard block-design task. | showed that VASO-CBYV yields higher selectivity or less overlap
between the digit clusters than BOLD for different metrics. Moreover, we demonstrate a
consistent topographical representation of part of the sensorimotor digit regions (thumb-

index-little fingers).

Finally, in chapter 5, | evaluated the feasibility of VASO-CBV for population receptive
field mapping (pRF). Because of its distinct sensitivity to the microvascular blood volumes
changes, | hypothesized that VASO-CBV would show smaller pRF sizes than BOLD. The VASO-
CBV reliably shows similar polar angle and eccentricity maps to BOLD-based data. The pRF size
increased systematically with eccentricity and going from V1 to V3, with high similarity between
BOLD and VASO-CBV pRF sizes estimates. The expected higher microvascular specificity of
VASO-CBYV did not directly result in a smaller pRF size. These results suggest that the vascular
contribution in the spatial pRF size is minimal or very similar for VASO-CBV and BOLD for the

spatial resolution used here.

Considerations

Taking into account the first part of the present thesis (chapter 2), the combination of
Universal Pulses for excitation and TR-FOCI pulse for inversion increased the SNR, CNR, and
gray-white matter contrast compared to the standard MPRAGE sequence. These results show
that the T1-weighted MPRAGE can be reliably improved and can be an alternative approach

for clinical purposes or other applications where the segmentation of gray-white matter is not
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the primary purpose. Another interesting point is in regard the temporal efficiency. This chapter
uses a k-space shutter to increase the temporal efficiency by approximately 25% for the
MPRAGE. We showed that using the k-space shutter did not compromise the image quality.
Different methods such as Compressed Sensing (Dieckmeyer et al., 2021; Lustig et al., 2007),
CAIPIRINHA (2D CAIPI) (Breuer et al., 2006; Falkovskiy et al., 2016), or wave-CAIPI (Bilgic et al.,
2015; Polak et al,, 2018), for example, can increase the temporal efficiency even further and

accommodate the 7T setup for clinical reality.

There is an important remark on our results, specifically regarding spatial resolution.
Higher spatial resolution (Tmm or lower) may elicit different responses from the studies
outlined in chapters 3 and 5, where we used 'conventional’ 7T fMRI spatial resolution (1.5 and
1.75 mm isotropic voxels, respectively). Moreover, the higher specificity of VASO-CBV has
proven to be highly effective when applied across cortical depth, targeting depth-dependent
or layer fMRI questions, which is not the case in both studies. We could speculate that for pRF
size estimates, the population of neurons contributing to the signal and the pRF size will
decrease or show smaller width. As the neural point spread function of the pRF decreases at
higher resolutions, the vascular component may become more evident. Hence, the difference
between BOLD and VASO-CBV may become more apparent. We can also extend this
speculation to the nonlinearity question. Smaller voxels may show the difference between the
vascular and neural contribution to the linearity and a more apparent difference between BOLD
and VASO-CBV signals. High-quality data at such high spatial resolution would then be very
challenging; as shown for the pRF application in chapter 5, the scan time for VASO-CBV

experiments would become practically unfeasible in terms of scan time.

Conclusion

This work investigated different approaches to improve image quality, focusing on
correcting the B1* inhomogeneities and precision of functional measurements using VASO
fMRI at Ultra-High Field MRI to get further insights into the human brain. It was shown that
the combination of different methods (chapter 2) could significantly improve field uniformity
reliably with the advantage of also gaining SNR and CNR for typical T1-weighted MPRAGE
sequence. Regarding the VASO fMRI studies, | implemented the SS-SI VASO sequence to
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record VASO-CBV and BOLD signals simultaneously. In Chapter 3, | observed a tight linear
relationship between VASO-CBV and BOLD with respect to an increased hand movement rate
in the motor cortex. In chapter 4, using sub-millimeter VASO and BOLD fMRI, | showed higher
response selectivity for VASO-CBV or less overlap than BOLD. The results were consistent
across participants and metrics, confirming the higher spatial specificity of VASO-CBV
compared to BOLD. Finally, in chapter 5, | found similar pRF estimates for VASO-CBV and BOLD
images. The present work focuses on High-Field MRI technical and fundamental aspects,
aiming to improve image quality and overcome typical ultra-high field MRI challenges for
anatomical and functional applications. In addition, by extending the VASO fMRI approach for
different neuroscience questions, we got new insights that can help future clinical and

neuroscientific studies.
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