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INTRODUCTION
The blood oxygen level-dependent (BOLD) signal has been
instrumental in characterizing brain activity. However,
relatively few methods have focused on enhancing and
leveraging temporal resolution to investigate the
spatiotemporal dynamics of the hemodynamic response1.
Recently, a technique was introduced2 to achieve temporal
resolution below 100 ms across the whole brain by precisely
timing stimulus presentation with fMRI slice acquisition.
Using this approach, it would be valuable to assess the
averaged time courses across participants – similar to EEG
grand averages – in order to draw whole-brain group-level
inferences about rapid neural responses³.
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CONCLUSION

Figure 1: Exemplary illustration of the reordering of slices. Each stimulus was precisely
presented once at the same time as the acquisition of each of the slices (Stim). These slices
were sorted into the first volume of the reordered data (dark orange). The second volume
contains all slices acquired immediately after the stimulus presentation (lighter orange), and
so on. This process results in volumes where the slices, relative to the stimulus, were effectively
acquired at the same time. Note that the descending order and number of four slices per
volume were chosen for illustration purposes.

METHODS

RESULTS

In this study (N = 31), we applied reordering (Figure 1) to a
somatosensory paradigm and used time-resolved analyses
and custom 4D permutation tests to fully leverage the high
temporal-resolution fMRI data.

• Acquisition: 3T MRI (Magnetom Prisma, Simens) with 64-
channel head coil
• Sequence: four runs of 412 functional T2*-weighted

images (36 slices, TE = 30 ms; matrix size = 64 × 64; flip
angle = 67°; 3 × 3 × 3 mm³, SMS-factor = 4, TR = 540 ms)

• Time to acquire one “slice-package”: 60 ms
• Stimulation: Precisely timed median nerve stimulation

synchronized with fMRI multiband acquisition (Figure 1)
• 9 trials per run (one per “slice-package”)
• Single pulse (500 µs pulse-width)
• 16 to 24 s inter-stimulus interval

• Preprocessing: Realignment, Detrending, Reordering,
Normalization (without upsampling), Smoothing (4mm
FWHM Gauss. kernel)

• First-level: Finite-impulse response (FIR) models with 89
time-bins of 180 ms capturing the full 16 s time course
following stimulation

• Second-level: one-way repeated-measures ANOVA (level
per time bin) analogous to EEG event-related potential
(ERP) analyses

• Multiple comparison correction: To obtain cluster-level
statistics, we implemented 4D nonparametric permutation
tests

In summary, this study used a new combination of methods to examine the spatiotemporal
dynamics of the somatosensory-evoked BOLD signal across the whole brain at a high
temporal resolution.
Our results characterize the hemodynamic response in terms of both its temporal and
spatial patterns and reveal distinct differences in response shapes within the
somatosensory system. This method introduces a novel approach to BOLD signal analysis,
drawing inspiration from grand-average techniques commonly used in EEG research.
This procedure has considerable potential to advance our understanding of the temporal
unfolding of cognitive processes in the human brain.
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Figure 2: Beta-estimates per bin following single-pulse median nerve stimulation
extracted from positive (top, red) and negative (botton, blue) 4D clusters compared to
the HRF as implemented in SPM12. Shaded areas mark the standard error of the
mean (SEM) over participants. MNI coordinates: BA 2 R [60 -13 32], L [-60 -16 29], OP I R
[48 -19 20], L [-51 -22 20], L IPL [-45 -70 35]. Overlays illustrate t-maps in selected bins,
reported at cluster-level FWE correction p<0.05 (4D permutation tests). BA = Brodman
Area, OP = operculum, IPL = inferior parietal cortex, R Hem. = right hemisphere, L Hem.
= left hemisphere
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The permutation tests revealed two
significant positive and three
significant negative clusters (Figure
2, Overlays). While the bigger
positive cluster resulting from this
analysis spans predominately areas
contralateral to stimulation, the
second cluster covers ipsilateral
insular cortex, primary and
secondary somatosensory cortex.
Starting at 2.52 s, the first significant
4D cluster includes somatosensory
areas. Then follows activation in
right IPL, bilateral frontal poles and
left SPL. The last 3D sub-cluster in
somatosensory cortices is visible up
until 9.54s after stimulus onset in
right BA 2, although bilateral
parietal and frontal areas are part of
the significant 4D clusters up to
11.52 and 10.8 seconds after
stimulus onset, respectively.
The significant 4D clusters based on
negative are spatially confined as
they closely circumvent
deactivations in bilateral IPL and
frontal pole, respectively.

The time courses (Figure 2, time
courses) differ noticeably from the
canonical hemodynamic response
function (HRF). While the data
extracted from right (contralateral)
BA2 exhibit a comparatively late
signal peak, time-courses from
bilateral OP I peak early (3-5 s) with
fewer spread. Especially the
negative BOLD-responses (here L
IPL) peak much later and slower
than the canonical HRF.
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