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1 | INTRODUCTION

Purpose: The positive BOLD response can vary across brain regions. Here, the posi-
tive BOLD responses of motor regions, including the cerebellum, were investigated
by fast fMRI acquisition.

Methods: The participants were asked to perform an event-related finger-tapping
task in a 7T MRI scanner during a fast 3D-EPI controlled aliasing in parallel imaging
acquisition protocol (CAIPI; TR = 399 ms). The positive BOLD responses of 6
motor regions were extracted and their timings and shapes measured.

Results: Compared with other brain regions, the positive BOLD responses in the
cerebellum and secondary somatosensory cortex showed delayed onsets, but no dif-
ferences were observed for the time to-peak. Additionally, variations of the under-
shoot and main peak amplitudes were also observed, and undershoot was quasi-absent
in the cerebellum.

Conclusion: This study confirms that care should be taken when drawing conclu-
sions about neuronal activity from the BOLD signal, particularly for the

cerebellum.
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followed by a decrease that goes below the baseline level—
the so-called poststimulus undershoot—and finally a return

Task-driven BOLD-fMRI studies use the link between neu-
ronal activity and blood dynamics to study brain activation.
The BOLD responsel’2 is caused by local changes in the con-
centration of deoxygenated hemoglobin. The Tz*-weighted
MRI acquisitions are sensitive to the BOLD signal, and fast
acquisition methods such as EPI are ideal for observing the
transient signal changes associated with neuronal activation.

Following a short stimulus, the positive BOLD re-
sponse (PBR) shows a very characteristic shape. The PBR
rises shortly after stimulus onset, peaking 6-8 seconds later,

to baseline (Figure 1A). The occurrence of an initial dip be-
fore the positive BOLD signal increase has been described™”
and is less well established.

Previous studies have observed that the PBR varies in
terms of shape and timing among subjectss’6 and brain re-
gions,” and is influenced by substance consumption (e.g., caf-
feine’), stimulus conditions,® age,9 and brain pathologies.10
These variations could be driven by neuronal activity,l ' meta-
bolic demands,12 or vascular compliance.13 Therefore, a sim-
ple motor task may yield different PBRs in different people,
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A, Example of a fitted positive BOLD response (PBR) and the measured parameters: positive peak height, measured as the

maximum height from the baseline (A); time of onset, measured as the time of the intersection between the baseline and the fit of the first linear

part of the positive peak (B); time to peak, measured as the time of the maximum height (C); FWHM of the positive peak (D); and the undershoot

amplitude, measured as the maximal negative height from the baseline (E). B, Example of the 3 inverse logit function used to model the PBR.

The first models the positive peak increase; the second models the decrease down to the undershoot; and the third models the return to baseline,

as represented by the small, medium, and large dashed lines, respectively. C, The 6 bilateral regions of interest (ROIs) used to extract the PBRs:

cerebellar lobule VIII (CVIII), cerebellar lobule V (CV), primary motor cortex (M1), primary somatosensory cortex (S1), secondary somatosensory

cortex (S2), and supplementary motor area (SMA). D, Averaged raw time courses. E, Averaged fitted time courses (the dashed lines represent the

SEM). F, Averaged fitted time courses normalized to the positive peak amplitude

and they may differ among brain regions. These differences
may be especially prominent in regions with a different cellu-
lar and vascular organization, such as the cerebellum, where,
to our knowledge, the PBR has never been characterized.

As the shape of the modeled BOLD response partially
determines the success of general linear model analysis,
spatial variations in PBR shape may influence the statistical

significance of local BOLD responses. This is particularly
relevant now that both higher SNR and BOLD contrast
are available with higher B, and widely adopted new se-
quences”’17 that allow very high temporal resolution. Using
these sequences, full-brain data with an intermediate spatial
resolution (approximately 2 mm) can be acquired in as lit-

tle as 400-500 ms."*'®!° These subsecond acquisitions will
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provide the greatest benefit in BOLD sensitivity when ana-
lyzed using an optimal PBR model. They can also be used
to study the PBR shape. The purpose of this study was to
precisely measure the temporal properties of the PBR re-
sponse at 7 T in regions involved in motor control, including
the cerebellum.

2 | METHODS

21 |

Eight healthy participants (3 females; 19-24 years old; right
handed) were scanned at 7 T (Siemens, Munich, Germany)
using an insert gradient coil (AC84) and a 32-channel RF
coil (Nova Medical, Wilmington, MA). All participants pro-
vided written informed consent, and the study was approved
by the institutional review board of the local ethics com-
mittee (Commission d’Ethique de la Recherche sur I’Etre
Humain du Canton de Vaud). The guidelines of the Helsinki
Declaration were followed throughout the study. Participants
were asked not to consume any alcohol or caffeine during the
12 hours preceding the experiment.

Participants

2.2 | Paradigm

Two functional acquisitions were performed: first a “local-
izer” run during which the participants performed the finger-
tapping task unilaterally (15 seconds ON, 30 seconds OFF,
alternating for 9 minutes), whereby the cues for left-hand and
right-hand movements were pseudo-randomly ordered. This
was followed by an event-related run in which the participants
were asked to make a single bimanual finger-tapping move-
ment once every 30 seconds (for 7 minutes). For both tasks,
finger tapping was performed as a fingers-to-thumb move-
ment, in which the 4 fingers were simultaneously moved to
touch the thumb. Participants rested their lower arms com-
fortably against the scanner bore during the entire run.

23 |

For the localizer, a 2D EPI sequence was used with 2 X 2 X 2
mm voxels; 30 coronal-oblique slices with an in-plane FOV
of 212 x 212 mm? were acquired per volume; and the follow-
ing parameters were used: TR/TE/a = 2500 ms/26 ms/75°.
An iPAT factor of 3 was used to reduce the readout length.
Other parameters include bandwidth of 2246 Hz/pixel and
slice gap of 1 mm. The imaging slab covered the cerebellum,
primary and supplementary motor areas, and somatosensory
cortices. Dielectric pads were used to improve signal homo-
geneity over the cerebellum. %!

The event-related task was acquired with a fast 3D-EPI
controlled aliasing in parallel imaging (CAIPI) protocol.14
The 2D-CAIPIRINHA (controlled aliasing in parallel

Data acquisition

imaging results in higher acceleration) sampling scheme22
allows the acquisition of data with higher undersampling fac-
tors by improving the distribution of lines through k-space.
A value of Acaprringa = N indicates a shift of N planes in
k-space per acquired line. Fast acquisitions with highly accel-
erated 3D-EPI-CAIPI are comparable to and sometimes out-
perform the more widely used simultaneous multislice EPI
method.”** Data were acquired with a nominal spatial res-
olution of 2 X 2 X 2 mm in the same coronal—oblique orien-
tation as the functional localizer data. The TR}/ TR/TE/ax
were 399 ms/57 ms/27 ms/15° and FOV of 212 x 176 X 120
mm®. The bandwidth was 2774 Hz/pixel and the echo spacing
0.51 ms. For these acquisitions, an undersampling factor of
6 was used with Acprringa Of 2 in combination with a par-
tial Fourier factor PF, = 6/8. No fat saturation was applied.
For both functional runs, respiratory and cardiac traces were
recorded with vendor-provided sensors. The physiological
logs were marked with the scanner triggers to compensate
for any differences in the clocks of the scanner and stimulus
computer. An MP2RAGE data set was also acquired for an
anatomical reference® using the following parameters: voxel
size = 0.6 X 0.6 X 0.6 mm’, FOV = 192 x 192 X 154 mm’,
TI1/TI2 = 800/2700 ms, and TRyprrage/ TR/TE = 6000
ms/6.2 ms/3.03 ms.

2.4 | Data processing

The localizer data were slice-timing corrected, realigned, and
analyzed with a general linear model (SPM12; https://www.
fil.ion.ucl.ac.uk/spm/) to define 6 bilateral regions of inter-
est (ROIs) (Figure 1C): primary motor cortex (M1), primary
sensory cortex (S1), supplementary motor area (SMA), sec-
ondary sensory cortex (S2), cerebellum lobule V (CV), and
cerebellum lobule VIII (CVIII). The M1 and S1 clusters were
identified using the central sulci as a landmark. Additionally,
as the M1 and S1 clusters were usually contiguous, these
ROIs were manually delineated using MRIcron,* using the
fundus of the central sulcus as the border. The SMA was
identified as the significant cluster on the midline anterior to
M1, and S2 was identified as a significant cluster of activity
on the upper banks of the lateral sulci. The cerebellar clusters
were found by locating clusters in lobule IV/V and VIII of
the cerebellum. Each ROI contained between 100 and 400
voxels for a threshold of P < .001, uncorrected for multiple
comparisons. At this stage, 1 participant was excluded from
further analysis as no cerebellar ROIs were obtained. Three
other volunteers only showed sufficient activity in the ante-
rior lobe cluster in lobule V of the cerebellum.

The localizer data were coregistered to the motion-
corrected 3D-EPI-CAIPI data. The time courses of the
within-ROI voxels were then extracted from the CAIPI data
using marsbar.?” The time courses of all voxels were filtered
and physiological signal fluctuations were removed using
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regressors obtained from RETROICOR.?® The time courses
were then averaged across all voxels in the ROI, across the
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trials, and normalized to the baseline (2 seconds before stim-
ulus onset).
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FIGURE 2 Measurements of the different PBR parameters for the 6 bilateral ROIs: positive peak amplitude (A), time of onset (B), time to
peak (TTP) (C), FWHM (D), and undershoot amplitude (E). The bar plots represent the mean + SD across participants. F, Intersubject coefficients
of variation for each ROI and measurement computed as the SD divided by the mean. The values above the bar plots represent the mean + SD

across the 6 ROIs for each measurement
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Three inverse logit functions** (Figure 1B) were fit to

the averaged time courses using a restricted Nelder—-Mead
simplex algorithm. The positive peak height, time of onset,
time to peak (TTP), FWHM, and the undershoot amplitude
were extracted from the fitting results (Figure 1A). The pos-
itive peak and undershoot amplitudes were measured as the
maximal and minimal values of the positive and subsequent
negative peaks, respectively. To measure the time of onset, a
linear fit was performed using the points between 20% and
80% of the positive peak height of the fitted response, with
the time of onset corresponding to the time of intercept be-
tween the fit and the baseline level. The TTP corresponded
to the time of the maximal value of the positive peak. The
FWHM was measured as the time between the 2 points at
half of the maximum of the positive peak. Repeated measures
statistics using a linear mixed model with ROIs as repeated
factors were performed independently, followed by post hoc
analysis (significance level P < .05; familywise error).

3 | RESULTS
The acquisition slab position covered all ROIs, which to-
gether form the main cortical brain areas involved in motor
function (Figure 1C), including cerebellar lobules V and
VIII. No significant BOLD responses were found in the basal
ganglia, so this region was not included in the analysis. The
time courses averaged across participants from the 6 ROIs
are shown in Figure 1D. Dotted lines indicate the SD across
all subjects. The 30-second interstimulus interval was suf-
ficiently long for this short motor stimulus to guarantee a re-
turn to baseline in all of the ROIs (Figure 1D). In addition to
the difference in main height, the shape of the responses also
clearly differs. Moreover, an initial dip can be seen in the
CVIII time course, which, after looking at the single-subject
time courses, was present only in half of the participants. The
3 inverse logit functions (Figure 1B) provided a good fit of
the PBR time course (Figure 1E). The PBRs are also shown
to be normalized for maximal peak height in Figure 1F to
emphasize the differences in shape of the time courses.
Figure 2 depicts bar plots of the PBR measurements aver-
aged over subjects. Error bars indicate the SD over subjects.
The statistical analysis showed significant differences among
the different ROIs, with main effects on the height of the peak
(F[5,10.34] =21.51, P < .001; Figure 2A), the time of onset
(F [5, 13.08] = 6.81, P < .01; Figure 2B), and the under-
shoot amplitude (F [5, 32.36] =5.30, P < .01; Figure 2E). No
significant differences were found for the TTP and FWHM
(Figure 2C,D). Post hoc t tests showed that the peak height in
M1 was greater than in any other region and that the cerebral
regions showed on average higher amplitude compared with
the cerebellar ROIs. The peak height difference between the
S1 and M1 regions was notably larger.

In terms of timing, the PBR started later for the cerebel-
lum, especially in CVIII, than in most of the cerebral ROIs.
There was no significant difference in the onset times be-
tween the CVIII and CV ROls.

Finally, the CV/CVIII ROIs and, to a smaller extent the
S2 ROI, showed a significantly smaller undershoot amplitude
compared with M1. Additionally, trends were also observed
for the undershoot amplitude difference for the comparisons
M1-S1 and M1-SMA. The difference in undershoot am-
plitudes was still present (Figure 1F) when the PBRs were
normalized to the amplitude of the positive peak. For the in-
tersubject variability of the 6 ROIs, the undershoot was the
most variable measure, assessed by coefficient of variation
(Figure 2F), whereas the TTP varied the least. Interestingly,
no specific ROIs stood out in terms of between-subject vari-
ability for the 5 fitted parameters.

4 | DISCUSSION

The high BOLD sensitivity at 7 T and the high temporal reso-
lution provided by a 3D-EPI-CAIPI acquisition were used to
measure the hemodynamic response curve in 6 regions in the
motor network, including the cerebellum. For each stimulus,
a single finger tap was performed, which was sufficient to
trigger a detectable hemodynamic response in the areas of
interest. Between different regions involved in motor control,
several significant differences in the amplitude and timing of
the response were observed, namely, the positive peak am-
plitude, the time of onset, and the undershoot amplitude. M1
showed the highest amplitudes for both the positive peak and
undershoot compared with other motor regions, whereas CV,
CVIII, and S2 PBRs started later.

The amplitude of the positive peak has been shown to be
correlated to stimulus intensity and neuronal activity,3] and
therefore might reflect the involvement of each region during
the task. Additionally, the amplitude of the BOLD response
has been linked to other parameters such as the resting-state
fluctuation amplitude,32 the baseline venous oxygenation
state, and the coupling between cerebral blood flow (CBF)
and cerebral metabolic rate (CMROZ).34 For example, Vafaee
and Gjedde'? showed that the cerebellum had a different cou-
pling between CBF and CMRO, than M1 and SMA during
a finger-tapping task at different frequencies, which would
affect the BOLD signal amplitudes.

The undershoot in cerebellar lobules V and VIII was
consistently small, and even completely absent in half of the
subjects, suggesting a region dependence of the PBR un-
dershoot. The undershoot has been suggested to be a purely
vascular phenomenon (i.e., to be caused either by delayed
vascular compliance between CBF and cerebral blood vol-
ume*>% or by a faster return to baseline of CBF and cerebral
blood volume compared with the calculated CMRO,), which
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could vary between 1regi0ns.37 However, these mechanisms
are only valid in the long stimulation regime. Several studies
have shown that short stimulations, like those used in this
study, do not lead to observable changes in venous cerebral
blood volume.*** In this case, the undershoot amplitude is
modulated by both the decrease in CBF and the time needed
for CMRO, to return to baseline.*! Alternatively, the post-
stimulus undershoot can be caused, at least partially, by post-
stimulus inhibitory neuronal modulation.**** Interestingly,
triggering both inhibitive GABAergic activity and excitatory
glutamatergic activity in the cerebellum increases the local
field potential and CBF to a greater extent than glutamatergic
activity alone,**® which, in case of a GABAergic origin of
the undershoot in the forebrain, could explain the negligible
undershoot in the cerebellum.

In the current study, the undershoot varied widely between
both regions and subjects, whereas the positive peak height
varied much less. This might be due to the lower SNR of the
undershoot compared with the positive peak, which affects
the estimation of the former, or the higher variability in the
excitation-inhibition balance™* during the undershoot period.

As no consistent initial dip was observed for most of the
ROIs in our study, it was not included in the model. The rel-
atively low number of repetitions in the event-related run did
probably not yield sufficient SNR to observe this subtle fea-
ture of the BOLD response, if it was indeed present.3 The
event-related motor responses were visually cued and may
not have been sufficiently synchronized to resolve the dip.
Only the CVIII PBR showed an initial dip, which was only
present in half of the participants. A pronounced initial dip
might lead to a delayed onset of the positive peak, as more
time is needed for the BOLD signal to recover from below
the baseline, and could potentially explain the late onset of
the CVIII PBR.

No significant differences were observed in the TTP here.
Previous studies showed that the TTP of the positive peak
varies little among most of the significant regions during
unimodal*’ or multimodal*® stimulations. In our case, we
found only significant differences for the TO, with the cer-
ebellar PBR and S2 PBR starting to increase later than the
other brain regions. This is partially consistent with previous
results, indicating that the peaks of higher amplitude due to
different stimulus intensities start earlier when using a long
interstimulus interval,49 as was the case in the current study,
although, in our data, S1, S2, and SMA do not appear to fol-
low this observation. Therefore, differences in time of onset
may be related to the number of neurons stimulated in each
region during the task, to the timing of their activation, or the
latencies of the CBF and CMRO, responses.

In this study, the response observed is referred to as the
PBR. The term “hemodynamic response function” is also
often used in fMRI studies to characterize BOLD responses.
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However, as we investigated the variability of functional re-
sponses across different brain regions, the underlying neu-
ronal activity is likely to differ, so we chose to use the more
generic term of PBR.

Using high temporal resolution to sample the BOLD
signal, our study provided precise measurements of the
PBR across the motor regions, including the cerebellum, a
structure that is difficult to visualize adequately using MRI.
Despite several hypothesis that may explain the observed
differences of timings and amplitudes, further studies are re-
quired to determine whether the observed changes are purely
of vascular or neuronal origin. Additionally, because of its
unique and well-characterized cellular organization, the cere-
bellum represents an interesting structure to investigate neu-
rovascular coupling.
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