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Abstract

The rapid developments in functional MRI (fMRI) acquisition methods and hardware technologies
in recent years, particularly at high field (= 7T), have enabled unparalleled visualization of
functional detail at a laminar or columnar level, bringing fMRI close to the intrinsic resolution of
brain function. These advances highlight the potential of high resolution fMRI to be a valuable
tool to study the fundamental processing performed in cortical micro-circuits, and their
interactions such as feedforward and feedback processes. Notably, because fMRI measures
neuronal activity via hemodynamics, the ultimate resolution it affords depends on the spatial
specificity of hemodynamics to neuronal activity at a detailed spatial scale, and by the evolution of
this specificity over time. Several laminar (<1mm spatial resolution) fMRI studies have examined
spatial characteristics of the measured hemodynamic signals across cortical depth, in light of
understanding or improving the spatial specificity of laminar fMRI. Few studies have examined
temporal features of the hemodynamic response across cortical depth. Temporal features of the
hemodynamic response offer an additional means to improve the specificity of fMRI, and could
help target neuronal processes and neurovascular coupling relationships across laminae, for
example by differences in the onset times of the response across cortical depth. In this review, we
discuss factors that affect the timing of neuronal and hemodynamic responses across laminae,
touching on the neuronal laminar organization, and focusing on the laminar vascular organization.
We provide an overview of hemodynamics across the cortical vascular tree based on optical
imaging studies, and review temporal aspects of hemodynamics that have been examined across
cortical depth in high spatiotemporal resolution fMRI studies. Last, we discuss the limits and
potential of high spatiotemporal resolution fMRI to study laminar neurovascular coupling and
neuronal processes.
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Introduction

Over the past two decades, functional MRI (fMRI) has offered unprecedented advances in
our understanding of human brain function. Particularly in recent years, rapid developments
in accelerated parallel imaging (Barth et al., 2016, Feinberg and Yacoub, 2012) and MRI
hardware technologies (such a signal reception coils, Petridou et al., 2013; Wiggins et al.,
2009; Wiggins et al., 2006) and high performance gradients (Ugurbil et al., 2013) have
dramatically boosted our capability for detailed and fast imaging of the brain. High field (=
7T) fMRI in particular has enabled unparalleled visualization of functional detail at a
laminar or columnar level in confined parts of the brain (see Dumoulin et al., 2017 for
review), bringing fMRI close to the intrinsic resolution of brain function. High resolution
fMRI has thus the potential to be a valuable tool to study the fundamental processing
performed in cortical micro-circuits, and their interactions such as feedforward and feedback
processes.

This potential, however, does not come without challenges. One challenge is that the
hemodynamic response that is typically measured evolves at a slower temporal scale than
neuronal processes, on the order of seconds versus on the order of milliseconds. A second
challenge is that the spatial specificity of the measured hemodynamic response must be very
precise at a fine (<1mm) spatial scale, and ideally concomitant with the capillary bed that
serves active neuronal sites (Harrison et al., 2002). Depending on the acquisition method
used, the fMRI signal can consist of a mix of hemodynamic changes, some of which relating
to neuronal activity via micro-vessels, and some of which relating to the organization of the
different vessel sizes (micro-and macro-vessels) within the volume imaged (Kim and
Ogawa, 2012). Thus, the ultimate resolution of fMRI depends on the concomitance of
hemodynamics and neuronal activity at a detailed spatial scale, and by the evolution of this
concomitance over time.

The majority of laminar (1mm spatial resolution) fMRI studies, in animals and humans,
have focused on the characterization or the improvement of the spatial specificity of fMRI to
the microvasculature (capillary bed), often examined in terms of spatial patterns or signal
profiles across cortical depth (Ahveninen et al., 2016; De Martino et al., 2013; Fracasso et
al., 2017; Goense et al., 2012; Goense and Logothetis, 2006; Goense et al., 2007; Guidi et
al., 2016; Harel et al., 2006; Herman et al., 2013; Huber et al., 2014; Huber et al., 2015; Jin
and Kim, 2008b; Kemper et al., 2015; Kim and Kim, 2010; Koopmans et al., 2010;
Koopmans et al., 2011; Polimeni et al., 2010; Poplawsky et al., 2015; Ress et al., 2007;
Scheeringa et al., 2016; Shih et al., 2013; Zhao et al., 2006; Zhao et al., 2004). Some studies,
notably with the combination of sub-millimeter blood-oxygenation-level-dependent (BOLD)
fMRI and computational data analysis approaches, have explored neuronal processes across
laminae via hemodynamic inference, for example receptive field size (Fracasso et al., 2016),
tuning (De Martino et al., 2015; Olman et al., 2012), or feedback processes (Kok et al.,
2016).

Few fMRI studies to date have examined temporal features of the hemodynamic response
across cortical depth (Gardumi et al., 2017; Hirano et al., 2011; Jin and Kim, 2008a; Shen et
al., 2008; Siero et al., 2015; Siero et al., 2011; Siero et al., 2013; Silva and Koretsky, 2002;
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Silva et al., 2007; Silva et al., 2000; Tian et al., 2010; Uludag and Blinder, 2017; Yu et al.,
2012; Yu et al., 2016; Yu et al., 2014; Zhao et al., 2007). These studies used BOLD but some
also cerebral blood volume weighted (CBV) or cerebral blood flow (CBF) weighted
measurements, and observed similar spatiotemporal features in the hemodynamic response
measured with fMRI to those measured with invasive optical imaging in animals. Optical
imaging permits hemodynamic measurements at the level of individual vessels, albeit with
limited sensitivity in deeper cortical layers, and has played a key role in our understanding
of the mechanisms of hemodynamics (see Hillman, 2014 for review). Optical measurements
point to a finely orchestrated hemodynamic response upon neuronal activation that is
initiated in the capillary bed and that is followed by upstream (toward cortical surface) and
downstream (toward local capillary beds and venous network) propagation (Chen et al.,
2011; Chen et al., 2009; ladecola et al., 1997; Tian et al., 2010). High spatiotemporal
resolution 7T fMRI in humans revealed faster BOLD responses at middle or deeper cortical
depth in the motor and visual cortex, where higher microvascular density was expected
(Siero et al., 2011; Siero et al., 2013). In higher resolution animal studies, faster responses
were associated with the microvasculature and with cortical layers where neuronal
processing apparently initiated (Hirano et al., 2011; Silva and Koretsky, 2002; Yu et al.,
2012; Yu et al., 2014).

These findings suggest that the temporal evolution of hemodynamics could offer an
additional means to improve the specificity of fMRI to the microvasculature, particularly for
gradient-echo-based BOLD fMRI that is sensitive to signals from all vessel sizes. Temporal
features of the hemodynamic response could help target neuronal processes and
neurovascular coupling relationships across laminae, for example by differences in the onset
times of the response across cortical depth, and potentially inform on both the spatial
location and temporal profile of the neuronal response across laminae.

In this review, we discuss factors that affect the timing of responses across laminae, touching
on the neuronal laminar organization in the context of temporal dynamics, and focusing on
the laminar vascular organization. We review hemodynamics across the cortical vascular tree
based on optical imaging studies, and temporal aspects of hemodynamics that have been
identified in laminar fMRI studies. Finally, we discuss the limits and potential of high
spatiotemporal resolution laminar fMRI to elucidate neurovascular coupling, stages of
neuronal activity, and neuronal processes across laminae.

What affects the timing of responses across laminae?

Neuronal organization

The cerebral cortex is organized into 6 layers (Brodmann, 1909) comprised of different
cellular composition and connections. Histology studies in visual cortex have shown that the
laminar distribution of afferent synapses can dissociate inputs from thalamo-cortical and
cortico-cortical (e.g. higher to lower order areas) connections (Felleman and Van Essen,
1991). Layer 4 (internal granular layer) predominantly receives input via feed-forward,
thalamo-cortical afferents (Hubel and Wiesel, 1972; Tigges et al., 1977), whereas feedback
cortico-cortical and thalamo-cortical projections arrive mainly on superficial (supra-granular,
layers 1-3) and deep (infra-granular, layers 5-6) layers, avoiding the location occupied by
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thalamo-cortical afferents (Graham et al., 1979; Rockland and Pandya, 1979; Tigges et al.,
1977). Lateral fibers on the other hand target all three main compartments indistinctively
(infra-, granular, and supra-granular, Felleman and Van Essen, 1991)

Histology findings are also supported by electrophysiology studies. Laminar recordings in
visual cortex have shown that input to layer 4 is associated with a rapid electrophysiological
response in that layer, followed by a sequence of responses (current sinks) in supra- and
infra-granular layers (Givre et al., 1994; Maier et al., 2011; Mitzdorf and Singer, 1979;
Schroeder et al., 1998; Schroeder et al., 1991; Self et al., 2013). Self et al reported that input
activity in layer 4 of primary visual cortex arises as early as 40ms after stimulus onset,
followed by activity in supra- and infra- granular layers at about 60ms (Self et al., 2013).
Schroeder et al (1998) examined the stages of activity across laminae in the dorsal and
ventral streams of visual cortex; for visual areas in the dorsal stream, the authors also
reported that the first synaptic activity was observed in layer 4 followed by activity in supra-
and infra-granular layers, similar to primary visual cortex. For areas in the ventral stream,
however, the first activity was distributed across laminae indicative of a neuronal modulation
as opposed to feedforward excitation. The authors proposed a hierarchical cortical
organization comprising of serial and parallel temporal components (Schroeder et al., 1998).
In theory, a laminar profile of the initial stages of neuronal activity could reveal the direction
of information flow and local neuronal processing.

In addition to the initial stages of neuronal activity, the temporal profile of ongoing neuronal
activity can vary across laminae. For example, sustained responses in local field potentials
(LFP), i.e. responses that are not time-locked to the stimulus onset, have been observed in
infragranular layers in visual cortex, mainly in frequencies below 50Hz (Maier et al., 2011).
Differences in the temporal profile of activity have also been reported between upper and
deeper laminae, across a broad range of frequencies during visual stimulation and at rest
(Maier et al., 2010). Low frequencies (< 30Hz, such as the alpha band at 8-12Hz) have been
associated with deeper cortical layers, and higher frequencies (> 30Hz) have been associated
with granular or upper cortical layers (Buffalo et al., 2011; Haegens et al., 2015; Maier et al.,
2010; Maier et al., 2011; Spaak et al., 2012; Xing et al., 2012). Taken together, these
findings suggest that the temporal profile of ongoing activity across laminae reflects
differences in local neuronal processing.

Vascular architecture

The intra-cortical vascular system is also organized in layers according to vascular density (4
layers), or penetration depth and vessel diameter (5 groups) (Duvernoy et al., 1981; Reina-
De La Torre et al., 1998). Within the cortex, vessels can be broadly classified as micro-
vessels (capillary bed, diameters ~5um) and macro-vessels (diameters ~>10um) (Duvernoy
etal., 1981).

Depending on penetration depth and diameter, intra-cortical macro-vessels can be further
classified into 5 groups (Duvernoy et al., 1981): vessels in groups 1 and 2 penetrate supra-
granular layers (vessel diameters 10-25um and 20-30pm for arteries and veins respectively),
vessels in group 3 penetrate middle cortical layers (layers 3-5, vessel diameters 15-30um
and ~45um for arteries and veins respectively), vessels in group 4 penetrate deeper cortical
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layers (layer 6, vessel diameters 30—40um and ~65um for arteries and veins respectively),
and vessels in group 5 penetrate to white matter, with branches in gray matter as well (vessel
diameters 30—-74pm and 80-125um for arteries and veins respectively) (Figure 1A, see Kim
and Ogawa, 2012 for review). Pial vessels at the cortical surface are relatively larger
(diameters ~> 100um), and more sparse as compared to intra-cortical vessels (Duvernoy et
al., 1981).

Depending on vascular density, intra-cortical micro-and macro-vessels can be categorized
into 4 vascular layers (Figure 1B) (Duvernoy et al., 1981; Reina-De La Torre et al., 1998).
Vascular density is higher in cortical layers with higher cellular density although vascular
density variation across laminae is less distinct than cellular density variation (Adams et al.,
2015; Blinder et al., 2013; Tsai et al., 2009). The highest vascular density is reported in
middle cortical layers (Duvernoy et al., 1981), for example capillary density is higher in
layer 4 in primary visual (Bell and Ball, 1985; Weber et al., 2008), and somatosensory
(Blinder et al., 2013; Masamoto et al., 2004) cortices. A higher density of venules as
compared to arterioles has been reported in supra-granular cortical layers, while middle and
deep cortical layers contain a higher density of arterioles as compared to venules, indicating
more venous-weighting toward the pial surface (Blinder et al., 2013).

Overall, the intracortical vascular architecture suggests a match between hemodynamics and
expected cellular metabolic demand across laminae (Adams et al., 2015; Duvernoy et al.,
1981).

Hemodynamics across the vascular tree; insights from optical imaging

Optical imaging is based on illumination of tissue with light at different wavelengths, which
can be chosen to be sensitive to oxy-hemoglobin (HbO), deoxy-hemoglobin (HbR), and total
hemoglobin changes (HbT). Recordings of reflected light can be obtained at very high
spatial and temporal resolution, enabling visualization of rapid hemodynamic changes in
individual vessels, also informing on blood volume and flow. The penetration depth within
cortex varies depending on the method and/or wavelength used, ranging from the pial
surface to few mm in cortex (Devor et al., 2012). Optical imaging studies, often with
accompanying electrophysiological data, have played a key role in shaping our
understanding of hemodynamics across the vascular tree and have provided critical insights
on the mechanisms of the fMRI signal (Hillman, 2014). Here we discuss some of these
studies to provide an overview of hemodynamics across the vascular tree, focusing on recent
optical imaging methods that allow improved visualization across cortical depth.

The evolution of the hemodynamic response across the vascular tree can be summarized as
initiating in the capillary bed and followed by upstream (arterial network towards the pial
surface) and downstream (in local capillary beds and venous network) propagation (Chen et
al., 2011; Chen et al., 2009; ladecola et al., 1997; Srinivasan and Radhakrishnan, 2014; Tian
et al., 2010), illustrated in Figure 2.

The spatial extent of the hemodynamic response changes over time, being more focal to
neuronal activity at early stages of the response, and then spreading both across cortical
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depth and laterally across the cortex (Chen et al., 2011; Chen et al., 2009; Devor et al., 2007;
ladecola et al., 1997; Srinivasan and Radhakrishnan, 2014; Tian et al., 2010).

Stimulation of the rat paw, and ensuing neuronal activation in somatosensory cortex, results
in a rapid hemodynamic response that initiates in the capillary bed in middle (input) cortical
layers, approximately 0.5 seconds after the stimulus onset (Chen et al., 2011; Tian et al.,
2010), in line with earlier reports in cat visual cortex (Malonek and Grinvald, 1996, Malonek
et al., 1997). This rapid hemodynamic response is observed as increases in HbT (Chen et al.,
2011; Culver et al., 2005; Hillman et al., 2007; Sirotin et al., 2009) or red blood cell content
(Srinivasan and Radhakrishnan, 2014), indicative of a rapid and local increase in blood
volume (Stefanovic et al., 2008). This response has been associated with a local dilation of
capillaries (Stefanovic et al., 2008; Tian et al., 2010), however, whether capillaries can dilate
actively via local control of their diameter is controversial (Hall et al., 2014; Hill et al.,
2015). This response has also been associated with the ‘initial dip’ sometimes observed in
BOLD (Sirotin et al., 2009), although the initial dip may also be indicative of metabolic
processes associated with changes in HbR (Grinvald et al., 2000; Malonek and Grinvald,
1996; Vanzetta et al., 2005). Changes in HbR have been reported to precede (Berwick et al.,
2005, Vanzetta et al., 2005), roughly coincide (Malonek et al., 1997), and follow (Hillman et
al., 2007; Sirotin et al., 2009, Berwick et al 2008) changes in HbT, and the spatial extent of
HbR change has been reported to be both more confined (Dunn et al., 2005) and more
diffuse (Sirotin et al., 2009) than that of HbO and HbT, although these discrepancies could
be due to differences in experimental conditions between studies (e.g. different optical
imaging methods, rodent vs awake macaque). Changes in HbO follow changes in HbT and
HbR (Hillman et al., 2007; Sirotin et al., 2009, Malonek et al., 1997, Berwick et al., 2005,
Berwick et al., 2008).

Upstream arterial dilation rapidly follows the initial hemodynamic response (Chen et al.,
2011; Chen et al., 2009; Devor et al., 2007; ladecola et al., 1997; Srinivasan and
Radhakrishnan, 2014; Tian et al., 2010), and can be observed at about 200 ms after the
initial response (Chen et al., 2011; Tian et al., 2010). For some pial arteries, dilation across
the cortical surface can extend further than 1mm from the responding capillary beds (Chen
etal., 2011), and the time to peak of the hemodynamic response can lag by about 1-2
seconds as compared to the vessels deeper in the cortex (Chen et al., 2009; Malonek et al.,
1997), likely reflecting the speed of dilation propagation across the arterial vascular tree.
Acrterial dilation leads to increases in blood flow and decreases in blood transit times, the
earliest of which is observed in the capillary bed (Merkle and Srinivasan, 2016; Stefanovic
et al., 2008). Interestingly, changes in HbR have been reported in the arterial compartment
(Hillman et al., 2007; Berwick et al., 2005) suggesting that oxygen saturation is not as high
as expected (~98%), in agreement with oxygen tension measurements of branching or
surface arterioles in rat cortex during forepaw stimulation (Vazquez et al., 2010), and further
suggesting that arterioles may contribute to the BOLD signal (Hillman et al., 2007; Vazquez
etal., 2010).

In the venous compartment, the earliest signal observed is a change in HbT at approximately
the same time as arterial dilation (Hillman et al., 2007; Berwick et al., 2005). The change in
HbT is followed by a delayed change in HbR and HbO, by about 500 ms, which can be
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associated with the transit time of blood with increased oxygenation levels through the
capillary bed (Hillman et al., 2007). Dilation in venules or the venous compartment likely
does not occur for short stimulus durations (<4s), indicating that the observed HbT change
reflects a change in blood flow (Hillman et al., 2007). However venous dilation has been
observed for longer stimulus durations (about >10s), that persists after stimulus cessation,
indicating a blood volume increase in the venous compartment (Drew et al., 2011).
Prolonged stimulation can also lead to a reduction of the response in pial arteries and a
‘plateau’ in the hemodynamic response in the capillary bed (Berwick et al., 2008). The
overall hemodynamic response lasts longer than neuronal activation.

The return to baseline is first observed in the periphery of the presumed stimulated cortical
region, for both the capillaries and arterial compartment. In the capillary bed coinciding with
the stimulated cortical region, HbT and red blood cell content, reflecting blood volume,
remain elevated, and are the last to return to baseline (Berwick et al., 2008; Chen et al.,
2011; Hillman et al., 2007; Srinivasan and Radhakrishnan, 2014). After return to baseline, a
reduction in flow by vasoconstriction can be observed in the pial and branching arteries, i.e.
in superficial layers of the cortex, that could be associated with the “post-stimulus
undershoot” observed with fMRI (Chen et al., 2011; Hillman et al., 2007; Srinivasan and
Radhakrishnan, 2014).

In sum, early stages of the hemodynamic response are rapid, on the order of 500ms, and co-
localize with the capillary beds that serve active neuronal sites. Rapid changes can also be
observed on the venous side as blood leaves the capillary bed, at about 200-500ms after the
onset of the response, with flow changes preceding oxygenation changes by about 300ms.
The spatial extent of the response spreads over time in macro-vessels. Upon return to
baseline, increased blood volume (and venous outflow) persists in the capillary bed longer
than in arterial macro-vessels.

In principle, the early phase of the hemodynamic response could allow for improved
specificity to active neuronal sites, and potentially allow to disentangle neurovascular
coupling and neuronal processing across laminae. In the context of fMRI, the earliest and
most specific responses would be observed as changes in CBV, possibly the ‘initial dip” if
detectable, followed by the onset of BOLD and CBF.

Temporal features of hemodynamics detected with (laminar) fMRI

As event-related fMRI was introduced it enabled detailed time course analysis of fMRI
activation allowing researchers to look beyond the static activation patterns at the dynamic
aspects of fMRI activation (Buckner et al., 1996; Friston et al., 1998). The ultimate goal is to
study the temporal sequence of neuronal events and the neuronal communication pathways
in the human brain. The latter can be studied between brain regions as whole, but also
among the different cortical laminae which we know contain differences in local neuronal
innervation and processing in terms of input and output information flow as discussed
earlier. Here we summarize and discuss the work on laminar fMRI time course analysis in
animals and recent findings in human studies that capitalize on the increased sensitivity of
ultra-high field MRI.
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Animal studies

The work by Silva et al was first to resolve distinct temporal features of BOLD, CBF and
later also CBV fMRI time courses across cortical depth in rat somatosensory cortex. (Silva
and Koretsky, 2002; Silva et al., 2007; Silva et al., 2000). Capitalizing on fast sampling
(108ms) and high in-plane spatial resolution (470pum), CBF and BOLD response onset times
and time-to-peak (TTP) were obtained in deep and surface cortical regions. CBF responses
preceded BOLD responses for both regions, approximately by 0.5s for deep cortical regions,
likely caused by the arteriole-venule transit time (Silva et al., 2000). BOLD responses in
deep regions were notably faster compared to surface regions. Using an even higher in-plane
spatiotemporal resolution, 200um and 40ms, Silva and Koretsky resolved detailed BOLD
time courses, measuring response latencies in laminar regions 1-3, 4-5 and 6 (Silva and
Koretsky, 2002) (Figure 3A). Shortest onset time and TTP were found in thalamo-cortical
input layer 4 of 0.59s and 4.13s respectively for a 4s stimulation duration. It was proposed
that laminar specific onset times of the BOLD response have the potential to enable the
study of laminar neuronal communication and events. Although the vasculature is not as fast
as neuronal events, the authors argue that the vasculature and laminar neurovascular
coupling can be organized to follow the neuronal electrical activity as closely as possible.
Later work by Silva et al compared BOLD and iron-oxide derived CBV responses across
cortical layers using an efficient event-related design, an m-sequence, using very brief
forelimb stimulation pulse durations of 0.33ms presented during a 0.5-1s period, allowing
estimation of the BOLD and CBV impulse response function (Silva et al., 2007). Compared
to the BOLD response, the full-width-at-half-maximum (FWHM) and TTP of the CBV
response was markedly reduced, both by approximately 0.7s, and their spatial maps were
more homogeneous. The faster CBV response indicates a dominating contribution from
arteriole vessel dilations, as opposed to the venous dominated delayed BOLD response. The
CBYV response was found spatially more confined to the forelimb area, again as it is likely
mostly devoid of macrovascular contributions. The authors also reported a slow prolonged
CBYV response purportedly as a result of two different contributing vascular compartments
(arteriolar and/or capillary and/or venous). This would be in line with a prolonged HbT and
red blood cell content observed with optical measurements (Berwick et al. 2008; Chen et al.,
2011; Hillman et al., 2007; Srinivasan and Radhakrishnan, 2014), although the reported time
window in these studies was shorter. It should be noted, however, that MRI measurements
are obtained across the entire cortical depth, unlike most optical imaging measurements,
albeit at different spatial/temporal resolutions, therefore caution should be exercised when
directly comparing the two modalities. No post-stimulus undershoot was observed for either
BOLD or CBV response.

A large body of work in animals, mostly in rats and cats, further explored the temporal
features of the BOLD response across cortical depth. Most studies complement the cortical-
depth resolved BOLD measurements with CBV and/or CBF measurements but some also
with optical imaging measurements. This offers a multimodal view and thus a more in-depth
characterization and understanding of the temporal features of the BOLD response across
cortical depth. In addition to the positive BOLD response, also negative BOLD response
components such as the post-stimulus undershoot and the initial dip have been a topic of
interest. These topics are discussed separately below.
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Temporal dynamics of the positive BOLD response across cortical depth such as onset time,
TTP, FWHM, and including stimulation duration dependence have been intensively studied
(Jin and Kim, 2008a; Shen et al., 2008; Hirano et al., 2011; Tian et al., 2010; Kim and Kim,
2011). A general finding is that the early phase of the BOLD response, and thus shortest
onset times, are localized to the middle cortical regions. This is in line with an earlier
proposed notion that the early phase of the BOLD response originates from the
microvasculature (Lee et al., 1995; Menon and Goodyear, 1999), serving directly the gray
matter parenchyma, which can be used to improve spatial localization.

Work by Jin et al in cat visual cortex examined BOLD, CBF, and MION-derived CBV
responses across cortical depth during 60s stimulation (Jin and Kim, 2008a). The spatial
specificity of the BOLD response showed a time dependent behavior where the very early
phase of the response was confined to middle cortical regions. Onset times in middle cortical
regions were estimated on the order of ~1.35s, whereas upper regions were more delayed
with onset times of ~1.8s. Note the longer onset times compared to rat somatosensory cortex
reported by Silva et al (Silva and Koretsky, 2002; Silva et al., 2007; Silva et al., 2000). The
onset of the CBV response was on the order of 1s, faster than the BOLD response, and had
longer TTP in middle cortical regions than upper cortical regions. This is in line with Silva
et al in rat somatosensory cortex, however these authors found increased CBV TTP
specifically for layer 6 (Silva et al., 2007). The CBV response showed the strongest
specificity to middle cortical regions at later time points, whereas the CBF response was
nearly time independent (Jin and Kim, 2008a). Interestingly, the relationship between CBV
and CBF responses showed a spatial and temporal mismatch, indicating that care should be
taken for high-resolution studies on dynamic quantification of CMRO2 changes across
cortical depth when using conventional BOLD biophysical models such as the Davis’ model.

It is suggested that the venous vasculature, probed by the BOLD contrast, takes longer time
to dilate than feeding arterioles probed by MION-derived CBV fMRI, specifically for the
relatively long stimulus durations as employed in Jin et al (Jin and Kim, 2008a). This is in
line with a prolonged venous dilation for long stimuli observed with optical measurements
(Drew et al., 2011) This is also in line with Kim et al who reported in cat visual cortex that
increases in arterial CBV are dominant for short stimulus durations, while venous CBV
contribution increases for long stimulus durations (Kim et al., 2007; Kim and Kim, 2011).
For long stimulus durations, the amplitude of arterial CBV and total CBV showed higher
specificity to middle layer 4 of cat visual cortex during visual stimulation, while the
amplitude of venous CBV was not layer-specific. The high specificity to middle cortical
layers of the CBV (total and/or arterial) response notably at later time points could be used
to improve spatial localization of these layers. This notion was also recently shown in rat
olfactory bulb by Poplawsky and colleagues; the later phase of the CBV response was highly
specific to the associated neuronal active layers (Poplawsky et al., 2015). The spatial
specificity of the CBV response to middle cortical layers at later time points would be in line
with the observation of elevated HbT and red blood cell content in parenchymal regions in
optical imaging studies (Berwich et al, 2008; Chen et al., 2011; Hillman et al., 2007;
Srinivasan and Radhakrishnan, 2014
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A study in rat somatosensory cortex by Tian et al, compared two-photon microscopy
measurements of single blood vessel dilations (arterioles and capillaries) with BOLD fMRI
responses at different cortical depths (Tian et al., 2010). The two-photon microscopy results
show an upstream vasodilation along penetrating arterioles followed by downstream
propagation towards local capillary beds. The positive BOLD responses lagged with respect
to the vessel dilation responses by >0.5s across all measured cortical depths. Shortest BOLD
response onset times (~1s) were found in the middle cortical layers, and the slowest
responses (~1.5s) in layer 1. The onset times for middle cortical layers are longer compared
to the findings by Silva et al (0.59s, Silva and Koretsky, 2002; Silva et al., 2007), which is
likely due to a lower spatiotemporal resolution and different definition of onset time.

The effect of stimulus duration on the spatiotemporal characteristics of BOLD, iron-oxide
derived CBV, and CBF responses across cortical layers was studied by Hirano et al in rat
somatosensory cortex (Hirano et al., 2011). They showed that a single ultra-short stimulation
pulse of 0.33ms can be robustly detected, eliciting distinct BOLD, CBV, CBF response
across cortical layers that varies strongly with stimulus duration. BOLD responses showed
longest onset times and TTP, and increased FWHM compared to the CBF and CBV
responses. The shortest onset times (~0.5s) and TTP were found in upper and middle
cortical layers. Onset times for CBV in layers I-3 and 4-5 where shorter than for BOLD but
not different from CBF onset times. No onset time differences were found between upper
and middle cortical layers, in contrast with earlier work by Silva et al (Silva 2002), which
can be due to differences in field strength, contrast-to-noise ratio, and spatiotemporal
resolution used. The onset time for BOLD was on the order of 0.1s longer than that of CBV/
CBF, which is shorter than the transit time of blood from arterioles to venules (0.5s, and
suggests that arterioles may contribute to the BOLD signal, as noted in the previous section
(Vazquez et al., 2010). Longer stimulation (>=1s) prolongs the BOLD and CBV response,
observed as prolonged offset tail for CBV as in Silva et al (Silva et al., 2007). The CBF
response was not prolonged, indicating a passive venous contribution and dispersive
behavior for the CBV response at these time points for longer stimulation. Short stimuli, as
compared to the arterial-venous transit time, ensure a tight temporal relationship between
CBYV and CBF responses during dilation as well as vasoconstriction upon stimulus cessation.
Longer stimulus duration causes passive accumulation of blood in the venous side, therefore
very short stimulus durations are recommended to study laminar neurovascular coupling
relationships (Hirano et al., 2011).

A BOLD post-stimulus undershoot is typically observed after stimulus cessation and reflects
a transient increase in local deoxyhemoglobin (HbR) that can arise from multiple
biophysical processes: i) delayed vascular compliance, i.e. elevated venous CBYV, ii)
remaining elevated cerebral metabolic rate of oxygen (CMRQ?2), iii) an undershoot in CBF,
and combinations of the above (Chen and Pike, 2009; Hill et al., 2015; Shmuel et al., 2007;
Yacoub et al., 2006). The post-stimulus undershoot origin and its spatial dependence,
notably across cortical depth, is topic that has seen considerable attention but also debate.
Negative BOLD components such as the post-stimulus undershoot may reflect more
neuronal specific properties than positive BOLD components and potentially be more
spatially locked to nearby neuronal activity. In addition, investigations of the post-stimulus
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undershoot across cortical depth can shed light on the metabolic support and neurovascular
coupling, but also uncoupling, of the BOLD response.

The intracortical spatial dependence of the post-stimulus undershoot was studied in detail by
Zhao et al in cat visual cortex (40s stimulation) using BOLD and MION-derived CBV
responses (Zhao et al., 2007). The post-stimulus undershoot of the BOLD response was
found to peak in middle cortical layers, and coincided with the largest CBV changes during
stimulation. The middle cortical layers also revealed a post-stimulus CBV increase albeit
with much smaller amplitude and faster recovery to baseline than the BOLD post-stimulus
response. The results by Zhao et al potentially support a metabolic origin for the BOLD
post-stimulus undershoot as the dominant contributor, however alternative explanations such
as the elevated post-stimulus CBV and possible CBF decreases cannot be ruled out and may
in fact jointly contribute to the post-stimulus BOLD signal and possibly with different
temporal behavior. Zhao et al also indicated that the post-stimulus undershoot can improve
the spatial localization to the middle cortical layers under the condition that pial vein
contributions can be removed as these also showed a post-stimulus undershoot.

Jin et al, also in cat visual cortex, showed a post-stimulus undershoot for BOLD, CBF and
MION-derived CBV responses, and indicated that the undershoot has a stimulus duration
dependence (Jin and Kim, 2008a). When normalized by the peak amplitude, the largest
undershoots were found in the middle cortical layers for BOLD, CBF, and CBV. Clear post-
stimulus undershoots were observed for long stimulation durations (60s), however almost no
post-stimulus undershoot was found for the CBF and CBV responses for shorter stimulation
durations (20s). Silva et al came to a similar conclusion in rat somatosensory cortex; for
longer stimulus durations (4s, Silva and Koretsky, 2002a) a BOLD undershoot was found
whereas in another study using much shorter stimulus durations no undershoot was detected
(Silva et al., 2007).

In another study in rat somatosensory cortex, BOLD, CBF and MION-derived CBV
responses showed a post-stimulus undershoot for BOLD but not for CBF and CBV for any
of the cortical layers, using 20s forepaw stimulation (Shen et al., 2008). This would argue
against a hemodynamic origin (sustained elevated CBV and/or a CBF undershoot) of the
post-stimulus undershoot. A distinct BOLD post-stimulus undershoot was observed in layers
1-3, which was proposed to be related to the elevated post-stimulus CMRO2 changes in
layers 4-6 and may indicate a metabolic origin for the BOLD post-stimulus undershoot
(Shen et al., 2008). In what way CMRO?2 changes in deeper layers 4-6 would interact with
upper layers 1-3, producing a BOLD post-stimulus undershoot only at these locations was
not proposed, but would likely rely on passive draining of HbR-rich blood by the upper
layers. Hirano et al also reported a small BOLD post-stimulus undershoot in rat
somatosensory cortex for different stimulation durations, however its amplitude did not
depend on stimulus duration. No CBF or CBV post-stimulus undershoot was detected for
any of the stimulus durations or layers (Hirano et al., 2011). The authors did however
observe a prolonged elevated CBV response in layers 1-3 and 4-5 that could contribute to
the observed BOLD post-stimulus undershoot. Interestingly, Poplawsky et al found
distinctly elicited BOLD post-stimulus undershoots in rat olfactory bulb that were more
localized to neuronal active layers for most stimulation types (odor and anterior commissure
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stimulation) compared to the more poorly localized positive BOLD response (Poplawsky et
al., 2015). For the mentioned stimulation types and associated neuronal layers, a sustained
elevated CBV response can be observed during the BOLD post-stimulus undershoot. This
was, however, not consistent for other stimulation types and layers.

To reconcile the findings on the origin of the post-stimulus undershoot of the BOLD
response and its potential application proves to be difficult. This is likely due to the fact that
changes in CBV and CBF in different vascular compartments, arterioles, capillary and
venules, are dependent on stimulus type and duration, which in turn would also affect the
underlying metabolic demand. In addition, the exact role of CBF in the BOLD undershoot
remains ambiguous as measurements with high spatiotemporal resolution are challenging
due to low sensitivity. Optical imaging studies indicate a reduction in CBF by
vasoconstriction in upper cortical layers which can be associated with the post-stimulus
undershoot (Chen et al., 2011; Hillman et al., 2007; Srinivasan and Radhakrishnan, 2014).
However, the undershoot in middle cortical regions may have different origins, perhaps not
resolved with optical imaging. Further, direct measurements of CMRO2 changes using MRI
remain unavailable.

Similar to the post-stimulus undershoot, early negative BOLD changes, dubbed the “initial
dip”, could be a result of an early change in HbR or HbT and may provide useful insight in
neurovascular coupling processes across cortical layers or improve spatial localization to
neuronal activity. For practical applications of the initial dip, however, one has to keep in
mind that the initial dip signal is of much lower amplitude than the positive and post-
stimulus undershoot of a typical BOLD response. Tian et al investigated the initial dip of the
BOLD response in rat somatosensory cortex and showed a clear cortical-depth dependency
(Tian et al., 2010). Interestingly, the initial dip signal mostly preceded the vessel dilations as
measured by two-photon microscopy. The largest initial dip occurred in superficial layers
that also showed the slowest vascular response onset times. The occurrence of the largest
initial dip in superficial layers can also be observed in the BOLD timecourses in the work of
Silva et al, although not explicitly reported (Silva et al., 2007, Figure 5). This finding would
be consistent with the notion that the initial dip originates from early oxygen consumption
before increases in blood flow and volume changes. Moreover, the findings by Tian et al can
explain earlier disagreements between optical imaging and BOLD fMRI. Optical imaging
signals are mostly weighted toward the superficial layers, hence more sensitive to the initial
dip, whereas the conventionally larger voxel sizes used in BOLD fMRI likely result in
reduced sensitivity to initial dip through partial volume effects.

Recent work by Yu et al in rat barrel cortex showed that it is possible to investigate
spatiotemporal characteristics of the BOLD response at the level of individual intracortical
vessels across cortical depth and compare them to adjacent tissue responses (Yu et al., 2012).
The earliest BOLD responses, 0.8s after stimulation, were found in layers 4-5 in the
microvasculature of the barrel cortex. Slightly later time points, 1.2s after stimulation,
revealed a distinct propagation of the BOLD signal to the macrovasculature, i.e. penetrating
intracortical veins and venules, with 2-3 times higher amplitude than that of
microvasculature. At even later time points, 1.6s after stimulation, BOLD signal changes
were detected relatively far (1-1.5mm) from the activated barrel cortex. This study showed
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that later phases of the BOLD response are dominated by penetrating macro-vessels, even in
deep cortical layers. In addition to draining veins on cortical surface, penetrating macro-
vessels, located 300-500pum apart in rat whisker barrel somatosensory area, can mislocate
BOLD responses from the active neuronal sources.

Using a line-scanning method for fMRI, Yu et al obtained very high spatiotemporal (50pm,
50ms) BOLD information (Yu et al., 2014). Within rat barrel, motor and somatosensory
cortex, laminar locations of fMRI onset times were found to coincide with distinct neuronal
input positions (Figure 3B). Interestingly, using a cortical plasticity model via peripheral
denervation, they observed a shift in fMRI onset laminar location that followed the neural
input change due to plasticity.

Very recently, Yu et al showed with a similar methodology single vessel BOLD and iron-
oxide derived CBV responses in deep cortical layers upon visual and optogenetic stimulation
(Yu et al., 2016). With these direct vessel measurements, they found that BOLD responses
originate from venules whereas CBV responses originate from feeding arterioles, 0.8s apart.
Being able to resolve single vessel BOLD and CBV responses in deep layers using fMRI has
benefits compared to two-photon microscopy and other optical imaging methods as it does
not require to open the skull (non-invasive), has similar temporal resolution (100ms), and
allows investigation of subcortical regions that are elusive to optical methods. Finally, using
optogenetics Yu et al demonstrated the potential to investigate individual vessel coupling
relationships to specific nearby targeted neuronal circuits.

Human studies

In humans, temporal features of the BOLD response across cortical depth have been
thoroughly investigated by Siero et al (Siero et al., 2015; Siero et al., 2011; Siero et al.,
2013). Using 7T MRI for increased sensitivity, increased BOLD contrast, and increased
microvascular weighting, BOLD activation could be robustly detected across cortical depth
with high temporal resolution (between 0.44s and 0.88s) (Figure 3C). Using a fast event-
related fMRI design and short stimulation durations (0.25s), detailed characterization of the
BOLD response was achieved within an acceptable scan time for human participants
(10min). Here, short stimulation duration and appropriately chosen inter-stimulus intervals
(IS1) (>2.5s) are advised to avoid nonlinearities and large passive blood accumulation in the
venous vasculature (Hirano et al., 2011; Miezin et al., 2000; Pfeuffer et al., 2003). The
findings by Siero et al are largely in line with findings in animal work. BOLD responses in
deep cortical layers are faster in onset time (~1.25s) and TTP, have a narrower FWHM and a
smaller amplitude. This spatiotemporal heterogeneity across cortical depth of the BOLD
response was found to be in line with the known vascular organization and global blood
transit through the vasculature (Duvernoy et al., 1981; Stefanovic et al., 2008; Weber et al.,
2008).

In human visual cortex, the initial dip was largest in superficial cortical layers (Siero et al.,
2015), consistent with previously reported upstream propagation of vasodilation along the
diving arterioles in animals (Tian et al., 2010). This might also explain the difficulty in
detecting the BOLD initial dip at lower spatial and temporal resolutions and lower field
strengths. Although using the initial dip to map fMRI activation remains very difficult, the
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initial dip can give useful insight in laminar-specific neurovascular coupling mechanisms.
This was also suggested for negative BOLD responses in general in a study on primates
(Goense et al., 2012).

The BOLD post-stimulus undershoot showed different relationships across the cortical depth
with respect to stimulus duration, depending on whether normalization by the positive
BOLD response was performed. This was performed to partially correct for blood volume
and draining effects (Siero et al., 2015). In general, the post-stimulus undershoot is best
observable for stimulation durations >1s. The absolute BOLD post-stimulus undershoot was
found largest in upper cortical layers, in line with the study by Jin et al in cats(Jin and Kim,
2008a). Interestingly, the normalized post-stimulus undershoot was largest in deeper cortical
layers, especially for longer stimulation durations (>2s), in line with high-resolution studies
in cats (Yacoub et al., 2006; Zhao et al., 2007). Comparing gradient-echo and spin-echo
BOLD using dedicated surface coils (Petridou et al., 2013) demonstrated that microvascular
hemodynamics are the main contributor to the early phase of the gradient-echo BOLD
response in deep cortical layers (purple curve in Figure 3C), in line with findings in animals
(Jin and Kim, 2008a; Silva and Koretsky, 2002; Yu et al., 2012).

In summary, in the human brain differences in BOLD onset time between upper and deep
layers (~0.3s) are seemingly faster than the arterial-venous transit time across cortical depth
(~1s), suggesting a microvascular origin and thus a locally induced BOLD response (Siero et
al., 2011; Siero et al., 2013). This notion opens up the possibility to for study laminar
specific neurovascular coupling relationships in the human brain.

Conclusions

Temporal features of the hemodynamic response across cortical depth offer a means to
improve the specificity of laminar fMRI to the microvasculature that serves active neuronal
sites. The hemodynamic response affords high specificity to the capillary bed perfusing
active neurons at early stages of the response (order of 0.5s— 1s), as observed in optical
imaging and laminar fMRI studies reviewed here. In laminar fMRI studies, the CBV onset in
middle and upper cortical depths is observed first, as predicted by vasodilation in the arterial
microvasculature and increased blood volume (Berwick et al., 2005; Chen et al., 2011,
Hillman et al., 2007; Srinivasan and Radhakrishnan, 2014; Stefanovic et al., 2008; Tian et
al., 2010). This is followed by increases in CBF (Hirano et al., 2011; Shen et al., 2008; Silva
et al., 2000 in rat somatosensory cortex) and BOLD (~0.6s to 0.8s, in rat somatosensory
cortex, Silva and Koretsky, 2002; Tian et al., 2010; Yu et al., 2012; Yu et al., 2014) in line
with upstream (arterial) and downstream (capillary bed and venous network) propagation
and increases in blood flow and oxygenation. The onset times of these contrasts can
elucidate input neuronal layers in the case of sensory stimulation (thalamo-cortical
connections) (Hirano et al., 2011; Siero et al., 2011; Siero et al., 2013; Silva and Koretsky,
2002; Tian et al., 2010; Yu et al., 2014) and of intra-cortical communication (cortico-cortical
connections) notably observed using BOLD (Yu et al., 2014). Different studies, however,
have used alternate definitions of the onset time; a standard deviation change from baseline,
a certain percentage of the positive BOLD response or fitting a slope to a fraction of the
rising BOLD response slope (Hirano et al., 2011; Siero et al., 2011; Siero et al., 2013; Silva
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and Koretsky, 2002; Tian et al., 2010). Using a standard deviation change from baseline
would likely be the ideal approach as it is the least affected by later time points of the BOLD
response which may contain non-specific macro-vascular contributions. However, onset
times defined as such would depend on the temporal noise level and baseline fluctuations,
which should be quantified and reported accordingly. Future work seems warranted to
compare the different definitions, preferably under different experimental conditions, such as
field strength, MRI sequence, but also for different brain regions and stimulus types and
strengths. Differences in onset times of the hemodynamic response across laminae have the
potential to resolve laminar neurovascular coupling, and possibly allow the identification of
neuronal processes across laminae.

Notably neuronal activity spreads across layers much faster than the onset of hemodynamic
responses, on the order of few ms vs. few 100 ms, and it is unclear what mechanism causes
this delay between layers. The onset of hemodynamic responses in different layers likely
depends on the timing of local neurovascular coupling, for instance the release of vasoactive
agents which may in turn depend on the amplitude and nature of the neuronal response
across layers. In the case of thalamo-cortical input, faster onset times in upper layers than
the transit time of blood through the vasculature suggests the contribution of local
neurovascular control. In addition, the onset likely depends on the properties of the local
micro-vasculature, for instance the time it takes for vessels to dilate and the mechanism via
which this dilation occurs (Tian et al., 2010). The onset of the response in a given layer
would likely depend on the balance between these two mechanisms. Interestingly though the
findings of Yu and colleagues (Yu et al., 2014) indicate that the onset of the hemodynamic
response also depends on neuronal input; for rat barrel cortex, the authors showed that the
onset times in layer 4 in the case of thalamo-cortical input and the onset times in layers 2/3
and 5 in the case of cortico-cortical input were of the same order. The authors proposed three
possible explanations for their findings: the vasculature in layers receiving input dilates first;
early stages of neurovascular coupling that lead to vasodilation may be driven by input
activity; neuronal activity in layers receiving input may be more synchronous and lead to a
more coordinated vascular response than that in layers that activate via local signal
propagation. It may be however that vascular responses in layers that do not receive input
directly are fast but not precisely time locked to the stimulus, thus the onset of these
responses may be less clear due to averaging of variable responses (Yu et al., 2014,
Supplementary Figure 6). Accurate single event measurements would be needed to test this
notion. Overall, these findings suggest that local neurovascular coupling and/or properties of
the microvasculature may be tuned to respond faster where neuronal input arrives, while the
onset of hemodynamics in layers not receiving input directly appear delayed despite the
rapid spread of neuronal activity across layers, thus enabling the identification of input
activity with fMRI based on onset times. Feedback and feedforward signals arrive in
different layers, so it may be possible to identify these signals based on onset times if these
are shorter that the transit time of blood through the vasculature. To resolve feedback and
feedforward signals across layers, however, will most likely require tailored experiment
designs to target the different neuronal processes. Nevertheless, the mechanism that drives
the onset of the hemodynamic response across layers is unclear, and poses a challenging
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question for further investigations into possible laminar differences in neurovascular
coupling and in the properties of the local microvasculature.

In humans, BOLD is a preferred candidate for measuring onset times of the hemodynamic
response across cortical depth, because it allows for high sensitivity and spatiotemporal
resolution, albeit in confined parts of the brain (Siero et al., 2011; Siero et al., 2013). CBV
weighted fMRI measurements, as have been performed in animals, are largely prohibitive in
humans when using iron-oxide based contrast agents such as MION. Recently, however,
Huber et al compared BOLD and VVASO-derived CBV time courses for upper, middle and
deep cortical regions in human motor cortex (Huber et al., 2015). Although a high in-plane
spatial resolution (<1mm) can be achieved for VASO fMRI, the required inversion time(s)
for adequate blood nulling and schemes to correct for BOLD contamination result in a rather
poor temporal resolution (~3s), impeding accurate spatiotemporal characterization of VASO-
derived CBV responses across cortical depth. Instead of T1-weighted based CBV
approaches such as VASO, which have inherently poor temporal resolution, T2* weighted
based CBV approaches could be explored. For instance, using non-invasive hyperoxia
challenges and fast T2* weighted imaging at high fields strengths >7T for high contrast-to-
noise (Bulte et al., 2007), or invasive approaches using iron-oxide based agents such as
ferumoxytol with no nephrogenic systemic fibrosis risk. Ferumoxytol has recently been
FDA approved for human usage as an alternative to gadolinium-based agents (Bashir et al.,
2015). The FDA approval, however, is restricted to anemia treatment, and usage as MRI
contrast agent is regarded as off-label use of the drug. For more information on ferumoxytol
for MR, see a recent review by Vasanawala et al (VVasanawala et al., 2016). Currently,
similar challenges as for VASO exist for ASL based CBF measurements with high
spatiotemporal resolution; blood nulling and BOLD contamination correction will result in
poor temporal resolution, impeding accurate hemodynamic response characterization.

At later stages of the hemodynamic response, CBV appears to have an advantage in terms of
specificity to the microvasculature as compared to BOLD (Hirano et al., 2011; Jin and Kim,
2008a; Silva et al., 2007; Yu et al., 2016). The TTP and FWHM of the BOLD response
across cortical depth is longer and wider than that of CBV (Hirano et al., 2011; Silva et al.,
2007), and shifted towards the macro-vasculature (Yu et al., 2012) in line with the spread of
the hemodynamic response across the venous vasculature. This is also in line with the
observation that the FWHM of the point spread function of the BOLD response increases
over time (Shmuel et al., 2007). Therefore, BOLD signals originating from local neuronal
activity and blood draining though the vasculature combine. Recent advances in models
accounting for blood draining and pooling across cortical depth (Heinzle et al., 2016;
Markuerkiaga et al., 2016) and for non-separable spatiotemporal dynamics of the
hemodynamic response (Aquino et al., 2014) may help to separate vascular from neuronal
contributions to the BOLD hemodynamic response across lamina at later stages of the
response (see Uludag and Blinder, 2017 for review). Other temporal features of the BOLD
response such as the post-stimulus undershoot and initial dip are more debatable both in
terms of detectability and exact mechanisms. These negative BOLD signal changes,
however, might provide useful insight in laminar neurovascular coupling relationships.
Further investigation of these features is warranted to understand what they can tell us.
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Despite the potential of temporal features of hemodynamic response, particularly for onset
times, to offer additional insights for laminar fMRI investigations, there are several
methodological challenges that need to be addressed. The requirements for high spatial and
temporal resolution combined are a challenge, translating to losses in signal-to-noise,
contrast-to-noise, and reduced brain coverage. High spatial resolution (<1mm) typically
comes at the cost of low temporal resolution, which can be balanced, to a certain extent, by
reducing the field-of-view of the volume imaged. Signal-to-noise but also contrast-to —noise
are often enhanced with the use of surface coils, even at high fields (>7T) (Petridou et al.,
2013). Therefore, high spatiotemporal resolution laminar fMRI appears restricted to high
field investigations, which limits its application for human studies as the availability of high
field scanners is limited as compared to lower field strengths. Further developments in MRI
hardware technologies and acquisition methods are likely required to enable the required
high spatiotemporal resolution for whole brain coverage. In terms of contrast mechanisms,
currently gradient echo BOLD has the highest sensitivity to hemodynamic changes and thus
is the most suitable candidate for accurate characterization of hemodynamic responses
across the cortical depth. As discussed previously, spin-echo BOLD has higher
microvascular specificity but currently lacks adequate sensitivity to resolve detailed BOLD
responses across cortical depth. For human applications, current CBV and CBF methods
such as VASO and ASL are hampered by low temporal resolution.

In this review we outline temporal features of the hemodynamic response, as measured in
optical imaging and laminar fMRI studies. We suggest that these temporal features,
particularly the onset of the response, can offer insights on neurovascular coupling, neuronal
processing and activity location across laminae.
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Figure 1.
A) Illustration of the intra-cortical vascular organization according to penetration depth and

diameter, from the pial surface (top) to white matter (bottom). A denotes arteries and V/
denotes veins, the numbers indicate the vessel group. Group 6 arteries extends to white
matter without perfusing the cortex (reproduced from Kim and Ogawa, 2012, adapted from
Duvernoy et al., 1981). B) Illustration of the intra-cortical vascular according to vascular
density. Vascular layers are denoted on the right, neuronal layers are denoted on the left of
the schematic (reproduced from Duvernoy et al., 1981)
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Figure 2.

A) Schematic of cortical vascular tree, illustrating pial veins and arteries, penetrating
intracortical arteries that branch into capillary beds, and ascending intracortical veins. B)
Schematic of the evolution of the hemodynamic response across the vascular tree discussed
in the text (adapted from Hillman, 2014)
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Figure 3.
A) BOLD time courses across cortical laminae in rat somatosensory cortex, acquired with

high in-plane spatial and temporal resolution of 200um and 40ms respectively. One can
clearly observe that the BOLD response in layers 4-5 (blue line) is earliest compared to
layers 1-3 and 6 (green and red line respectively). Figure adapted from Silva et al PNAS
2002. B) Detailed BOLD time course maps across cortical depth using a line-scanning MRI
method offering very high spatiotemporal resolution of 50um and 50ms respectively.
Arrowheads point to the earliest fMRI onsets in rat forepaw somatosensory cortex (FP-S1)
(red) and in motor cortex (MC) (blue and green). Clearly seen is the early BOLD onset in
layer 4 in FP-S1, which coincides with known thalamo-cortical neuronal input activated by
forepaw stimulation. In motor cortex, early BOLD onsets are observed in layer 2-3 and 5,
which coincide with known somatomotor neuronal connections activated by whisker
stimulation. Figure adapted from Yu et al Nature Methods 2014. C) Spatiotemporal
characteristics of the BOLD response for different vascular contributions in human visual
cortex across cortical depth. AR2* denotes gradient-echo BOLD signal changes, AR2 spin-
echo BOLD signal changes at 7T using custom surface coils (TR: 0.88ms) (Petridou et al.,
2013). Figure adapted from Siero et al PLOS ONE 2013. Deeper GE BOLD responses (1-2,
and 2-3mm cortical depth, red and green lines) are earliest to respond and coincide with the
SE BOLD response (purple line), which is mostly weighted by the microvasculature
(Uludag et al., 2009).
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