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ARTICLE INFO ABSTRACT

Keywords: Human MRI scanners at ultra-high magnetic field strengths of 7 T and higher are increasingly available to the
Ultra-high field neuroscience community. A key advantage brought by ultra-high field MRI is the possibility to increase the
7T spatial resolution at which data is acquired, with little reduction in image quality. This opens a new set of
MRI. o opportunities for neuroscience, allowing investigators to map the human cortex at an unprecedented level of
Cortical organization detail. In this review, we k th itali he i ignal-to-noi i ilabl
. . . . s present recent work that capitalizes on the increased signal-to-noise ratio available at
Cortical processing unit . . . . .
Hypercolumn ultra-high field and discuss the theoretical advances with a focus on sensory and motor systems neuroscience.
Further, we review research performed at sub-millimeter spatial resolution and discuss the limits and the
potential of ultra-high field imaging for structural and functional imaging in human cortex. The increased
spatial resolution achievable at ultra-high field has the potential to unveil the fundamental computations
performed within a given cortical area, ultimately allowing the visualization of the mesoscopic organization of

human cortex at the functional and structural level.

Introduction

The human brain and, in particular, the cerebral cortex, holds the
key to who we are, our memories, thoughts and perception of the world
around us. Human cortex is organized at different spatial scales,
ranging from the few micrometres of an individual neuron (micro-
scopic scale), to cortical columns and cortical layers at the millimetre
scale (mesoscopic scale) and the several centimetres covered by cortical
areas and white matter tracts (macroscopic scale). Obviously, to
understand our brain, its disorders and ultimately ourselves, requires
knowledge of neuronal operations at all length scales.

Several methods exist that measure the brain at different spatial
scales (Fig. 1). At the microscopic scale, Hubel and Wiesel pioneered
measurements at the single neuron level using non-human invasive
electrophysiology (Hubel and Wiesel, 1959). Together with
Mountcastle (1957), they used the same invasive animal techniques
to provide a first description of the functional properties of the
mesoscopic organization scale of visual and somatosensory cortex. At
the mesoscopic scale they described novel columnar structures, where
columns refer to the vertical organization of structures within the
cortex where neurons have similar functional properties. Although they

pioneered these measurements, they described their micro-electrode
experiments as: “to attack such a three-dimensional problem with a
one-dimensional weapon is a dismaying exercise in tedium, like trying
to cut the back lawn with a pair of nail scissors” (Hubel and Wiesel,
1977). While these techniques pioneered the identification of meso-
scopic organisation in non-human animals, they are clearly not ideal to
measure the brain's organization and function at the mesoscopic scale.
Further developments of invasive optical imaging techniques, con-
firmed and extended the observation of columnar organization
(Bonhoeffer and Grinvald, 1991; Grinvald et al., 1986; Ts'o et al.,
1990) but these techniques are restricted to non-human animals and
relatively flat pieces of cortex near the surface of the brain.

At the macroscopic scale, non-invasive human neuroimaging
measures neuronal properties at the level of brain areas, in particular
Magnetic Resonance Imaging (MRI) and functional MRI. MRI has
rapidly become the most popular technique to study the living human
brain. Part of the popularity of MRI is its diversity; MRI can be used to
study the brain from anatomical, functional, connectivity and chemical
compositional aspects. Functional MRI, in particular, allowed re-
searchers to segregate the human cortex into different regions, a few
centimetres apart. Numerous cortical areas have been identified, either
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Fig. 1. Different organization scales of the human brain, ranging from microscopic to mesoscopic to macroscopic. Conventional MRI typically operates as the macroscopic level of brain
areas. The image here shows the brain areas as defined by myeloarchitecture (adapted from (Flechsig, 1901). Advances in structural imaging at ultra-high field may ultimately yield
similar area delineations based on structural myelin-weighted images. Ultra-high field MRI opens the neuroscience field towards imaging at the human mesoscopic scale. This scale
contains the hypercolumn (Hubel and Wiesel, 1977) that where individual neurons with similar functions are organized into columnar and laminar structures that reflect the

fundamental computations of a given area (adapted from Grinvald et al., 1999).

by their topographic organization or their functional specialization, and
each area is believed to support a specific function or computation
(Dumoulin, 2015; Grill-Spector and Malach, 2004; Op de Beeck et al.,
2008; Tootell et al., 1996; Vanduffel et al., 2014; Wandell et al., 2007).
In this review, we will predominantly focus on functional advances and
touch on some anatomical advances in systems neuroscience.

One of the most basic developments in the field of MRI has been the
increase in the static magnetic field strength (BO): from initial
experiments at field strengths of 1.5 T to high field of 3 and 4 T to
ultra-high field strengths of 7 T and beyond. As the available
magnetization increases with increasing field strength, the primary
advantage of increased field strengths is increased signal-to-noise
ratios. This primary advantage can be traded off for increased spatial
resolution or to advance other aspects of the MRI measurements.
However, here we argue that the fundamental advantage of ultra-high
field MRI for neuroscience is not only the increased signal-to-noise
ratio but the ability to visualize a new organization level of the human
brain at the mesoscopic scale.

At the mesoscopic scale, laminar and columnar organizations arise.
Besides laminae and columns, this mesoscopic organization scale has
been proposed to hold the “hypercolumn”. The hypercolumn contains
all the different laminae and columns of a given area or, in other words,
a hypercolumn contains all the different types of neurons that perform
the basic computations of that given area. As put by Hubel and Wiesel
in visual cortex: a hypercolumn contains “all the cortical machinery
required to process visual information in all possible ways for a given
point in visual space” (Hubel and Wiesel, 1977) and is “a complete
array of columns as a small machine that looks after all values of a
given variable” (Hubel and Wiesel, 1974). Their proposal was based on
measurements in non-human primary visual cortex. We propose that
this hypercolumn reflects the computational unit of the cortex or
cortical processing unit (CPU). This notion is analogous to the central
processing unit in computers, which is the electronic circuitry within a
computer that performs the basic arithmetic, logical, control and
input/output operations. We hypothesize that neurons organize them-
selves into similar processing units that may be found throughout the
brain. We expect these CPU's to differ according to the computations a
given area performs. Should this hypothesis be verified, this would
make the identification, description and function of these processing
units one of the most critical endeavours to understand the human
brain and it will make the mesoscopic scale one of the most important
scales of neuroscience. We hypothesize that neurons organize them-
selves into similar processing units that may be found throughout the
brain (Mountcastle, 1978; Rockel et al., 1980).

In this review, we will cover the advances that have been made with
ultra-high field MRI. First, we will briefly cover advances at more
conventional spatial resolutions (>1mm) that capitalize on the
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improved signal and contrast to noise ratios of ultra-high field MRI.
Second, we will discuss the advances to measure mesoscopic organiza-
tion scale at high spatial resolution ( < 1 mm) from methodological and
neuronal, i.e. laminar and columnar, perspectives.

Ultra-high field MRI at conventional spatial resolutions
(>1mm)

As the available magnetization increases with increasing field
strength, the principal advantage of ultra-high field MRI systems is
the increased signal-to-noise ratio (Edelstein et al., 1986). However, in
functional neuroimaging, the timecourses are important, not necessa-
rily the images themselves. Hence, the achievable temporal signal-to-
noise ratio, tSNR, is much more important than the image SNR, and
this measure of temporal stability depends on a number of factors
besides the image SNR, such as system stability, physiological noise
contributions and data analysis (Jorge et al., 2013; Kruger and Glover,
2001; Triantafyllou et al., 2006). It is clear however, that increases in
field strength also tend to bring net tSNR advantages, especially at
higher spatial resolutions (Triantafyllou et al., 2005) (Fig. 2). In
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Fig. 2. Temporal signal to noise (tSNR) ratios for three different field strengths as a
function of voxel volume for T2*-weighted functional imaging. Ultra-high field MRI (7 T)
has improved sensitivity and of particular relevance is the improvement at small voxel
volumes approximately at the mesoscopic spatial scale (vertical gray bar). Drawn after
(Triantafyllou et al., 2005).
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addition, the amplitude of the BOLD responses increases supralinearly
with field strength (van der Zwaag et al., 2009a; Yacoub et al., 2001),
while the venous contribution is reduced because of the short venous
T," (Koopmans et al., 2008; van der Zwaag et al., 2015b), leading to
larger, and more tissue-specific functional responses. Specifically, at
lower field strengths (<3 T) intravascular BOLD signals dominate
whereas at ultra-high field strength extravascular signals dominate
(Boxerman et al., 1995a; Duong et al., 2003; Lu and Van Zijl, 2005;
Uludag et al., 2009). Therefore, at ultra-high field strengths, we observe
a large relative increase in microvascular contributions due to dimin-
ished intravascular signals from large venous vessels (Kim and Ogawa,
2012; Uludag et al., 2009; Yacoub et al., 2001). This significantly
increases the spatial specificity of BOLD fMRI. In short, ultra-high field
functional MRI provides both an increased sensitivity and specificity.

This combination of increased (t)SNR and BOLD contrast has been
exploited in a fast-expanding series of sensory and motor systems
neuroscience fMRI studies, including topographic maps in retinotopic
(Hoffmann et al., 2009; Olman et al., 2010; Sanchez-Panchuelo et al.,
2012), tonotopic (Da Costa et al., 2011; Formisano et al., 2003) and
somatotopic (Martuzzi et al., 2014; Sanchez-Panchuelo et al., 2010)
cortex. These topographic maps reflect the layout of the corresponding
sensory or motor organ, e.g. retina or cochlea, whereas no such organs
exist for cognitive functions. Ultra-high field fMRI in combination with
biologically-inspired data-analyses (Dumoulin and Wandell, 2008) lead
to the discovery of the first topographic maps that do not represent a
sensory or motor organ but an abstract dimension (Harvey et al., 2013,
2015). These topographic maps represent non-symbolic magnitudes
(or quantities) in an orderly fashion, akin to non-symbolic number
lines in our brain. These specific magnitudes reflect the item number
(numerosity) (Harvey et al., 2013) and item size (Harvey et al., 2015).
This finding put forward the hypothesis that the computational benefits
of topographic maps, i.e. the close proximity and orderly topography of
neurons with similar functional roles, apply to higher-order cognitive
functions and sensory-motor functions alike.

Further ultra-high field MRI approaches explored the principles of
topographic organization as it changes from retinal to cyclopean
representation (Barendregt et al., 2015), with attention (Da Costa
et al., 2013; Klein et al., 2014) or as a function of variable stimulus and
action properties (Beckett et al., 2012; Gutteling et al., 2015; Harvey
and Dumoulin, 2016; Kolasinski et al., 2016; Martuzzi et al., 2015;
Moerel et al., 2015; Thunell et al., 2016; van der Zwaag et al., 2015a).
Furthermore, ultra-high field MRI has also been used to characterize
the plasticity and stability of topographic maps in visual cortex
following congenital visual pathway disorders (Fracasso et al., 2016a;
Hoffmann et al., 2012). Last, ultra-high field MRI approaches extended
beyond topographic organization to the identification of brain systems
sub-serving higher order and complex cognitive functions such as an
individual's perception of space, time, and people with respect to self
(Peer et al., 2015).

However, not all analysis protocols will benefit from ultra-high field
at conventional resolutions. In particular, use of spatial smoothing
and/or averaging subjects in a common (linear) stereotaxic space
(Collins et al., 1994; Talairach and Tournoux, 1988) will decrease the
effective spatial resolution and thereby sacrifice the increased sensitiv-
ity and specificity. Ultra-high field MRI reinforces the need for
alternatives to compare and align brains. Several methods are already
developed amongst which, non-linear alignment in stereotaxic space
and surface based alignments (Fischl et al., 1999; Gholipour et al.,
2007; Klein et al., 2009). In that direction, ultra-high field MRI may
inspire a new method of alignment by high-resolution anatomies based
on myelin differences across cortical areas (Bridge and Clare, 2006;
Deistung et al., 2013; Geyer et al., 2011). This will be further discussed
in the sections below but delineating cortex based on myelin differ-
ences dates back a century ago to atlases of Vogt (Vogt and Vogt, 1919;
Vogt, 1910) a contemporary of the more well-known Brodmann atlases
(Brodmann, 1903, 1909).
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Ultra-high field MRI at high spatial resolutions ( < 1 mm):
methodological considerations

To perform BOLD fMRI with high spatial (<1 mm) and temporal
resolution it is crucial to have sufficient sensitivity. The most effective
way, albeit expensive, is to work at ultra-high field strength. As
discussed above, going to ultra-high field strengths (=7 T) provides a
linear to supralinear increase in BOLD signal sensitivity. Other hard-
ware approaches to increase BOLD sensitivity are to increase the
numbers of receive channels or to employ dedicated surface receive
coils (Petridou et al., 2012; Salomon et al., 2014; van der Zwaag et al.,
2009b).

Besides hardware considerations, the specific physiological and
biophysical sources of the BOLD signal strongly determine the
response sensitivity and specificity, not only in amplitude but also in
temporal behaviour. The larger venous vessels (intracortical, pial and
large draining veins) have a large blood volume and are located furthest
downstream resulting in higher amplitudes, more delayed and broader
BOLD responses (blood pooling) that are the least specific to neuronal
activity (de Zwart et al., 2005; Lee et al., 1995; Menon, 2002; Siero
et al., 2011; Turner, 2002). BOLD signals from the microvasculature
(arterioles, capillaries and small venules) have the highest spatial
specificity to neuronal tissue and tend to show smaller amplitudes,
faster and narrower responses with a notable heterogeneity across
cortical depth (Jin and Kim, 2008; Ogawa et al., 1993; Siero et al.,
2013; Siero et al., 2015; Silva et al., 2000; Tian et al., 2010; Uludag
et al., 2009; Yacoub et al., 2008; Yacoub et al., 2007; Yacoub et al.,
2001).

The BOLD signal heterogeneity across the cortical depth becomes
crucially important when pushing the spatial resolution to the domain
of cortical laminae and columns — it contains depth-dependent
variations in neuronal activity, but also non-neuronal related variations
in vascular architecture, blood draining properties (Fig. 3) and other
physiological noise components (Koopmans et al., 2011). These effects
should be taken into account when analysing cortical-depth or laminar
resolved fMRI (Gagnon et al., 2015; Goense et al., 2016; Heinzle et al.,
2016; Kok et al., 2016; Markuerkiaga et al., 2016; Puckett et al., 2016).

The combined effect and spatial extent of the neuronal and non-
neuronal related components of the BOLD signal can be described by a
point-spread function (PSF). The PSF is expected to be 1) cortical
depth dependent; because of pial and intracortical veins the PSF
towards the surface is expected to be wider, potentially confounding
laminar and columnar specificity (Markuerkiaga et al., 2016; Tian
et al., 2010), 2) time dependent; because of blood pooling from deeper
layers the PSF width can increase over time (Shmuel et al., 2007; Siero
et al., 2013), 3) pulse sequence dependent; spin-echo BOLD PSF
generally has a narrower width compared to a gradient-echo BOLD
PSF (see gradient- and spin-echo BOLD discussed below,
(Markuerkiaga et al., 2016; Parkes et al., 2005; Shmuel et al., 2007).
Ultimately, the extent and width of the PSF determines the biophysical
spatial resolution of BOLD fMRI.

The increased specificity of the ultra-high field fMRI signals is due
to the increased sensitivity to microvasculature. As mentioned, with
increasing field strength, the relative intravascular and extravascular
BOLD signal contributions differ substantially. However, the amount of
micro- versus macrovascular contributions to the fMRI signal depends
also on the pulse sequence. Careful review of all these sequence details
is beyond the scope of this review but we briefly want to highlight the
major considerations for high-resolution fMRI ( < Imm).

Gradient-echo (GE, T2*-weighted) EPI based acquisition is currently
the most popular method because of its superior sensitivity. However,
this sensitivity comes at the cost of specificity due to the contributions of
both the micro- and macrovasculature (Boxerman et al., 1995b; Ogawa
et al., 1993). Exploiting the high spatial resolution, areas of large draining
veins can be carefully removed to improve the spatial specificity to the
parenchyma and thus aiding laminar or columnar resolved fMRI
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Fig. 3. Typical vascular organization across cortical depth in the cerebral cortex. A) Arteries and arterioles (in red) supply the neuronal layers, numbered I-VI from the cortical surface
(CS) to the subcortical white matter (SC), with oxygen rich blood. In black are the venules and a principle intracortical vein oriented perpendicular to the cortical surface that can drain
the blood from multiple functional units. B) Alongside the neuronal layers are the vascular layers 1-4 based on the orientation and density of the vessels (Reproduced from Duvernoy

et al., 1981).

(Koopmans et al.,, 2010; Polimeni et al., 2010; Siero et al., 2014).
However, this approach doesn’t remove intra-cortical veins that pene-
trating the cortical surface. Furthermore, the effect of large draining veins
at the pial surface can indirectly affect other layers (Markuerkiaga et al.,
2016). This extravascular contamination declines with distance from the
vessel - in the worst-case scenario it drops off by a factor of nine at a
distance equal to the vessel diameter (Ogawa et al., 1993; Siero et al.,
2011). From a neuroscience perspective, removing large draining veins
decreases the ability to investigate signals at superficial cortical layers
where most large veins are.

Spin-echo (T2-weighted) based acquisitions, have an increased
microvascular weighting at ultra-high field, however at the price of
reduced sensitivity, increased SAR, sensitivity to B1l-inhomogeneity,
and residual T2*-weighting in the case of long EPI readouts. Several
types of T2-weighted based fMRI acquisitions have been explored at
ultra-high field with a range of success; (segmented) 2D and 3D spin-
echo EPI, 3D GRASE, SSFP, and T2 preparation pulses preceding a GE
readout (Barth et al., 2010; De Martino et al., 2013; Goa et al., 2014;
Harmer et al., 2012; Hua et al., 2014; Kemper et al., 2015; Sanchez
Panchuelo et al., 2015; Yacoub et al., 2003).

Furthermore, cerebral blood flow (CBF) and blood volume (CBV)
weighted acquisitions promise to have high microvascular weighting
(Duong et al., 2002; Huber et al, 2015). Multi-modal imaging
approaches that combine BOLD and CBF/CBV measurements may
yield valuable cortical depth-dependent information on the neuronal
and metabolic underpinnings of the BOLD response (Guidi et al., 2016;
Huber et al., 2015). Lastly, with recent advances in fast scanning
techniques, such as simultaneous multislice or multiband approaches,
the temporal resolution of BOLD fMRI can be dramatically increased to

layer 4 {
infra- {

feed-forward

supra-
granular

granular

subsecond sampling times (for a thorough overview see (Barth et al.,
2016; Feinberg and Yacoub, 2012; Setsompop et al., 2016)). This will
allow more accurate characterization of the BOLD fMRI temporal
dynamics, information of which will greatly benefit BOLD signal
modelling for high-resolution studies and may ultimately lead to
laminar resolved connectivity measures.

Laminar imaging using ultra-high field MRI
Relevance of laminar imaging

Functional specialization is usually thought in terms of separate
cortical areas serving specific computations, however this is not the
only form of functional specialization that exists in human cortex. The
layering across cortical depth represents an orthogonal dimension of
functional specialization, separate from the different brain regions that
can be observed at the macroscopic level. This type of organization is
thought to gate the information flow between separate functionally
specialized portions of the human cortex (Felleman and Van Essen,
1991; Rockland and Pandya, 1979a; Shipp, 2007). One of the ultimate
promises of laminar analysis is that it can provide information on the
direction of information flow in a given patch of cortex simply by
comparing the relative contributions of different laminae (Fig. 4).

Historically, two different forms of layered cortical specialization
have been described in the literature. From the structural perspective
(i) several investigators began a systematic study of the human cortex
since the beginning of the twentieth century, with the aim of
parcellating human cortex into separate areas. These attempts took
advantage of the layered organization of cytoarchitectonic features

feed-back

lateral

Fig. 4. Laminar patterns of cortical connectivity at their predominant termination sites (adapted from Felleman and Van Essen (1991)). These patterns were used for making
hierarchical assignment of cortical areas showing feed-forward fibres arriving mainly in layer 4, lateral fibres targeting all three main compartments (infra-, layer 4, and supra-granular)
indistinctively and feed-back fibres terminating in supra-granular and infra-granular layers.
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(distribution of cell bodies and axons along cortical depth, (Brodmann,
1909; von Economo and Koskinas, 1925) and myeloarchitectonic
features (distribution of myelin features along cortical depth, (Elliot
Smith, 1907; Flechsig, 1901; Vogt and Vogt, 1919; Vogt, 1910)). On
the other hand, from the functional perspective (ii), ascending (feed-
forward) and descending (feedback) interactions within and between
separate portions of cortex are segregated according to cortical depth
(Felleman and Van Essen, 1991; Shipp, 2007). We will discuss the
structural and functional contributions in turn.

Structural laminar organization in human cortex

The first observation suggesting a laminar organization in human
cortex dates back in the eighteenth century, when Francesco Gennari,
reported the presence of a prominent line located approximately in the
middle of the cortical thickness, at the level of the calcarine fissure
(Gennari, 1782). This is the origin of the widely used distinction
between striate and extrastriate cortex. Today we know that the Stria of
Gennari is a band of highly myelinated fibres, located at the granular
layer, where heavily myelinated thalamo-cortical afferents reach pri-
mary visual cortex (V1). Less than a century after Gennari's observa-
tion, leading researchers became to believe that a laminar organization
was not only confined to the calcarine fissure. In 1840, Jules Baillarger
reported the existence of two separate bands of white fibres, running
throughout the cortex (Baillarger, 1840). The bands of Baillarger
consist of two bundles of myelinated fibres, located in the internal
granular layer of layer IV and internal pyramidal layer of layer V. At the
beginning of the twentieth century several investigators started a
systematic study of the human cytoarchitectonic (Brodmann, 1909;
von Economo and Koskinas, 1925; Zilles and Amunts, 2010; Zilles
et al., 2004) and myeloarchitectonic features across cortical depth
(Campbell, 1905; Elliot Smith, 1907; Kaes, 1907; Vogt and Vogt, 1919;
Vogt, 1910), with the aim of parcellating human cortex into separate
areas, isolating several portions of the cortex based on their structural
features, hoping to be able to clarify their functional counter-aspect in
the future.

Although the underlying cytoarchitectonic features cannot be
directly investigated, the myeloarchitectonic features are within reach
using MRI. Although myelin represents the main source of contrast in
structural (T1-weighted) images, MRI is an indirect measure of myelin.
The main goal of these studies is to reveal intra-cortical laminar
structures. Several attempts have been made to visualize intra-cortical
laminar patterns in-vivo, at different spatial scales. Human cortex is
cortical thickness ranges between 1 and 4 mm (Fischl and Dale, 2000),
thus to allow accurate visualization of intra-cortical details sub-milli-
metre resolution data with high signal-to-noise ratio (SNR) are crucial.

Several studies visualized detailed intra-cortical laminar patterns
within the human primary visual cortex, visualizing the Stria of
Gennari that defines primary visual or striate cortex (Barbier et al.,
2002; Bridge et al., 2005; Eickhoff et al., 2005; Fracasso et al., 2016c;
Trampel et al., 2011) (Fig. 5a and b). Furthermore, intra-cortical
details were observed in locations outside primary visual cortex
(Sanchez-Panchuelo et al., 2012), and in motion-sensitive area MT or
V5 (Walters et al., 2003). Recently, the presence of laminar intra-
cortical features has been reported in vivo at the level of the calcarine
cortex (the Stria of Gennari) as well as in extra-calcarine areas,
extending to parietal and frontal lobes with data acquired at 0.5mm
isotropic resolution (Fracasso et al., 2016c¢). This feature outside
primary visual cortex likely represents the bands of Baillarger.
Moreover, detailed myelin profiles have been reported in vivo from
area BA1, BA4 and BA3b from T1 maps acquired at 0.5mm isotropic at
7 T, using a volume-preserving model to compute the metric across
cortical depth (Waehnert et al., 2016; Waehnert et al., 2014).

At a macroscopic level, these myelination patterns have been used to
effectively identify a large number of cortical areas, matching probabil-
istic atlases based on cytoarchitectonic data as well as retinotopic and
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auditory maps (Bock et al., 2013; De Martino et al., 2014; Dick et al.,
2012; Fischl et al., 2008; Geyer, 2013; Geyer et al., 2011; Glasser and
Van Essen, 2011; Hinds et al., 2008; Lutti et al., 2014; Marques and
Gruetter, 2013; Sanchez-Panchuelo et al., 2012; Sereno et al., 2013;
Tardif et al., 2015). Being able to detect the presence of these features
might provide the basis for the in vivo parcellation of human cortex, a
quest also referred to as “in vivo histology” (Bridge and Clare, 2006;
Deistung et al., 2013; Geyer et al., 2011), enabling researchers to
elaborate detailed hypotheses on the relationships between structure
and function in the human brain.

Functional laminar organization in human cortex

One of the first studies to investigate the functional significance of
the laminar differentiation of the cerebral cortex goes back to Clark and
Sunderland (1939) who isolated a small portion of primary visual
cortex in macaque from neighbouring gray matter locations, while
keeping intact their contact with the white matter and the pial vessels
irrigating the isolated cortex. Their aim was to study the laminar
pattern of degenerating fibres after prolonged isolation. In these
conditions the isolated cortex remained remarkably unaltered for as
long as 3 months after surgery, and indicates the abundance of
intracortical connexions with directly neighbouring cortex. Visible
changes could be observed only at the level of the infra-granular layers,
whereas the Stria of Gennari remained unaltered.

Hubel and Wiesel studied the laminar and columnar organization of
the geniculo-cortical pathway in a series of papers (Hubel and Wiesel,
1968; Hubel and Wiesel, 1972; Hubel and Wiesel, 1977) and reported
clear evidence suggesting that layer IV in monkey primary visual cortex
represents the major (but not the only (Sincich and Horton, 2005))
afferent location for the geniculo-cortical pathway. Later, Tigges and
colleagues (Tigges et al., 1977) reported that feedback projections from
area V2 to V1 tended to avoid the location occupied by the geniculo-
cortical pathway in primary visual cortex. This latter observation was
rapidly generalized also to connections between other occipital visual
areas (Graham et al., 1979; Rockland and Pandya, 1979b; Wong-Riley,
1979), following a similar pattern as the one observed in primary visual
cortex, with feed-forward fibres arriving mainly in layer 4, feed-back
fibers terminating in supra-granular and infra-granular layers and
lateral fibres targeting all three main compartments (infra-, granular
and supra-granular) indistinctively (Fig. 4). This pattern of fibre
termination was later adopted for the hierarchical assignment of
cortical areas (Felleman and Van Essen, 1991). The six separate
cortical layers are not directly resolved using MRI and, hence, the
signals are typically described as depth-dependent or by the more
coarse granular terminology.

Several recent studies investigated laminar variations of the fMRI
signal (Fig. 5b and c), focusing on the underlying neurovascular
coupling in humans (Chen et al., 2012; De Martino et al., 2013;
Huber et al.,, 2014; Huber et al., 2015; Koopmans et al., 2010;
Koopmans et al., 2011; Olman et al., 2012; Polimeni et al., 2010;
Ress et al., 2007; Siero et al., 2011) and non-human primates (Goense
et al., 2012; Goense and Logothetis, 2006; Goense et al., 2007) as well
as other mammals (Harel et al., 2006; Jin and Kim, 2008; Silva et al.,
2000). Cortical depth-dependent studies in humans and animals (Chen
et al., 2012; De Martino et al., 2013b; Goense et al., 2012) using
gradient echo EPI consistently demonstrate an increase in signal
change towards the pial surface in the human cortex reflecting the
cortical vascular organization and blood pooling towards the pial
surface (Chen et al., 2012; De Martino et al., 2013; Fracasso et al.,
2016b; Goense et al., 2012). Attempts have been made to increase the
spatial specificity of the BOLD signal towards the capillary bed by
moving towards spin-echo (Goense et al., 2007) and, more recently, 3D
GRASE sequences (De Martino et al., 2013). Evidence from animal
studies shows that cerebral blood volume (CBV) changes across cortical
depth peak in locations closer to the site of changes in metabolic
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Fig. 5. Structural and functional laminar imaging. A) Average T1 intensity across cortical depth from V1 (6 participants). Vertical continuous and dashed lines represent the median and
95% CI of the peak estimate, indicating the location of the stria of Gennari approximately in the middle of cortical depth, the location where heavily myelinated thalamo-cortical afferents
reach V1. B) 0.5 mm isotropic T1-weighted (T1-w) and T2*-weighted, 3D-EPI images from the occipital lobe, juxtaposed. Red arrows on the T1-w image indicate the prominent Stria of
Gennari (Fracasso et al., 2016c). The overlay on the 3D-EPI image represents the activity in response to full field visual stimuli (T > 2, p < 0.05, uncorrected). C) The relationship between
population receptive field (pRF) size and distance from white matter border. PRF size estimates follow a U-shaped function, with larger pRF sizes close to the white matter border and
the pial surface, as expected based on the thalamo-cortical afferents reaching V1 and the hierarchical signal processing within the cortical sheet (Fracasso et al., 2016b). Vertical solid
and dashed lines and shaded region represent the median location of the profile minimum and 95% CI.

activity (Goense et al., 2007; Kennerley et al., 2005; Kim et al., 2013).
It has been recently reported that it is possible to measure cerebral
blood volume (CBV) in humans, non-invasively (Huber et al., 2014; Lu
et al.,, 2013) showing lower sensitivity to the macrovasculature
compared to gradient-echo BOLD (at 7 T) and higher specificity to
changes at the microvasculature level.

Sub-millimeter functional imaging studies has also reached several
neuroscience applications. The vascular influence, in particular the
changing sensitivity or signal amplitude across cortical depth, compli-
cates neuroscientific studies as mentioned previously. These are partly
relieved by the aforementioned sequence developments, but, in addition,
computational neuroimaging approaches can help overcome the problem
as well. Certain computational designs depend less on signal amplitude.
Although, of course, a certain amount of signal needs to be present but,
once enough signal is present, signal increases do not further determine
the outcome of the analysis. Example of computational analyses em-
ployed are multivoxel pattern classification techniques (Muckli et al.,
2015), population receptive field (pRF) (Fracasso et al, 2016b) and
population tuning analyses (De Martino et al., 2015). De Martino and
colleagues showed that attention sharpens the responses specifically in
supra-granular layers of the temporal cortex, whereas Fracasso and
colleagues demonstrated that pRF sizes vary systematically across
cortical depth in a manner that resembles the hierarchical information
flow through the cortex (Fig. 5c¢). In an excellent example of the
application of laminar fMRI in neuroscience, Kok and colleagues studied
the response of primary visual cortex to the famous illusory Kanizsa
triangle (Kok et al., 2016). The authors showed that feedback activity
associated with illusory contours is associated with a selective activation
of the deeper layers. The study further demonstrates the feasibility to
isolate feedback activity in-vivo in humans.

To summarize, laminar or cortical depth dependent imaging at ultra-
high field will help to bridge the gap between neurophysiology and
functional imaging, opens the possibility of delineation of cortical areas
by structural laminar imaging and draw inference about the direction of
information flow in the brain using functional laminar imaging.

Columnar imaging at ultra-high field MRI
Relevance of columnar imaging

The ability and potential of non-invasive imaging of cortical
columns is a much-desired application of ultra-high field functional
MRI. In a cortical column, neurons with similar functional or compu-
tational properties are grouped together vertically across cortical depth.
The neuron's response profiles across the column are similar but not

identical as the column itself is split into laminae with different input
and output relationships. Different columns are thought to represent
the different computations an area performs, such as orientation and
ocular dominance columns in primary visual cortex. Besides columnar
organisation within an area, between area connections are often
columnar (Goldman and Nauta, 1977; Jones et al., 1975). In primary
visual cortex, different columnar structures are organized in such a way
that all combinations repeat themselves — the basis of the notion of a
hypercolumn or cortical computational unit (Fig. 1).

Cortical columns were first discovered by Mountcastle in cat
somatosensory cortex (Mountcastle et al., 1955; Mountcastle, 1957).
Mountcastle used vertical penetrations of electrodes and found that
vertical clusters of cells that responded to a specific somatosensory
stimulation (e.g. skin, joint) were organized in a modular fashion that
varied periodically across the cortex, in steps of about 500 um. This
work was succeeded by Hubel & Wiesel, who identified orientation
and ocular dominance columns in cat and monkey visual cortex (Hubel
and Wiesel, 1962, 1963, 1968, 1969). Since then, several studies using
electrophysiological, optical and anatomical manipulations have iden-
tified columnar organization across several species, including humans,
with the majority of work focussing on visual cortex.

An intriguing observation in these studies is that columns are not
universal across species. For example, ocular dominance columns are
present in the ferret, mink, marmoset, baboon and several primates
including humans. They are absent in the rat, mouse, squirrel, rabbit,
and other species (reviewed in (Horton and Hocking, 1996)).
Moreover, even within the same species, some individuals have ocular
dominance columns while others not, or only in parts of primary visual
cortex (Adams and Horton, 2003). Similarly, orientation columns are
found in many species, e.g. monkey, cat and human, while they appear
to be absent in others, e.g. mice and rats. However, no specific
differences in vision or visual perception have been found between
and within species, raising the question of the necessity of columnar
organization for function (Horton and Adams, 2005).

Of particular relevance for fMRI, relating to the expected signal
changes and spatial patterns obtained, is that columns generally do not
have distinct borders but are rather comprised by a “core” set of neurons
with the same functional properties, surrounded by neurons that share
functional properties with neighbouring columns. Therefore, the spatial
pattern of activity of neighbouring columns as detected by fMRI is
expected to partially overlap not only because of the presumably wider
spatial point-spread function of the hemodynamic response with respect
to column width, but also because of the neuronal activity pattern within
a column and neuronal communications between columns (Gilbert and
Wiesel, 1983; Rockland and Lund, 1982).
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Because neurons with similar response properties organize them-
selves in columns, columnar responses as a whole can provide
information about the fundamental processing of the individual
neurons. This is the ultimate goal of columnar imaging. We hypothesize
that columnar structures may be found throughout the brain and may
not only play a role in within area organisation but also in connectivity
between areas. This hypothesis may or may not be prove to be true.
Regardless, columnar imaging using ultra-high resolution fMRI may
elucidate the role of columns and their presence or absence in brain
organisation and function. Even though, the notion of a cortical
computational unit is linked to the observation of multiple columns,
it does not, strictly speaking, depend on the presence of columns, as we
interpret it as a functional neuronal organization unit that repeats itself
across an area. If an area proves not to contain columnar structures the
question remains what the organization principles are for the under-
lying neurons. Therefore, the ability to image and measure from
columns can give us insights into brain function and circuitry at that
fundamental level, considerably fostering our understanding of brain
organization from single neurons to brain systems.

Columnar organization in human cortex

In vivo and in humans, (f)MRI is in essence the only technique that
can be used to image columns because it is non-invasive and because of
the high resolution it affords especially at high magnetic fields. A
downside is that fMRI measures hemodynamics and not neuronal
activity directly, therefore a key question is whether hemodynamics are
specific enough to the underlying neuronal patterns to be able to
accurately resolve columnar organization. This has been the key
question for the majority of hemodynamic-based studies on columnar
organization to date.

Early optical imaging studies demonstrated that hemodynamics do
indeed have the specificity to resolve cortical columns (Bonhoeffer and
Grinvald, 1991; Grinvald et al., 1986; Ts'o et al., 1990). In later work, it
was shown that the early deoxygenation concomitant with an increase
in neuronal metabolism (“initial dip”), and early hyperoxygenation in
the microvasculature have the highest specificity to cortical columns,
while delayed blood volume and blood flow are less specific (Grinvald
et al., 2000; Malonek and Grinvald, 1996). However, if one minimizes
the contribution of larger vessels, for example using a differential
approach (contrasting one stimulus condition to another), it emerges
that the micro-vascular blood flow and volume are also specific to
cortical columns (Vanzetta et al., 2004; Wang and Roe, 2012). These
findings suggest a fine regulation of the micro-vascular response that
co-localizes with columns (Woolsey et al., 1996) although alternative
explanations also exist (Blinder et al., 2013). Nevertheless, translation
of optical imaging findings to fMRI is not straightforward given that the
techniques have different resolutions, different sensitivity, and may
measure from different parts of the vasculature since optical imaging
studies primarily measured from the upper cortical layers due to
limited light penetration.

Kim and colleagues undertook the challenge of translating and
extending optical imaging findings to MRI, providing a detailed
account of fMRI sensitivity and specificity to columnar organization
based on the well-established orientation column model in cat visual
cortex (Duong et al., 2001; Fukuda et al., 2006; Kim et al., 2000; Moon
et al., 2007; Zhao et al., 2005). A common methodological aspect for all
their studies was the use of high field (4 T and/or 9.4 T) with small
surface coils to ensure high SNR for high-resolution imaging (in plane
resolution 0.15x0.15 mm or 0.31x0.31 mm, slice thickness 1 or 2mm).
A second methodological aspect was the selection of a single slice
positioned in order to avoid the pial surface and ensure minimal
contribution from larger vessels that can reduce fMRI specificity.
Encouragingly, their work demonstrated that roughly all aspects of
the hemodynamic response measured with MRI have the specificity to
accurately resolve columnar organization, ranging from the initial dip
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(representing an early increase in CMRO2; (Kim et al., 2000)), blood
flow (CBF; (Duong et al., 2001)), blood volume (CBV, (Fukuda et al.,
2006; Zhao et al., 2005)), and the positive BOLD measured with spin-
echo and gradient-echo EPI (Moon et al., 2007). Notably, the sensitiv-
ity of each contrast and technique above is almost reversed in the same
order, with the exception of a high sensitivity for CBV, which was
acquired with a monocrystalline iron oxide nanoparticle (MION)
contrast agent, which cannot be used in humans. The work by Moon
et al. (2007) is particularly encouraging for human applications since
the positive BOLD is the most commonly used contrast in humans
because of its high sensitivity.

Stimulation paradigm also affects the ability to visualize cortical
columns, i.e. differential approaches, single condition (active vs base-
line), and continuous stimulation (Grinvald et al., 2000; Kim et al.,
2000; Kim and Ogawa, 2012; Moon et al., 2013; Moon et al., 2007). A
differential approach is beneficial because it can minimize the con-
tribution of larger veins but it is contingent on stimuli that are
orthogonal to each other (e.g. left vs right eye) such that they can be
effectively subtracted. However, even in the case that such stimuli can
be designed, signals from draining veins may be stimulus-specific. This
is nicely demonstrated in the work by Shmuel et al. (2010), who
showed that signals from draining veins can be used to decode which
eye was stimulated (implying ocular dominance selectivity), albeit at a
coarser spatial scale than columns. A single condition on the other
hand is beneficial because it does not necessitate orthogonal stimuli,
and therefore applicable for columns possibly underlying higher order
brain functions. However, such a design will be more susceptible to the
point-spread of the hemodynamic response and signals from larger
veins. Continuous stimulation can mitigate hemodynamic “artifacts” by
saturating large draining veins (standard approach for topographic and
pRF mapping), although it requires a continuous stimulus space and
the direct or indirect characterization of responses using neuronal
tuning curves or biologically-inspired models.

In humans, earlier studies primarily focused on the feasibility of
positive BOLD fMRI to map ocular dominance columns in primary visual
cortex, tackling the issues of large draining veins, subject motion, and
sufficient SNR for high-resolution imaging. A highlight from all human
studies is that SNR and subject motion are crucial issues in imaging
columns in humans. All but one studies have employed surface coils or
custom coils to enhance SNR for high resolution, even at 7 T. In most
cases a single or few slices were acquired, balancing high in-plane spatial
resolution and imaging speed. As acquisition schemes evolved, coverage
increased to larger parts of cortex with isotropic spatial resolutions which
are suitable for convoluted cortex unlike single or few anisotropic slices.
Moreover, almost all studies have employed strict head immobilization
approaches such as bite-bars or mechanical support because even very
small movement can be detrimental for the detection of columns. For
instance, the width of ocular dominance columns in human primary
visual cortex is about 850 pm (Adams et al., 2007) imposing strict criteria
for acceptable head motion, i.e. below 1 mm.

On the path of feasibility, Menon and colleagues were the first to
tackle the feasibility of mapping ocular dominance columns at 4 T using
gradient-echo FLASH and exclusion of larger veins using a differential
approach and thresholding voxels with high signal changes correspond-
ing to large pial veins (Menon et al., 1997). Dechent and Frahm (Dechent
and Frahm, 2000) also suggested the feasibility of mapping ocular
dominance columns using FLASH at 2 T. In subsequent work, Menon
and Goodyear suggested that ocular dominance columns could be
mapped more robustly by avoiding large draining veins using short
stimuli (Goodyear and Menon, 2001) and utilizing the early part of the
BOLD response (Menon and Goodyear, 1999). However, a common
criticism of the work of Menon and colleagues was that the ocular
dominance columns appear to extend beyond primary visual cortex and it
is well known they terminate at the border of primary visual cortex. The
question was whether they resolved biases in eye dominance versus the
actual ocular dominance per se. Cheng et al. (Cheng et al., 2001) adopted
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a different approach, also at 4 T, and demonstrated robust detection of
ocular dominance columns using long stimulus duration but also
accounting for large draining veins with careful slice positioning,
differential mapping, and thresholding of voxels corresponding to large
pial veins. Importantly, Cheng et al. focussed on the border of primary
visual cortex, which allowed a direct comparison of regions known to
contain ocular dominance columns with those known not to contain
them. Furthermore, because of the known ocular dominance column
orientation at the border, this study provided the first well accepted
evidence of locating ocular dominance columns in humans. With the
advent of 7 T scanners, where the use of spin-echo became meaningful
due to reduced intra-vascular signals and increased SNR, Yacoub and
colleagues (Yacoub et al., 2007) demonstrated that large vein signals are
significantly reduced in spin-echo as compared to gradient echo ocular
dominance maps, indicating that spin-echo imaging would more appro-
priate for single condition approaches, although both spin-echo and
gradient-echo maps were highly robust.

Later work moved to more challenging domains, providing the first
in vivo demonstration of orientation columns in human primary visual
cortex (Yacoub et al., 2008) (Fig. 6a and b), and the first in vivo
demonstration of axis-of-motion columnar organization in human MT
(Zimmermann et al., 2011). Still largely focused on feasibility, the later
study showcased advantages in methodology that can greatly facilitate
imaging of columnar structures, particularly the use of 3D fMRI (3D
GRASE) with isotropic spatial resolution, thus enabling imaging of
convoluted cortex, and enabling the use of laminar segmentation and
surface rendering tools to visualize the patterns in 3D and across
cortical depth. This is an advantage for two reasons, first because maps
can be examined at a distance from the pial surface, and second
because the pattern of columns can be visualized and characterized
across cortical depth.

Recent studies have ventured into neuroscientific questions focus-
ing on less well-charted functional domains, highlighting the potential
of ultra-high field fMRI to provide new insights on human brain
organization. From a methodological point of view, the issue of large
draining veins in the studies below appears settled either with the use
of hybrid spin-echo acquisitions (3D GRASE) or by avoiding the pial
surface for gradient-echo EPI. Sun et al. (2007) identified a previously
unknown column-like organization in primary visual cortex (V1)
consisting of clusters of neurons tuned to the temporal frequency of
visual stimuli, providing new knowledge on how neurons are organized
in response to stimulus properties and on how visual information is
processed in human V1. Zhang et al. (2010) demonstrated that fMRI
can resolve excitatory and inhibitory processes at the level of ocular
dominance columns, employing a novel paradigm design manipulating

Neurolmage 168 (2018) 345-357

the binocular interaction between ocular dominance columns, paving
the way to study brain circuits and dynamic local processing at the level
of fundamental cortical processing units. Dumoulin et al. (2013) and
Nasr et al. (2016) probed column-like organization in visual areas V2
and V3, structures known as stripes because of their stripe like
appearance in histological manipulations (Fig. 6¢ and d). Neurons in
these stripes process different features of the visual scene such as color
or motion, and are considered to play a key role in the increasing
functional specialization across visual areas. Their existence in V2 was
known from invasive measurements in monkeys, while their existence
in V3 was unclear. These studies provided in vivo evidence of the
presence of stripes in human V2 and V3. Notably Nasr et al. (2016) also
presented ocular dominance maps on the inflated cortical surface based
on signals acquired away from pial veins, extending previous work
from limited slices to larger brain coverage at isotropic resolution,
exemplifying again the potential of recent advances in data acquisition
and processing to facilitate columnar imaging (Fig. 6c¢). Further,
selective cortical structures resembling columns are suggested in
neighbouring visual areas supporting the neuronal computations that
underlie depth perception (Goncalves et al., 2015). Lastly, De Martino
et al. (2015) ventured outside visual cortex to auditory cortex,
suggesting a column-based organization of frequency tuned neurons
across cortical depth, paving the way to decipher the role of columns in
auditory cortical processing.

In summary, imaging columns remains a great challenge but with
the combination of increasingly evolving ultra-high field technologies,
acquisition methods, data processing tools, experiment designs, and
also increasing confidence in the accuracy of the signals measured, we
may see a boost in the application of functional MRI to explore
columnar organization in the human brain.

Conclusions

Ultra-high field MRI provides several advantages and challenges for
systems neuroscience. First and foremost, the increased magnetization
provides an increased sensitivity and specificity that will benefit most
MRI studies. For conventional spatial resolution functional imaging ( >
1 mm) ultra-high field appears sufficiently matured and the enhanced
signal-to-noise and sensitivity are being capitalized to explore brain
organization and functions in a new light. Second, ultra-high field MRI
provides measurements on a fine organization scale of the human
brain, i.e. the mesoscopic scale where laminar and columnar features
arise. From a structural MRI perspective, ultra-high field may be able
to delineate brain areas based on in vivo histology (Deistung et al.,
2013). Laminar organization may provide an important new direction

Fig. 6. Ocular dominance (a) and orientation (b) column maps in the same part of V1 of one subject (adapted from Yacoub et al., 2008), scale bar 1 mm). In this work Yacoub and
colleagues used a single slice positioned on a flat part of the calcarine sulcus (marked green in the inset). The pattern of ocular dominance columns, contrasting binocular versus
monocular stimulation, projected on the inflated cortical surface for one subject (c). The black lines mark the borders between V1, V2, and V3 (see d). Occular dominance columns end at
the V1/V2 border. In V2 and V3 a stripe organization emerges (d) (adapted from (Nasr et al., 2016), scale bar 1 cm).
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for fMRI, potentially allowing the direction of information flow to be
deciphered from high-resolution MRI, not by the temporal component
but by the layer component, whereas columnar organization may
indicate the fundamental computations performed in a given area.

The potential impact of the columnar organization is that the
column reflects the features of the individual neurons within the
column. As such, columnar imaging holds the promise to reveal the
fundamental computations performed by a given cortical area.
Columns are well-established features of primary visual cortex, though
admittedly only in certain species, including humans. Columns have
also been demonstrated in primary somatosensory and motor cortex
and similar organization features are suggested for auditory cortex (De
Martino et al., 2015). We hypothesize that this columnar organization
and the notion of a cortical computational unit extends further to other
brain regions as well. The visual system currently provides the gold
standard for high-resolution fMRI protocols to reveal columnar and
laminar structures. We know where the columns are and where they
terminate. Once we can reliably detect these features of the visual
system, we can turn our attention to more unexplored regions of cortex.
Higher-order brain regions pose yet another challenge, particularly for
columnar investigations: which task and analysis to use is unclear,
given that very limited insights exist from invasive animal work.
Promising experiments at regular resolutions, however, provide evi-
dence that at least some of the (topographic) principles of sensory and
motor cortices extend to the field of numerical cognition (Harvey et al.,
2015; Harvey et al., 2013) and language (Huth et al., 2016). In
summary, we propose that columns reflect the fundamental neuronal
computations of a given area and that ultra-high field MRI will be a
critical tool for neuroscientists to visualize signals at the columnar level
in living humans. In summary, we propose that columns reflect the
fundamental neuronal computations of a given area (Mountcastle,
1978; Rockel et al., 1980) and that ultra-high field MRI will be a critical
tool for neuroscientists to visualize signals at the columnar level in
living humans.

The impact we describe of high-resolution ultra-high field MRI
involves predominantly basic scientific insights into the fundamental
operations of the brain. However, we envision that these insights will
also translate to clinical neuroscience. We speculate that the cortical
processing unit and its columnar and laminar components may be
altered in certain clinical conditions reflecting the altered computa-
tions. For example, current hypotheses propose that in congenital
visual pathway disorders the columnar structures are altered (for
review see (Hoffmann and Dumoulin, 2015). Specifically, because the
connections between the eyes and the brain are altered the proposal is
that in some subset of conditions the ocular dominance columns are
replaced by — or perhaps recycled into — hemifield columns. This
hypothesis is in part guided by the suggestion from animal models that
in one particular visual pathway condition (achiasma) the normally
layered ocular structure of subcortical nuclei are replaced by hemifield
layers (Williams et al., 1994). If this hypothesis proves correct, it would
indicate that (1) columnar structures may be altered to reflect the
altered computations of the diseased brain and (2) columnar structures
may be preserved suggesting the relative importance in the cortical
computational unit. Regardless of the outcome, in humans these
questions can currently only be addressed using ultra-high field MRI.

Despite these exciting promises of ultra-high field MRI, there are
several major methodological challenges that need to be addressed. No
standard protocols exist that can reliably image laminar and columnar
structures in every subject, limiting widespread neuroscience and
clinical applications. For laminar and columnar imaging that typically
require resolutions below 1mm, signal-to-noise and sensitivity remain
a challenge, specifically for fMRI. An additional challenge is the balance
between high spatial and temporal resolution; very high spatial
resolution (<1 mm) typically comes at the cost of low temporal
resolution which translates to slow sampling of the hemodynamic
response and likely loss of functional specificity and prolonged scan
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times. The latter can be a burden for the subject but also increases the
chances of artifacts due to subject motion. Signal-to-noise and sensi-
tivity is commonly enhanced with the use of surface coils, at the cost of
reduced coverage. Whole brain imaging likely requires new approaches
in coil designs that can extend the advantages of surface coil designs to
whole brain coverage. The combination with increasing developments
in accelerated imaging that exploit the coil geometry offers an avenue
to increase the temporal resolution for very high spatial resolution
fMRI (Setsompop et al., 2016), hopefully extending to whole brain
imaging with new hardware technologies. Another important consid-
eration is specificity. Although we have witnessed considerable pro-
gress in acquisition and analysis approaches that enable targeting the
micro-vascular component that is specific to neuronal activity, it is still
unclear how much of the fMRI signal measured reflects vascular or
neuronal signals. For example, it is still unclear how vascular responses
pool across cortical depth, either linearly or non-linearly, and how best
to account for this in the data-analysis. Specificity could be improved
with a better understanding of the hemodynamic point-spread function
across cortical depth and vascular compartments, but also of the
relationship to neuronal activity features which are complex on their
own. This task may be within reach in well-described primary cortices
but certainly a challenge in higher order brain regions that are not well
characterized. Last, conventional data-analysis approaches in the
neuroimaging field are not suitable for ultra-high field MRI, for
example common use of spatial smoothing and averaging subjects in
a common (linear) stereotaxic space will remove the enhanced spatial
resolution and benefits of ultra-high field MRI. Thus the advent of
ultra-high field MRI requires both a new set of data-acquisition
techniques as well as new data-analysis techniques.

In this review, we speculate that the mesoscopic organization level
contains a collection of neurons that together form the basic cortical
computation unit of the brain. This is a concept derived from the
hypercolumn notion (Hubel and Wiesel, 1977) and we have previously
demonstrated evidence using 3 T MRI that this computational unit is
roughly constant sized across primary visual cortex (Harvey and
Dumoulin, 2011). This analysis was based on the relationship of
secondary features, such as cortical magnification and population
receptive field sizes, but ultra-high field MRI provides the promise to
visualize the cortical processing unit and it's laminar and columnar
components directly not only in primary visual cortex but throughout
the entire human cortex.
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