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28 e At ultra-high resolutions, novel contrast and acquisition schemes are needed

29 e At high-res: 1.) CBV fMRI outperforms GE-BOLD 2.) 3D-segmented-EPI outperforms
30 2D-EPI

31 e CBV fMRI based on 3D-segmented-EPI allow layer-dependent fMRI applications
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33 Abstract

34  Quantitative cerebral blood volume (CBV) fMRI has the potential to overcome several
35  specific limitations of BOLD fMRI. It provides direct physiological interpretability and
36  promises superior localization specificity in applications of sub-millimeter resolution fMRI
37  applications at ultra-high magnetic fields (7 T and higher). Non-invasive CBV fMRI using
38 VASO (vascular space occupancy), however, is inherently limited with respect to its data
39  acquisition efficiency, restricting its imaging coverage and achievable spatial and temporal
40 resolution. This limitation may be reduced with recent advanced acceleration and
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reconstruction strategies that allow two-dimensional acceleration, such as in simultaneous
multi-slice (SMS) 2D-EPI or 3D-segmented-EPI in combination with CAIPIRINHA field-of-view
shifting. In this study, we sought to determine the functional sensitivity and specificity of
these readout strategies with VASO over a broad range of spatial resolutions; spanning from
low spatial resolution (3 mm) whole-cortex to sub-millimeter (0.75 mm) slab of cortex (for
cortical layer-dependent applications). In the thermal-noise-dominated regime of sub-
millimeter resolutions, 3D-segmented-EPI-VASO provides higher temporal stability and
sensitivity to detect changes in CBV compared to 2D-EPI-VASO. In this regime, 3D-
segmented-EPI-VASO unveils task activation located in the cortical laminae with little
contamination from surface veins, in contrast to the cortical surface weighting of GE-BOLD
fMRI. In the physiological-noise-dominated regime of lower resolutions, however, 2D-SMS-
VASO shows superior performance compared to 3D-segmented-EPI-VASO. Due to its
superior sensitivity at a layer-dependent level, 3D-segmented-EPI VASO promises to play an
important role in future neuroscientific applications of layer-dependent fMRI.

Abbreviations: BOLD = blood oxygenation level dependent; CAIPIRINHA (CAIPI) = Controlled
Aliasing in Parallel Imaging Results in Higher Acceleration; CBV = cerebral blood volume;
CNR = contrast-to-noise ratio; CSF = cerebrospinal fluid; ACBV = change in CBV; EPI = echo
planar imaging; fMRI = functional magnetic resonance imaging; FOV = field of view; GE =
gradient echo; GM = grey matter; ROl = region of interest; SAR = specific absorption rate;
SNR = signal-to-noise ratio; SS-SI VASO = slice-selective slab-inversion VASO; TE = echo time;
Tl = inversion time; TR = repetition time; VASO = vascular space occupancy.

Keywords: vascular space occupancy, SS-SI VASO, cerebral blood volume, simultaneous

multi-slice, 3D-EPI, 7 Tesla MRI, layer-dependent fMRI.
1. Introduction

A detailed understanding of the organization of macroscopic brain areas into distinct
networks requires a profound knowledge about the inter-area connections into
functional building blocks of small cortical layers (Yacoub et al., 2015). The cortical grey
matter (GM) ribbon consists of up to 6 of these histologically-defined cortical layers with
thicknesses usually between 0.2 mm and 1 mm. Mapping the brain activity across thin
cortical layers and their differential functional connectivity to distant brain areas would
be highly valuable for human cognitive research. The only non-invasive in vivo imaging
method currently capable of mapping brain activity at sub-millimeter resolutions, and
hence having the potential ability to detect layer-dependent physiological signal
changes, is functional magnetic resonance imaging (fMRI).

Conventional blood oxygenation level dependent (BOLD) fMRI methods, however, are
most commonly applied at relatively coarse resolutions in the range of 2 - 4 mm. To
increase the resolution to the sub-millimeter range (e.g. 0.75 mm), there are two major
challenges that need to be addressed: First, the corresponding reduction in voxel
volume of up to two orders of magnitude limits the available MRI signal-to-noise ratio
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(SNR) and, thus, sensitivity to detect signal changes (contrast to noise ratio, CNR).
Second, the BOLD-relevant oxygenation changes in draining veins (Menon et al., 1995;
Turner, 2002) result in a reduced effective spatial resolution, independent of the
nominal imaging resolution used. Engel at al. could gnatify the spatial resolution in of
fMRI at 1.5 T in retinotopy studies of the human visual cortex to be consistent with an
area whose full width at half maximum (FWHM) spreads across 3.5 mm (Engel et al.,,
1997). At 3 T Parkes et al. could quantify the FWHM of conventional GE-BOLD and SE-
BOLD with a rotating visual wedge paradigm to be 3.9 mm and 3.4 mm, respectively.
Shmuel et al. investigated the regional specificity of BOLD fMRI at 7T in a flat (unfolded)
region in V1. They found that, when the large veins are removed from the analysis, the
FWHM of GE-BOLD is about 2 mm (1.52 mm shortly after stimulus onset and 2.42 mm 5
seconds after stimulus onset).

It has been shown in animals e.g. (S.-G. Kim et al., 2013; Smirnakis et al., 2007) and in
humans (Huber et al., 2015a) that fMRI contrasts based on cerebral blood volume (CBV)
can map changes of brain activity with higher spatial specificity and without
contamination of the remote draining veins compared to BOLD fMRI.

The most commonly used method for non-invasive measurements of CBV changes in
humans is vascular space occupancy (VASO) (Lu et al., 2003). VASO takes advantage of
the T; difference between blood and surrounding tissue, and uses an inversion recovery
pulse sequence to null blood signal while maintaining part of the tissue signal. The VASO
signal intensity can thus be considered proportional to 1-CBV. When neural activation
causes CBV to increase, the VASO signal will show a decrease, allowing the detection of
activated regions in the brain (Lu and van Zijl, 2012). VASO is particularly attractive at
high fields (7 T) due to the increase in image SNR and the longer longitudinal relaxation
time of blood, which can amplify VASO’s functional T;-contrast (Huber et al., 2014b).
However, as the VASO contrast relies on elimination of the intravascular signal, it
requires image acquisition after an inversion pulse has been applied at the blood
magnetization nulling time. Dependent on the VASO variant used, the blood nulling
time does not only depend on blood’s Ty, but also on the dynamic steady-state of the
sequence including the respective flipangles and TRs. Independent of the VASO variant
used, there is only a short acquisition window of blood nulling to acquire the signal.
Hence, if multiple consecutive slices are acquired after each inversion, they end up with
different inversion times (7/), allowing only a small number of slices to be acquired,
which limits the achievable brain coverage of VASO using standard EPI readout. To
increase the imaging coverage without unacceptable penalties in image quality, VASO
has been combined with other readout strategies at 3 T, for instance, 3D-GRASE,
TFL/FFE, and 3D-HASTE (Cheng et al., 2014b; Lu et al., 2004; Poser and Norris, 2011,
2009).
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Significant gains in both spatial resolution and spatial coverage at ultra-high field
without compromising SNR losses may be achieved by incorporating recent
improvements in accelerated acquisition techniques. In terms of sampling efficiency, the
most important innovation since the introduction of EPI itself is EPI with simultaneous
multi-slice imaging (SMS). SMS uses multi-band (MB) excitations to simultaneously
excite multiple slices and use the coil sensitivity profiles to disentangle the signals from
the different slices (Feinberg and Setsompop, 2013; Feinberg et al., 2010; Larkman et al.,
2001; Moeller et al., 2010). As a result, the volume acquisition time is reduced by the
nominal slice acceleration factor. Together with blipped-CAIPIRIHA sampling, SMS-EPI
has been shown to achieve high slice and in-plane acceleration factors with minimal g-
factor penalty (a measure of SNR loss in accelerated acquisition schemes (Setsompop et
al., 2012)). SMS-EPI was rapidly adopted in all MRl modalities based on 2D-EPI readout,
including BOLD (Feinberg et al., 2010), diffusion (Setsompop et al., 2012), CBF (Feinberg
et al.,, 2013; Ivanov et al., 2016a; T. Kim et al., 2013) and CBV imaging (Huber et al.,
2016a).

An alternative to sequential 2D multi-slice imaging is volumetric 3D-segmented-EPI
(Poser et al., 2010) acquisition, which allows equivalent acquisition speedup and can
also be combined with CAIPIRINHA sampling (Narsude et al., 2016; Poser et al., 2013) to
yield g-factor benefits that are analogous to SMS-EPI (Zahneisen et al., 2015, 2014).

Earlier work at 3 and 7 T has investigated the relative merits of 2D and 3D acquisitions
for BOLD fMRI (Lutti et al., 2013; Stirnberg et al., 2016), but neither did so systematically
at different spatial resolutions nor below 1 mm?>. For high resolution, low image SNR
acquisitions, the inherent SNR advantage of volumetric acquisition may become an
important contribution in pushing the spatial boundaries of fMRI applications. This SNR
adavantage is coming from the fact that volumetric slab-excitation allows the whole
magnetization to be acquired several times in a time scale that is approaching the
relaxation times.

In this paper, we discuss and investigate the limitations and the applicability of CBV fMRI
from resolutions of 3 mm to 0.75 mm (layer-dependent). Specifically, we focus on the
relative amounts of thermal and physiological noise, and signal stability with decreasing
voxel sizes, and local specificity to cortical layers.

Aiming towards layer-dependent neuroscience applications, we compare gradient echo
(GE) BOLD and CBV-VASO contrast mechanisms and 2D-SMS and 3D-segmented-EPI
readout strategies across a wide range of resolutions. We elaborate on the limitations
and challenges specific to sub-millimeter layer-dependent fMRI and show how new
approaches, such as 3D-segmented-EPI VASO, hold promise to cope with them.

2. Materials and Methods

2.1. MR sequence and setup
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Ten healthy right-handed volunteers (age 22-42 years) participated after granting
informed consent under an NIH Combined Neuroscience Institutional Review Board-
approved protocol (93-M-0170) in accordance with the Belmont Report and US
Federal Regulations that protect human subjects. Slice-selective slab-inversion (SS-SlI)
VASO (Huber et al.,, 2014b) with 2D-SMS and 3D-segmented-EPl readout was
implemented on a MAGNETOM 7 T scanner (Siemens Healthcare, Erlangen, Germany)
using the vendor provided IDEA environment (VB17A-UHF). For RF transmission and
reception, a single-channel-transmit/32-channel receive head coil (Nova Medical,
Wilmington, MA, USA) was used. The scanner was equipped with a SC72 body
gradient coil (maximum effective gradient strength used here: 49 mT/m; maximum
slew rate used: 199 T/m/s). The timing of magnetization preparation and interleaved
acquisition of VASO and BOLD data is schematically depicted in Fig. 1 (A)-(C). The
timing of the acquistions is: Tl/Tl,/TR = 1100/2600/3000 ms across all experiments.
The blood-nulling time is calculated based on the assumed value of blood T; = 2100 ms
(Grgac et al., 2012; Hales et al., 2015), following earlier VASO studies at 7 T (Huber et
al., 2016a, 2014a). The adiabatic VASO inversion pulse is based on the TR-FOCI pulse
(Hurley et al., 2010) (Fig. 1 (A)-(B)). The pulse duration was 10 ms and the bandwidth
was 6.3 kHz. For sequence parameters regarding the signal acquisition (excitation,
acceleration, resolution), see the section below.

VASO can be contaminated by inflow of non-inverted blood, especially when blood T;
is not much shorter than the TR (Donahue et al., 2009). These inflow effects can be
minimized, when the blood-nulling time is shorter than the time that blood needs to
arrive from the arteries in the neck to the micro vessels of the imaging slice (Huber et
al., 2016a). Here, a Tl; = 1100 ms was chosen, which includes an additional leeway of
200 ms compared to the estimated arterial arrival time in the sensorimotor cortex
(Mildner et al., 2014). The blood-nulling time was manipulated by means of an
adjusted inversion efficiency of 87% in a Bi-independent manner by using a phase skip
(Fig. 1 (A)-(B)) of the RF field during inversion as described in (Huber et al., 2014b).
The inversion pulse amplitude was adjusted to have a minimum of 10 uT down to the
Circle of Willis across all participants by using a transmitter voltage of 320 V (max
during TR-FOCI pulse).

With increasing field strength, the positive BOLD signal change during neural
activation increasingly counteracts the negative VASO signal change (Lu and van Zijl,
2005). The GE-BOLD effect typically has two components: intravascular and
extravascular. At 7 T, the extravascular BOLD signal dominates the intravascular BOLD
signal by more than 90% (Donahue et al., 2010; Uludag et al., 2009). This extravascular
BOLD contamination is considerably larger than the desired VASO signal change and
needs to be corrected for to obtain quantitative CBV. In SS-SI VASO, an interleaved,
pair-wise acquisition (Fig. 1 (A)-(B)) of VASO and BOLD images is used to distinguish
between BOLD and VASO signal components of the resulting signal. When the pure
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BOLD contrast contribution is known, the BOLD contamination in the VASO image can
be factored out, as described earlier (Huber et al., 2014b).

In order to show the specific challenges of layer-dependent fMRI applications
compared to the ones performed at conventional voxel sizes, experiments were
conducted at 3 mm, 1.5 mm and 0.75 mm resolutions, for both 3D-segmented-EPI and
2D-SMS-EPI. Seven participants where scanned at each resolution. To obtain best
results at the respective resolutions, the FOV, the slice position, and acceleration
factors were optimized individually for the 3 mm, 1.5 mm and 0.75 mm protocols, but
kept identical for the 2D-SMS VASO and 3D-segmented-EPI acquisitions at each
resolution.

These resolution-dependent acquisition parameters are listed as follows:
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2.1.1. 3 mm setup: low-resolution whole-cortex coverage case

Whole-cortex coverage was achieved with the following acquisition
parameters: 33 tilted axial slices, nominal slice thickness 3 mm, nominal in-
plane resolution 3.0 x 3.0 mm?, TE = 12 ms, partial Fourier = 6/8, in-plane
GRAPPA 3, through-plane acceleration 3, CAIPI FOV-shift = 1/2 (was chosen
based on the performance in pilot experiments), in-plane phase-encoding
direction: anterior-posterior.

2.1.2. 1.5 mm setup: GM-specific application case

24 tilted axial slices were positioned to cover the sensorimotor regions of both
hemispheres with: TE = 17 ms, nominal slice thickness 1.5 mm, nominal in-
plane resolution 1.5 x 1.5 mm? partial Fourier = 6/8, in-plane GRAPPA 2,
through-plane acceleration 2, CAIPI FOV-shift = 1/3, in-plane phase-encoding
direction: anterior-posterior.

2.1.3. 0.75 mm setup: layer-dependent application case

10 tilted axial slices were positioned to cover the left motor cortex. Slices were
rotated until the major region of the thumb representation (next to index
finger) was imaged in slices perpendicular to the cortical surface with: TE = 24
ms, nominal slice thickness 1.5 mm, nominal in-plane resolution 0.75 x 0.75
mm?, in-plane GRAPPA 2, asymmetric matrix size 32 x 96, in-plane phase-
encoding direction left-right. No through-plane acceleration or CAIPI FOV-
shifting was applied for this protocol. To minimize Tz*-blurring, partial Fourier
imaging was kept as conservative as possible at 7/8 (Huber et al., 2015c).

2.1.4. Direct comparison across resolutions

Optimal acceleration parameters are highly dependent on the desired
resolution, volume coverage and time constraints (TI/TR). For example, larger
FOVs with more slices allow higher acceleration factors than smaller FOVs with
only few slices, where the spatial encoding by the coil-array is limited.
Moreover, larger voxels allow shorter EPlI echo-spacing. Hence, the
acquisition/acceleration parameters of the different setups investigated above
were optimized differently for the respective resolutions chosen. For a more
direct comparison of 2D-SMS and 3D-segmented-EP| readouts, we conducted
additional tSNR experiments with identical acceleration parameters and in-
plane resolutions, but varying slice thicknesses in 3 participants. Scan
parameters were as follows: Matrix: 64 x 64, 8 slices, nominal in-plane
resolution 1.0 x 1.0 mm?, no through-plane GRAPPA, in-plane GRAPPA 2, TE =
24 ms. The slice thickness varied between 0.3 mm and 10 mm.
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2.2.

2.3.

2.4.

2.1.5. Investigation of the effect of head motion

In order to investigate the effect of task-correlated head motion in 3D-
segmented-EPl and 2D-SMS VASO, we utilized data from 8 experimentsin N =4
participants during a Valsalva breathholding task, which can have a large task-
correlated head motion. For imaging, the 1.5 mm protocol was used as
described above.

In-plane acceleration parameters

The acquisition order of the GRAPPA reference lines followed the FLEET approach
shown for 2D EPI (Polimeni et al., 2016), and its analogue for 3D-segmented-EPI
acquisitions (lvanov et al.,, 2015). That is, in-plane segmented reference line
acquisition is ordered such that all in-plane (line) segments for a given slice (2D EPI) or
k,-encoding step (3D-segmented-EPI) are acquired in immediate succession before
proceeding to the next slice or k,-encode step. This minimizes segmentation artifacts
and results in superior conditioning of the subsequent GRAPPA reconstruction and
correspondingly increased tSNR. The vendor’'s GRAPPA (Griswold et al., 2006)
reconstruction algorithms were applied using a 3 x 4 (read direction x phase direction)
kernel. Partial Fourier reconstruction (Jesmanowicz et al., 1998) was done with the
projection onto convex sets (POCS) algorithm (Haacke et al., 1991) with 8 iterations.
Finally, the complex coil images were combined using the vendor’s implementation of
sum-of-squares.

2D-SMS specific parameters

The nominal slice-selective excitation pulse flip angle was 70° with a pulse duration of
2.5 ms. The summation of multi-band sinc-pulses was conducted with optimized phase
schedules for minimizing peak RF power (Wong, 2012) (see corresponding pulse shape
in Fig. 1 (D)). Online reconstruction on the scanner was performed using a
combination of the vendor software and the SMS reconstruction as distributed with
the MGH blipped-CAIPI C2P (http://www.nmr.mgh.harvard.edu/software/c2p/sms).
SMS signals were first un-aliased with an implementation of SplitSlice-GRAPPA with
LeakBlock (Cauley et al., 2014) and a 3 x 3 SliceGRAPPA kernel before entering in-
plane reconstruction as described above.

3D-segmented-EPI specific parameters:

The 3D VASO sequence was based on a previous 3D-segmented-EPI implementation
(Poser et al., 2010) with support for CAIPIRINHA sampling (Poser et al., 2013). Online
reconstruction was performed using a combination of standard scanner software and
a vendor-provided works-in-progress implementation of GRAPPA CAIPIRINHA
(Siemens software identifier: IcePAT WIP 571) with kernel size 4 x 3 x 3.
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2.5.

2.6.

For direct comparability with the 2D-SMS acquisitions, we used the same in-plane
readout (for identical distortions and Tz*—blurring) and no slab-oversampling (for same
number of imaging shots per inversion). 3D slice aliasing was minimized using a sharp
slab-excitation pulse profile with a bandwidth-time-product of 25.

The need for magnetization inversion and the need for long volume TR in VASO results
in 3D-segmented-EP| segments being acquired in a non-steady state. Hence, in order
to minimize any T;-related blurring along the slice direction (Gai et al., 2011),
individual excitation pulse flip angles were varied along the train of k,-planes to ensure
similar signal for every shot. The last excitation pulse of every readout was chosen to
be nominally 90°. To keep the same signal across k-space segments, the flip angles of
the preceding segments were adjusted to be respectively smaller. Depending on the
number of segments, the first excitation pulse flip angle desired to be between 16°-
22°. For instance, the 0.75 mm protocol, the nominal flip angles adjusted in the
sequence code to be: 21.8°, 22.5°, 23.4°, 24.3°, 25.5°, 26.8°, 28.4°, 30.5°, 33.3°, 37.3°,
43.7°, 57.4°, 90.0°). The T;-relaxation between consecutive excitation pulses was
estimated assuming a tissue T;-value of 1800 ms at 7 T (Wright et al., 2008).

To be most comparable with the 2D-SMS acquisition scheme and obtain identical
distortions and Tz*—blurring, the number of slices in 2D-SMS and the number of
segments in 3D-segmented-EPIl were kept the same. Thus, in every 3D-segmented-EPI
shot, one whole slice of k-space was acquired.

SAR values

The overall energy deposition of the sequence never exceeded 2.1 W/kg, according to
the SAR estimation of the vendor. Due to the considerable SAR contribution from the
inversion pulse and the high bandwidth-time-product of 25 in 3D-segmented-EPI, the
estimated SAR values for 3D-segmented-EPI were not much lower than for the 2D-
SMS EPI. The values were 1.9/2.1 W/kg (3D-segmented-EPI/2D-SMS EPI) for the high
resolution (0.75 mm) and 1.3/2.1 W/kg for the low resolution (3 mm) protocol.

fMRI task

The sensitivity of each protocol to functional activation was investigated with a
unilateral finger tapping tasks: one-minute blocks (30 s rest and 30 s, paced tapping
with 0.75 Hz) repeated 12 times. This resulted in 12-minute acquisitions for each
protocol, plus 20 s — 40 s before and after the 12 blocks, respectively.

The effect of task-correlated head motion was investigated with a Vasalva
breathholding task. This task consists of breathholding with additional chest pressure
increase (Wu et al., 2015). This task has the potential for efficient high CNR mapping of
vascular reactivity. However, its application with VASO is often limited with unwanted
motion artefacts arising from correlated head tilting, which made it an ideal control
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2.7.

2.8.

3.1.

for examining head motion. Each run consisted of 10 breathholding periods of 15 s
interspaced with 45 s of paced breathing.

Data analysis

All MR images were motioncorrected using SPM8 (Functional Imaging Laboratory,
University College London, UK). The outermost slices were excluded from the analysis
to minimize motion artifacts and residual 3D-segmented-EPI related slab fold-over
artifacts. Activation GLM analysis was done using FSL FEAT (Version 5.98) (Worsley,
2001) with a cluster threshold of 10 voxels (applied with AFNI (Cox, 1996)). No signal
smoothing was applied at any point during the analysis to minimize losses of spatial
specificity (Stelzer et al., 2014).

The tSNR was separately estimated for BOLD and VASO timesieries after respective
signal detrending with AFNI (Cox, 1996). The tSNR was computed over 480 time steps
(240 for VASO and 240 for BOLD).

The VASO SNR was estimated by the method described for time series imaging
(Feinberg et al., 2013; Glover and Lai, 1998): The even- and odd-numbered time points
of VASO were separately averaged, and the sum and difference of these two images
were calculated. Note, that the even- and odd-numbered time points refer to the
same VASO contrast. They do not refer to the interleaved acquisition of VASO and
BOLD in the MR sequence. The VASO SNR was calculated as the mean value across M1
ROIs in the sum image divided by the standard deviation across the same region in the
difference image. BOLD SNR was calculated analogously by taking the even- and odd-
numbered time points of the BOLD time series.

Layer-analysis

The analysis to plot functional signal changes across cortical depth followed the
description in (Huber et al., 2015b). In short: GM-CSF borders and GM-WM borders for
the primary motor cortex “hand knob” were manually drawn on the EPI images.
Cortical depths were calculated based on the equi-volume principle (Waehnert et al.,
2014). No significance thresholding was applied to avoid biases of variable detection
thresholds across cortical depth (Goense et al., 2012a).

3. Results

tSNR across resolutions with optimized parameters

Results of the tSNR across resolutions are shown in Fig. 2 for one representative
participant. 2D-SMS VASO has higher tSNR values compared to 3D-segmented-EPI at
conventional resolutions of 1.5 mm and 3 mm. In the thermal-noise-dominated
regime of sub-millimeter resolutions (0.75 mm), this relationship becomes inverted
and 3D-segmented-EPI outperforms the 2D-SMS VASO in terms of tSNR. The mean
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tSNR values shown in Fig. 2 refer to values averaged over M1 ROls across participants
(N = 7 in Fig. 2 (A)-(B)). With the individually optimized acquisition parameters
(acceleration factor and FOV) across protocols, tSNR of GM is above 20 throughout all
resolutions shown in Fig. 2 (A)-(B). This means that the strong response of a finger
tapping task should exceed the detection threshold with a 12 min fMRI experiment
(Murphy et al., 2007).

To reveal the tSNR sensitivity across resolutions independent of GRAPPA and
bandwidth effects, the signal stability for the same imaging readout (Imm? in-plane
resolution) is depicted for different slice thicknesses in Fig. 2 (C). tSNR values refer to
the average across all 3 participants acquired with this protocol. The curves for 2D-
SMS and 3D-segmented-EPI VASO show an asymptotic behavior that is qualitatively
very similar to the ones shown in previous studies that have investigated the tSNR-
SNR relationship across resolutions (Murphy et al., 2007; Triantafyllou et al., 2011). To
stress that the tSNR saturation is arising from physiological noise contributions, image
SNR is depicted in Fig. 2 (D). Image SNR does not show the strong saturation at larger
voxel volumes and 3D-segmented-EPI has higher values compared to 2D-SMS for each
resolution. Fig. 2 (E)-(H), depict that same quantities as in Fig. 2 (A)-(D) but for the
BOLD signal. Please note the different scaling of colorbars and y-axes.

The consistency of theses results across participants can be seen in Fig. 3.

Sensitivity to detect functional activation

Functional activation maps for the unilateral finger-tapping task are shown in Fig. 4 for
one representative subject. The depicted MRI slices are the same as shown in Fig. 2
(A)-(B). Simultaneously acquired functional maps of BOLD signal change are included
in order to stress the different spatial patterns of BOLD fMRI compared to CBV-fMRI.
Note that the quantitative VASO contrast is inverted to obtain estimates of blood
volume in units of ml per 100 ml of tissue (Huber et al., 2015a).

For the low resolution of 3 mm, 2D-SMS and 3D-segmented-EPI activation maps show
M1 activation in a very similar fashion (Fig. 4 (E), (K)). Note that this is the case despite
the = 50% higher tSNR in 2D-SMS compared to 3D-segmented-EPI. This is most likely
due to the fact that both readout strategies are well above the detection threshold for
a finger-tapping task.

At 1.5 mm resolutions, the voxel size approaches the distance between the
neighboring GM ribbons of the central sulcus. Hence, the intracortical CBV signal
changes of M1 and S1 start to separate into two distinct clusters of voxels (blue
arrows in Fig. 4 (C), (1)). Due to the presence of large draining veins above the cortical
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3.4.

surface, functional activation in GE-BOLD fMRI, on the other hand, appears as one big
cluster (blue arrows in Fig. 4 (J)).

For layer-dependent fMRI applications of 0.75 mm resolutions, both 2D-SMS VASO
(Fig. 4 (A)) and 3D-segmented-EPI VASO (Fig. 4 (G)) have enough sensitivity to detect
tapping-induced activity in M1. Due to the higher SNR in 3D-segmented-EPI VASO
layer-dependent activity features are slightly more obvious (green arrow in Fig. 4 (G))
compared to the 2D-SMS VASO (Fig. 4 (A)). Even though, there might be some layer-
dependent features visible in GE-BOLD data (Fig. 4 (B), (H)), most of the signal change
appears to be dominated from nonspecific superficial veins.

Please, note the different scaling of the functional responses across resolutions and
correspondingly different colorbars in Fig. 4. This was done to account for the larger
signal changes at high resolutions when partial volume effects are minimized.

Susceptibility to task-correlated head motion

During Valsalva breathholding tasks, participants showed considerable head motion.
Particularly pitch rotation turned out to be highly correlated with the breathholding
task. A motion trace of SPM motion estimation is shown in Fig. 5 (A) for one
representative subject. Such motion can result in considerable motion artefacts during
fMRI response evaluation. Fig. 5 (B)-(C) show sagittal views of averaged VASO signal
intensities across slices. It can be seen in 2D-SMS-VASO that very small deviations of
the effective inversion time results in corresponding inhomogeneities in T;-weighting
and signal intensity across slices. This means that any retrospective motion correction
will interpolate these signal inhomogeneities across slices. In 3D-segmented-EPI VASO
on the other hand, all slices have the same effective inversion time and retrospective
motion correction can be applied without the introduction of motion artefacts.

Bias of baseline vasculature:

The sole fact that specific signal variations across cortical depth can be observed, does
not prove layer-specificity, when the underlying physiology is unknown. This is
established in the field and has been discussed already in the literature (Koopmans et
al.,, 2011, 2010). According to these discussions, the depth-dependent variations in
fMRI signal could simply resemble the baseline vascular distribution. Following
suggestions in (Goense et al.,, 2016), we tried to minimize incorrect interpretations
due to this bias by applying multi-modal fMRI and directly comparing it to estimates of
the baseline vasculature as done in Fig. 6 (G)-(H). Since the functional profiles in Fig. 6
(C)-(D) are qualitatively different from Fig. 6 (G)-(H), the peak fMRI responses can be
considered to be caused by task-specific layer-dependent activation, and not by the
baseline vasculature distribution.

4. Discussion
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The results shown in Figs. 2-3 demonstrate the advantages and disadvantages of VASO and
BOLD fMRI with 2D-SMS and 3D-segmented-EPI acquisitions across a broad range of
resolutions. The results can be taken as evidence that in the case of layer-dependent
applications, the conventional contrast mechanisms and readout strategies that perform
very well at 2 — 4 mm spatial resolutions may no longer be the most suitable choice. Instead,
less utilized readout strategies, like 3D-segmented-EPI, and fMRI contrasts, like VASO, might
provide superior tools for neuroscientific applications that require spatial specificities in the
sub-millimeter regime.

4.1. Benefits of 3D-segmented-EPI at high resolutions

3D-EPI acquisition approaches were originally suggested in (Mansfield et al., 1995;
Song et al., 1994). In recent years they have gained considerable interest (Gai et al.,
2011; Jorge et al., 2013; Langkammer et al., 2015; Lutti et al., 2013; Van Der Zwaag et
al., 2012) due to the flexibility of having an additional k-space dimension. For instance,
3D acquisition strategies allow partial Fourier imaging along the k, direction to provide
reduction in volume TR (Poser et al., 2010). Furthermore, 3D acquisitions allow thin
slices without being limited by excitation pulse imperfections (Poser et al., 2010). They
are less prone to motion-induced spin-history effects than 2D imaging since the whole
slab or volume is always excited, and - importantly - they allow undersampling to be
applied along both the in-plane and through-plane phase-encoding directions
(Narsude et al., 2016; Poser et al., 2014, 2010). With the incorporations of controlled
aliasing, g-factors can be reduced to a minimum (Narsude et al., 2016; Poser et al.,
2013), allowing high total acceleration factors and correspondingly fast temporal
sampling. Due to the smaller excitation flip angles used in 3D-segmented-EPI
compared to 2D-SMS EPI, 3D-segmented-EPI applications have been suggested to be
beneficial at high field strengths, where SAR constraints can limit the number of slices
and the TR (Gai et al., 2011; Poser et al., 2010).

One likely reason, why 3D-segmented-EPI has not become as widely applied as single
shot 2D-SMS EPI, however, comes from the fact that it is more sensitive to
physiological noise components: while the very fast acquisition of 2D-SMS-EPI in the
range of few tens of ms ‘freezes out’ cardiac- and respiration-induced signal
fluctuations, the extended sampling window in 3D-segmented-EPI, of the order of few
hundreds of ms, approaches the timescale of physiological variations. These
physiological modulations across the k-space acquisition can result in increased signal
fluctuations all across the entire image space and limit the fMRI sensitivity

In addition to the different physiological noise contributions, that need to be dealt with
differently in 3D-EPI (Jorge et al., 2013; Lutti et al., 2013), 2D-EPI and 3D-EPI have different
sequence timing requirements due to 3D-EPI relaxation time differences across slices.
Inversion recovery 3D-EPI methods that segment volume k-space across TRs (van der
Zwaag et al., 2016), can account for this to allow the same flexibility as a 2D readout.
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However, pulse sequences using these methods are not widely distributed across MRI scanner
vendors..

The results of the study presented here confirm this notion and provide evidence that
in the physiological-noise-dominated regime of conventional voxel sizes of 1.5 -3 mm,
2D-SMS VASO provides higher signal stability compared to 3D-segmented-EPI VASO
(Fig. 1 (A)-(B)). At ultra-high resolutions, however, in the thermal-noise-dominated
regime, the advantage of increased image SNR becomes more important and 3D-
segmented-EPI acquisitions become more stable than 2D-SMS approaches (Fig 1 (C)).

4.2. 3D-segmented-EPI in inversion recovery sequences

In inversion-recovery sequences such as for VASO or ASL applications, T;-relaxation
processes can affect the image contrast while a volume is being acquired. In 2D-SMS
sequences, the individual slice-groups are acquired consecutively. This means that
adjacent slices can have different T;-weightings. For short Tls (< tissue T;), this can
result in different signal intensity across the brain volume imaged (blue arrows in Fig.
1 (A)), with resulting inhomogeneous tSNR across the brain (blue arrows in Fig. 2
(A)). The fact that in 3D-segmented-EPI the entire brain volume has the same
effective Tl can be advantageous to quantify blood volume in VASO (Cheng et al.,
2014a; Hua et al., 2013), to quantify T; (Huber et al., 2016b; Marques et al., 2010), or
to quantify CBF across slices (Gai et al.,, 2011; Ivanov et al., 2016b). When the
effective inversion time is constant across slices, the functional contrast (e.g. blood
nulling) is less biased by incomplete blood nulling, which could hamper CBV
quantification in VASO experiments (Glielmi et al., 2009).

The different effective T;-weighting and the correspondingly different signal across
k-space segments in 3D-segmented-EPIl, however, can result in inhomogeneous
signal distribution across k-space accompanied by image blurring along the second
phase encoding direction. To account for this and preserve the available MR signal
across k-space segments, a flip angle modulation was used here following previous
studies (Gai et al., 2011).

It must be noted, however, that this approach of using variable flip angles can only
serve as a first order correction to minimize T;-related blurring in the second phase-
encoding (segment) direction. There are numerous higher-order effects that can not
be corrected for with this approach. For instance, the approach of variable flip angles
can be optimized for one T;-compartment, only. Here, the nominal flip angles are
adjusted to the T, of GM. This means that the blurring effect in WM and CSF are only
partly accounted for. Hence the point-spread-function is expected to be different
across different tissue types comparable to conventional so-called anatomical
sequences like MPRAGE or MP2RAGE. Furthermore, the approach of variable flip
angles is limited by the inhomogeneities in RF transmit field at 7T. Hence, in brain
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4.4.

regions with particularly high or low B, field strenghts, the T;-related blurring effect
might be only partially accounted for.

Benefits of VASO compared to GE-BOLD at lower resolutions

The main benefits of VASO compared to BOLD are its quantifiability (Lu et al., 2003)
and local specificity (Jin and Kim, 2006).

The 3 mm protocol used in this study is optimized to obtain fast whole cortex
coverage. At these resolutions, it is not expected that CVB-fMRI offers a higher
specificity than GE-BOLD (Turner, 2002). However, it might still be beneficial to apply
VASO with this protocol, e.g. in studies, when its quantitative nature becomes
important (Guidi et al., 2016; Kazan et al., 2015).

The results from the 1.5 mm protocol used in this study show the higher localization
specificity to GM of VASO compared to GE-BOLD signal (blue arrows in Fig. 4 (1)-(J)).
This is consistent with earlier studies (Huber et al., 2016a) and might be advantageous
to separate close brain areas (e.g. M1 and S1) in network analysis or to minimize
cancellation of positive and negative fMRI responses in neighboring regions (Huber et
al., 2016a).

A disadvantage of VASO compared to GE-BOLD is its reduced sensitivity with fewer
activated voxels detected (see voxel cluster size in Fig. 4 (C)-(D) and (I)-(J)). VASO is
furthermore limited by its reduced imaging efficiency, resulting from the acquisition
delay that is required for T;-contrast to develop. Hence, to obtain an artifact-free
VASO contrast, TR cannot be reduced to significantly below 3 s. The efficiency of BOLD
fMRI, in contrast, is only limited by acquisition speed without comparable dead times
as in VASO fMRI.

Considering the different imaging efficiency of the two fMRI methods, senstitivity
comparisons between VASO and BOLD contrasts must be interpreted with caution.
Here, we can only compare VASO experiments at its optimal TR of 3 s compared to
BOLD experiments at the same TR of 3 s. But with the data acquired in this study, we
cannot compare optimal VASO experiments with optimal BOLD experiments having
shorter TRs of 1 s. For higher temporal resolution in BOLD fMRI, physiological noise
can be sampled below the Nyquist rate, which can help to improve the functional
sensitivity of BOLD fMRI even further (Stirnberg et al., 2016).

Effect of head motion

We investigated the effect of head motion during a Valsalva breathholding tasks with
2D-SMS-VASO and 3D-segmented-EPl VASO. We find that having the same effective
inversion times across slices in 3D-segmented-EPI-VASO makes it more suitable for
restrospective motion correction compared to 2D-SMS-EPI. Results shown in Fig. 5
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4.6.

suggest that even at resolutions of 1.5 mm, where 2D-SMS-VASO provides higher
sensitivity than 3D-segmented-EPI-VASO, one might want to refrain from 2D-SMS-
VASO applications. It must be noted that the motion artefacts shown in Fig. 5 are most
probably referring to head tilting between TRs of the sequence. The artefacts are likely
not caused from head tilting during the relatively short acquisition windows. Hence,
the apparent motion can be appropriately corrected retrospectively using rigid-body
transformations. Motion during the acquisition window itself, however, can result in
different artefacts that are harder to correct for (Ladstein et al., 2016). While the 3D-
segmented-EPI can better account for contrast inhomogenies across slices compared
to 2D-SMS-EPI, this does not mean that it can account better for other shortcomings
when head motion is present. For instance, inter-TR and intra-TR head motion will also
have a smooting effect in 3D-EPI, while in the 2D EPI there would be fluctuations due
to spin history effects.

Functional specificity

The high-resolution results given in Figs. 3 (A), (C), (G), (1) show that VASO fMRI can
better delineate individual GM territories compared to GE-BOLD, which shows largest
activation between the opposing GM banks of a sulcus. In addition, the specificity
within cortical layers and the activity pattern following the cortical ribbon; Fig. 4 (G)
suggest high localization specificity of CBV-fMRI compared to GE-BOLD signal. This is
consistent with previous comparisons of CBV-fMRI and BOLD fMRI (Goense et al.,
2007; Huber et al., 2015b; Kim and Ogawa, 2012) and one of the original motivations
to do CBV-based fMRI.

Layer-dependent responses in light of the underlying physiology

For conventional 3 mm voxels, CBF, CBV, and BOLD usually co-vary and are related to
oxygen metabolism. With layer-dependent sub-millimeter voxels, however, observed
neuro-vascular coupling may be altered (Goense et al., 2012a) and a combined
acquisition of BOLD with CBF/CBV-based fMRI methods are required (Huber et al.,
2016a) to provide additional information about neurovascular coupling, and to aid
modeling and interpretation of high-resolution fMRI (Goense et al., 2016).

As indicated in Fig. 6 (E)-(H), at layer-dependent resolutions, vascular and neuronal
heterogeneities of the cortex, approach the scale of functional resolutions. Hence, to
accurately predict and interpret fMRI responses, some of these features need to be
known. This is important in order to model their effect and interpret the results in the
light of their respective signal biases (Gagnon et al., 2015; Heinzle et al., 2015;
Markuerkiaga et al., 2016).

In BOLD fMRI, variations in the venous baseline blood volume can be problematic. For
instance, due to the flow of diluted deoxy-hemoglobin concentrations, large veins that
are passing through the upper cortical layers can evoke signal changes distant to the
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source of the concentration changes. Hence, layer-dependent variations of venous
baseline CBV can be considered as a scaling parameter of locally-unspecific functional
signal changes (Guidi et al., 2016).

Since VASO is a quantitative contrast that provides local volume results in physical
units of ml, it is believed to be less biased towards variations in the vessel structure.
Even though there are layer-dependent variations in baseline CBV (see Fig. 6 (G)-(H)
and (Duvernoy et al., 1981; Weber et al., 2008)), the mere presence of blood vessels
does not mean that they introduce a CBV fMRI signal confound during the functional
task, like they do in BOLD fMRI. Layer-dependent variations of baseline CBV can be
considered as spatially-varying the dynamic range of fMRI responses to the average
neural metabolism within each layers.

Aside of potential biases with respect to variations in baseline vasculature, there is a
biological limit of mapping neutral activity by means of the hemodynamic response.
For microvessels across cortical columns, the spatial limit of neurovascular coupling is
in the range of the inter-columnar distance of ~ 0.5 mm (Blinder et al., 2013). The
vascular organization across the cortical depth, however, may be less specific. CBV
signal changes in ultra-high resolution animal fMRI is often suggested to be arising
from layer-specific micovessels only (Harel et al., 2006; Zhao et al.,, 2007). Optical
studies, however, report of CBV contributions of layer-unspecific diving arterioles
(Tian et al., 2010) up to large pial arteries (Kennerley et al., 2012). While their effect
on layer-dependent fMRI responses are considered to be much smaller compared to
the BOLD signal (Huber et al., 2015b), it has not been conclusively established up to
what extent macrovascular CBV contaminations might contribute to layer-dependent
CBV fMRI results (Huber et al., 2015a).

Neuroscientific layer-dependent applications

This study focuses on tackling the technical challenges that need to be met in order to
obtain interpretable layer-dependent fMRI responses, and as such, a detailed
explanation of the finger-tapping-induced signal in light of neural feed-forward/feed-
back circuitry (Weiler et al., 2008) is beyond the scope of this paper. Nevertheless, we
shall assess the possibility of layer-dependent interpretation with the presented
results.

There are three major challenges in infering neuroscientific interpretations from high-
resolution fMRI data:

4.7.1. Resolution-sensitivity compromise: In animal studies resolutions up to few
hundred pum fMRI can be routinely achieved. This can provide layer-specific
responses within individual cortical layers. In human layer-dependent fMRI
studies, however, currently achievable resolutions of 0.75 - 0.8 mm are just
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beginning to unravel groups of cortical layers without considerable partial
voluming from CSF of WM. Hence, special care must be taken in order to get
even near the resolution of the nominal voxel size. Here, degradation in the
effective resolution is sought to be kept as low as possible by minimizing the
partial Fourier-factor and T, -related image blurring (Huber et al., 2015c) as
well as by avoiding signal interpolation during image registration (Renvall et al.,
2016).

The achievable resolution and voxel size of the fMRI acquisition is not only
limited by the amount of MRI signal available to detect functional activations in
the first place, but mostly by the available gradient power, corresponding
acquisition speed and constraints of peripheral nerve stimulations. Hence, even
with the high SNR of multi-channel coil arrays and application of advanced
acceleration methods, additional challenge remains to acquire the signal in a
useful time scale - preferably smaller than the tissue’s T, In the experiments
described here, this challenge could be addressed by partly sacrificing the
flexibility regarding the FOV dimensions and using slice orientation
perpendicular to the cortical surface.

We would also like to stress that the the protocol used here is kept within the
parameter space of most 7 T fMRI studies. The total fMRI experiment duration
was only 12 min and, therefore, much shorter than most protocols to detect
layer-dependent activity. Furthermore, no custom designed scanner hardware
was used.

4.7.2. Accuracy of layer-dependent analysis: The interpretation of layer-dependent

results averaged over large areas of cortex relies on accurate post-processing
including: creation of an accurate surface model, cortical depth estimation,
distortion correction etc. For example, the application of so-called ‘anatomical
sequences’, as an anotmical reference with a readouts that are non-distortion
matched to the fMRI data, can result in signal smoothing across the cortical
depth (Huber et al., 2016b; Renvall et al., 2016). Analogously, imperfections in
distortion corrections and signal interpolation during coregistration will result
in loss of spatial specificity. Furthermore, inaccurate algorithms used for the
estimation the cortical depth can ‘introduce’ spurious fMRI peaks into cortical
profiles that are not really there (Waehnert et al., 2014).

In the study presented here, a strong effort was made to avoid such pitfalls by
improving the functional sensitivity to an extent that layer-dependent
responses can be seen in single-slice functional maps, without relying on
extensive signal averaging over large chunks of cortex. By performing all signal
evaluation directly in EPI space, distortion correction and coregistration are
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rendered unnecessary. Hence, the results shown in Fig. 6. are largely
unaffected by inaccurate post-processing.

Based on the considerations above, we conclude that 3D-segmented-EPl VASO
provides a promising sequence for neuroscientific studies that use layer-
dependent analysis.

Other fMRI contrast mechanisms

Spin-echo BOLD fMRI has been suggested to have higher specificity to the
microvasculature (Bandettini et al., 1994; Uludag et al., 2009) and its utility for laminar
fMRI has been demonstrated in animals (Goense et al., 2012b; Harel et al., 2006; Zhao
et al., 2006) and in humans (Yacoub et al., 2005). Until today SE-BOLD has been the
only fMRI method to directly map orientation columns in human visual cortex (Yacoub
et al., 2008). However, it suffers from much lower sensitivity, especially at high
resolution (Boyacioglu et al., 2014; Budde et al., 2014; Harmer et al., 2012) and
practical contraints posed by RF power deposition, which may limit the widespread
application of the technique. Future studies with a direct comparison of functional
specificity of VASO CBV and SE-BOLD are required to access their applicability to
adress neuroscientific layer-dependent questions.

Other readout strategies.

There have been alternative readout strategies proposed to increase the imaging
coverage beside 3D-segmented-EPI. For instance, VASO has been combined with
imaging readouts including 3D-GRASE, (Lu et al., 2004; Poser and Norris, 2011, 2009),
TFL/FFE (Cheng et al., 2014b; Hua et al., 2013), and 3D-HASTE (Poser and Norris,
2007). These 3D-based readout strategies also have the potential of advanced
acceleration in both phase-encoding directions with potential CAIPI field-of-view
shifting. At high resolutions, however, the readout methods of 3D-GRASE and 3D-
HASTE are partly limited by the long readout duration compared to the tissue’s T,
which can result in signal blurring along the second phase-encoding direction (Kemper
et al., 2015). Multi-shot, fast GRE readout methods (TFL/FFE), such as used in (Cheng
et al., 2014b; Hua et al., 2013), do not have this limitation and could be a promising
alternative for 3D-segmented-EPI-VASO at high resolutions. The contrast independent
signal acquisition with a fast GRE readout might not only be an suitable approach in
combination with VASO imaging (Hua et al., 2013). Encouraging results have also been
shown in the elegant combination of a T2-prep module with a fast GRE readout (Hua
et al., 2014). Future studies are needed to investigate the functional contrast of this
approach compared to VASO at high spatial resolutions.

5. Conclusion
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Our results show that for neuroscientific layer-dependent applications, it may be more
helpful to refrain from conventional functional contrast (GE-BOLD) and readout
strategies (2D-EPI). The challenges of ultra-high resolutions can be optimally addressed
with alternative and not yet widespread contrast mechanisms (e.g. CBV) and readout
strategies (e.g. 3D-segmented-EPI).
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Figure captions:

Fig. 1: Magnetization preparation, readout, and sequence timing.

Schematic depiction of one TR in the SS-SI-VASO sequence. (A) and (B) show the timing of
the most relevant RF and gradient events for 2D-SMS and 3D-segmented-EPI, respectively.
Zoomed views of the corresponding readout modules for individual slices and k-space
segments are depicted in (D)-(E). Every TR starts with a ‘global’ adiabatic inversion pulse. A
phase skip is used to control the inversion efficiency and the inflow of fast, un-inverted
blood. The VASO images are acquired around the blood-nulling time at Tl; = 1.1 s after
successive application of the multi-band/slab-selective RF excitation pulses for 2D-SMS and
3D acquisitions, respectively. The multi-band factor varies between 1 and 3 in this study
(SMS-factor = 3 in (D)). The phase-encoding and read gradients for the acquisition of the
individual slices or k-space segments are accompanied with blipped-CAIPI gradients in
slice/segment-direction for controlled aliasing of nearby slices. In this study the
corresponding FOV-shift factor varied between 1 and 1/3 (FoV-shift = 1/2 in (D)-(E)). A
second set of images is acquired at Tl, = 2.6 s containing BOLD-signal-weighting without
CBV-weighting. Example brain volumes from every readout are depicted next to their RF and
gradient events. Since, the effective Tl can vary across slices in the 2D-SMS approach in the
range of 200 ms, clear borders of the individual SMS slabs can be seen from the
corresponding steps in T;-weighting (blue arrows in (A)).

Fig. 2: tSNR across resolutions.

Results of VASO tSNR for 0.75 mm, 1.5 mm and 3 mm resolutions are shown for one
participant in (A)-(B). For the protocols with (low) resolutions of 1.5 mm and 3 mm, 2D-SMS
VASO provides higher tSNR values compared to 3D-segmented-EPl. At sub-millimeter
resolutions of 0.75 mm, however, the tSNR of 3D-segmented-EPI surpasses that of 2D-SMS
EPI. For best visibility, the dynamic range of the color bars is adjusted for each resolution,
but it is kept identical for 2D-SMS and 3D-segmented-EPI. tSNR results in (C) refer to
experiments, where slice-acquisition parameters are kept the same but the slice thickness is
varied. Different voxel volumes refer to different slice thicknesses. It can be seen that in the
physiological-noise-dominated regime of voxel volumes with few microliters, 2D-SMS-EPI
performs better than 3D-segmented-EPI. However, in the thermal-noise-dominated regime
at sub-microliters resolutions, 3D-segmented-EPI has higher signal stability. Fig. (E)-(H) show
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the same for the BOLD contrast. Similarly to VASO, also the BOLD stability is better for 3D-
segmented-EPl at ultra high resolutions, while 2D-SMS is better for conventional
resolutions. Note that the ceiling effect is slightly stronger in BOLD compared to VASO.
Consequently, the advantage of 3D-segmented-EPI compared to 2D-SMS EPI is visible at
smaller voxel sizes only.

All given tSNR/SNR values in (A)-(C) and (E)-(F) refer to mean values across participants
within ROIs of M1.

Fig. 3: Stability of tSNR results across participants.

The higher temporal stability of sub millimeter voxels shown for one representative subject
in Fig. 2 is consistent across participants of the study. For both, BOLD and VASO time series,
tSNR values are higher for 3D-segmented-EPI compared to 2D-EPIl. Note that BOLD and
VASO figures are acquired simultaneously, while 3D-segmented-EPI and 2D-EPI figures are
acquired in separate experiments 12 minutes apart. Hence, due to participants head motion
between experiment, the slice position can be minimally different. Since the slice
positioning and slice tilting was adjusted to be perpendicular to the participants individual
M1 cortex, the FOV contains different brain regions for different participants.

Fig. 4: Functional results across resolutions.

Functional activation results for 0.75 mm, 1.5 mm and 3 mm resolutions are shown for one
subject in (A)-(F) for 3D-segmented-EPI and (G)-(L) for 2D-SMS, respectively. The depicted
participant and the depicted slices are the same as shown in Fig. 2 (A)-(B). For the sake of
comparison, functional maps of BOLD signal changes are shown next to the VASO results.
Note that BOLD signal changes are acquired simultaneously with VASO, while 3D-
segmented-EPIl and 2D-SMS data are acquired in two separate experiments = 14 min apart.
Also note that the functional contrasts and the color bars are differently optimized across
resolutions, but they are the same for 3D-segmented-EPI and 2D-SMS results. For low
resolutions of 3 mm in (E)-(F) and (K)-(L), functional maps don’t show strong qualitative
differences for contralateral M1. Independent of contrast and readout-strategy, the high
tSNR values (Fig. 2) result in sensitivities well above the detection threshold in all cases. At
1.5 mm resolution, the higher specificity of CBV-sensitive fMRI starts to pay off. E.g. two
sides of the central sulcus can be better separated with CBV-fMRI compared to BOLD (blue
arrows in ((C)-(D) and (I)-(J)). At 0.75 mm resolution, layer-dependent activity features
become visible in CBV-fMRI results (green arrows in (A) and (G)), while the BOLD results
appear less specific (green arrows in (B) and (H)).

Fig. 5: Susceptibility to task correlated head motion artefacts
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Fig. 5 (A) depicts the SPM motion parameter of pitch rotation across one representative 10
min Valsalva experiment. The vertical black bars represent the periodes of breathhold. Clear
task correlated motion can be seen. The “sawtooth” pattern between breathholding
periodes refers to TR locked paced breathing. Fig. (B) and (C) show the effect of head tilting
in 2D-SMS VASO and 3D-segmented-EPI VASO. In 2D-SMS VASO, the different effective
inversion time across slices results in different signal intensities. Hence, after retrospective
motion correction (MOCO), this signal discontinuity is resampled into agacent slices (red
ellypses). This results in task-correlated signal changes visible in the axial plane, rendering
any CBV interpretation impossible. In 3D-segmented-EPI VASO on the other hand, the
homogenious signal intensity allowes restrospective motion correction without such
artefacts.

Fig. 6: Usefulness for layer-dependent applications

fMRI responses across cortical depth. (A)-(B) show the section of the functional activity
maps that are used to assess the applicability of VASO and BOLD contrast for layer-
dependent fMRI. (C)-(D) depict the cortical profile of VASO and BOLD signal changes across
cortical depth. The VASO signal change appears to be strongest along two cortical depths;
upper cortical layers and deeper cortical layers. In BOLD, a similar pattern can be seen,
however, it is overlaid on top of a strong gradient of largest BOLD signal change above the
cortical surface, decreasing with cortical depth. Data presented in (A)-(D) refer to the same
dataset as schown in Fig. 2 (B), (F) and Fig. 4 (G)-(H). The approximate position of
cytoarchitectonically defined cortical layers can be given from stained post-mortem tissue
samples (Stuber et al., 2014) (in (E) SMI- 311, IHC, cell staining is used). The vertical in this
Fig. are manually overlaid based on the different cell types visible in (E). (F) portrays the
collapsed SMI density plotted as a function of cortical depth, i.e. the y-axis refers to the sum
of all gray values within every column of Fig. (E). For most quantitative layer-dependent
activity interpretation, the laminar responses must be considered with respect to the
baseline vasculature. (G) presents the micro vessel distribution of M1 as shown in
(Duvernoy et al., 1981). The corresponding baseline CBV is shown in (H) as a function of
cortical depth. Data shown in (H) are derived as the sum of gray values in columns of Fig.
(G). Data shown in (E)-(H) refer to single-subject post mortem samples and correspond to
different individuals as the data acquired in this study (A)-(D).
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9. Figure
Click here to download 9. Figure: Figé_layer_results.pdf
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