Characterization and modelling of spatiotemporal features of micro-vascular BOLD responses
in humans
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Introduction
BOLD fMRI is the most widely-used technique to measure brain function noninvasively in humans. A challenge in the interpretation of BOLD signals is that
they consist of a mix of hemodynamic changes, some of which relate to
neuronal activity via micro-vessels, and some of which relate to purely vascular
effects presumably via macro-vessels. Thus, the neurophysiological nature of
the signals is unclear due to unknown variability in vascular organization and
the spatiotemporal characteristics of the hemodynamic response within the
volume imaged.
Computational modeling of the relationship between the cortical vasculature
and associated hemodynamic changes and biophysical effects on tissues can
provide a better understanding of the physiological fingerprint of the BOLD
signal. We report a novel statistical 3D vascular model (SVM) that approximates
the geometrical, topological and rheological characteristics of the human
cortical vasculature. The proposed computational model allows prediction of
the spatiotemporal characteristics of micro-vascular hemodynamic changes,
computation the biophysical effects induced on the tissues affected by the
dynamics and properties of the blood, and the associated BOLD signals.
In a set of fMRI experiments, we examine the effect of neuronal-related and
vascular-related hemodynamic changes to the BOLD signal for micro- and
macro-vascular compartments, using a combination of gas administration, a
visual task, and different data acquisitions at 7T (gradient echo GE-EPI & spin
echo SE-EPI). Vascular-related responses reflect variable vessel dilation and
blood volume changes elicited with variable CO2 levels, and blood oxygenation
changes elicited with O2.
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In fMRI experiments, we report differences in the contribution of macro-vessels
versus micro-vessels to the fMRI BOLD signal. Spatiotemporal characteristics
(e.g. amplitude, time to peak, width, cortical depth dependence) of macrovascular responses were significantly affected by both CO2 and O2.
Spatiotemporal characteristics of micro-vascular responses did not vary with
CO2 levels and were significantly affected by O2. Results suggest that BOLD
signals from micro-vessels are not dominated by vessel dilation and that
increases in oxygenation are sufficient to cause the observed signal changes.
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Figure 1. The micro-vascular network is generated by scattering randomly distributed points inside an isotropic space that mimics the
MR imaging voxel (a). Iterative pseudorandom connections between these points are generated (a), until statistical properties of the
network resemble the morphological probability distributions of the human microvasculature obtained from histology (b). Macrovasculature can be superimposed (c); here we show the mouse macro-vasculature by Blinder et al (Nat Neurosci 2013, 15:889-897)
mathematically modified to match the artery/vein ratio observed in humans, 3/1.
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Figure 5. BOLD signal changes for different levels of CO2 and O2 (x-axis,
mm/Hg from baseline) across cortical depth (rows), for all vessels (GE-EPI)
and micro-vessels (SE-EPI). Example T-statistic maps are shown on the
right (coronal slice). Micro-vascular responses are not significantly
affected by gas challenges, although clear effects are observed for macrovessels (GE vs SE). GE BOLD signals increase with increasing gas-induced
vessel dilation reflecting increases in blood volume, and toward the
cortical surface reflecting the contribution of the larger pial veins.
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Discussion
The SVM enables simulation of different micro-vascular topologies across
cortical depth, as may be observed across different regions of the human brain
and mitigates the need for an experimental 3D reconstruction of the human
microvasculature. The computational pipeline enables simulation of the
temporal evolution of hemodynamic changes in a 3D fashion, and computation
of the dynamic BOLD fMRI signal response induced by specific oxygenation
changes and its dependence on the vascular architecture.
The proposed computational framework can help to disentangle the underlying
anatomical, functional, and biophysical characteristics that constitute the
fingerprint of the BOLD fMRI signal and can give a better understanding of their
influence on the spatial and temporal properties of the BOLD fMRI signal
evolution.
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Figure 2. Spatiotemporal characteristics of micro-vascular hemodynamic changes (a to
g) for an arterial dilation (center panel), for one artery located in the center of the
voxel. Hemodynamics are computed according to electric circuit theory. For illustration
purposes only the vessel joints are shown and dilation is set to 80%. The resulting
changes in blood pressure occur in a radial pattern away from the artery (a-g). Blood
flow, pressure, and oxygen saturation changes decrease away from the artery for all
time points (h).

Simulated dynamic evolution of the BOLD signal
Figure 4. Monte-Carlo simulation of the BOLD fMRI signal resulting from the vessel
topography, water diffusion, and oxygenation changes for an arterial dilation (shown as
the mean oxygen saturation computed across the SVM, top plot) for a gradient echo
(GE, TE=27ms) and a spin-echo (SE, TE=45 ms) data acquisition at 7T (bottom plot). The
amplitude of GE signals is double that of SE, reflecting the contribution of macrovessels, in line with experimental observations (e.g. Figure 6). The current SVM
implementation does not account for changes in blood volume, thus features such as
the post-stimulus undershoot are not captured. Incorporation of blood volume changes
is currently under way.

Figure 3. Simulated magnetic field
disturbance (7T) resulting from the vessel
topography and oxygenation changes, for
one exemplary time point of the
hemodynamic response. Micro-vessels are
observable in the yellow color scale in the
middle and lower planes.
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Figure 6. BOLD responses to a visual task during the gas challenge blocks
(block effect regressed out), for GE and SE, illustrated for the middle cortical
depth. Micro-vascular responses (SE) to the visual task were unaffected by
the increased CO2-induced vessel dilation but were significantly sharper
during O2, i.e. during the increase in oxygenation. Effects were observed for
macro-vessels (GE vs SE). GE BOLD responses to the visual task were
delayed, widened, and of reduced amplitude with increases in CO2,
reflecting the expected CO2-induced reduction of vascular reactivity.
Macro-vascular responses were also sharper during O2. Similar results
were obtained for the three cortical depths.
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