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ARTICLE INFO ABSTRACT

Keywords: Diffusion MRI of the cortical gray matter is challenging because the micro-environment probed by water mole-
Diffusion MRI cules is much more complex than within the white matter. High spatial and angular resolutions are therefore
7T necessary to uncover anisotropic diffusion patterns and laminar structures, which provide complementary (e.g. to
High resolution anatomical and functional MRI) microstructural information about the cortex architectonic. Several ex-vivo and in-
Cortex . vivo MRI studies have recently addressed this question, however predominantly with an emphasis on specific
g;lr):];iizgendent analysis cortical areas. There is currently no whole brain in-vivo data leveraging multi-shell diffusion MRI acquisition at
high spatial resolution, and depth dependent analysis, to characterize the complex organization of cortical fibers.
Here, we present unique in-vivo human 7T diffusion MRI data, and a dedicated cortical depth dependent analysis
pipeline. We leverage the high spatial (1.05 mm isotropic) and angular (198 diffusion gradient directions) res-
olution of this whole brain dataset to improve cortical fiber orientations mapping, and study neurites (axons and/
or dendrites) trajectories across cortical depths. Tangential fibers in superficial cortical depths and crossing fiber
configurations in deep cortical depths are identified. Fibers gradually inserting into the gyral walls are visualized,
which contributes to mitigating the gyral bias effect. Quantitative radiality maps and histograms in individual

subjects and cortex-based aligned datasets further support our results.

Introduction

Diffusion MRI (dMRI) relies on the anisotropic diffusion of water
molecules, hindered by barriers such as axonal membranes and myelin
(Beaulieu, 2002), to produce three-dimensional images which charac-
terize the microstructure of nervous tissue. Acquisition techniques, such
as diffusion tensor imaging (Basser et al., 1994), high angular resolution
diffusion imaging (Tuch et al., 2002), diffusion spectrum imaging
(Wedeen et al., 2005) and more recent methods sensitive to axonal
density and size (Assaf and Basser, 2005; Alexander et al., 2010; Zhang
etal., 2012; Farooq et al., 2016), have been introduced to investigate the
organization of axonal fibers. However, the vast majority of in-vivo dMRI
studies have focused on the white matter so far, with recent advances
(Lenglet et al., 2009; Sotiropoulos et al., 2013) enabling the exploration
of connectivity patterns between cortical and subcortical brain areas.
Despite these formidable developments, there are still many limitations
related to the ability of dMRI data to disentangle complex white matter
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fiber configurations (Seunarine and Alexander, 2014; Thomas et al.,
2014). The Human Connectome Project (HCP) (Van Essen et al., 2012,
2013) has recently made significant strides in this direction, to map
macroscopic structural and functional connectivity patterns of the human
brain using 3T (3T) and 7 T (7T) MRI (Smith et al., 2013; Sotiropoulos
et al., 2013; Vu et al., 2015, 2017).

Using HCP data and a semi-automated neuroanatomical analysis
method, Glasser et al. (2016) successfully identified 97 new areas per
hemisphere based on their cortical (myelo-) architecture and functional
connectivity. Such work, along with other in-vivo MRI investigations
(Geyer et al., 2011; Barazany and Assaf, 2012; Dick et al., 2012; Deistung
et al., 2013; Nagy et al., 2013; Lutti et al., 2014; De Martino et al., 2015;
Dinse et al., 2015; Helbling et al., 2015; Zhang et al., 2015; Waehnert
etal., 2016; Trampel et al., 2017) and a recent collection of review papers
(Turner and Geyer, 2014), is opening new avenues towards achieving
“in-vivo histology”. Adding microstructural information about the
cortical gray matter, obtained with dMRI, would provide complementary
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details about the cortex cyto- and myelo-architectonics (Eickhoff et al.,
2005), and likely further improve those cortical parcellations (Nagy
et al.,, 2013). However, dMRI of the cortex is particularly challenging
because neuronal cell bodies and dendrites, in addition to axons, render
the micro-environments probed by water molecules much more complex
than in the white matter. As a result, diffusion quantified by dMRI ap-
pears more isotropic (with fractional anisotropy below 0.25), especially
at low spatial resolutions. In this paper, we aim to demonstrate that 7T
whole brain and high resolution dMRI, along with a customized analysis,
can provide exquisite insights into the organization of fibers in the
human cerebral cortex.

The cortex follows a laminar organization (Baillarger, 1840; Vogt,
1903; Vogt and Vogt, 1919), as illustrated on Fig. 1, which varies across
cortical areas. For instance, the primary visual cortex is uniquely char-
acterized by the band of Gennari (or outer band of Baillarger), which
constitutes the only formation of transverse myelinated fibers visible to
the naked eye. Cortical fibers are essentially oriented in a radial or
tangential (transverse) fashion, with the later type of fibers existing in
layers I, IV, V and VI of all cortical areas (Peters and Sethares, 1996;
Nieuwenhuys, 2013). Fig. 1 summarizes the cyto- and
myelo-architectonic properties of the six layers of the cortex. Layer I
(molecular layer) mostly contains dendrites from pyramidal neurons and
tangential myelinated fiber constituting the plexus of Exner. Layer II
(external granular layer) mostly contains cells bodies and few fibers.
Layer III (external pyramidal layer) mostly contains small pyramidal
neurons as well as radial intra-cortical fibers. Layer IV (internal granular
layer) contains pyramidal and stellate neurons receiving thalamic and
intra-hemispheric cortical input. It also contains a set of dense tangential
fibers: the outer band of Baillarger. Layer V (internal pyramidal layer)
contains large pyramidal neurons with radial axons projecting to
subcortical areas. It also contains another set of dense tangential fibers:
the inner band of Baillarger. Layer VI contains small pyramidal and
multiform cells, with projections to the thalamus. The deeper section of
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layer VI (closer to the white matter) contains more tangential fibers
(Vandevelde et al., 1996). In addition to the radial axons present in layers
IL, 111, IV, V and VI, radial apical dendrites originating from the pyramidal
cells also exist (Peters and Sethares, 1996). Tangential crossing fibers in
layers I, IV-VI have been observed ex-vivo (Van Essen et al., 1986),
including with dMRI (Kleinnijenhuis et al., 2013; Leuze et al., 2014;
Aggarwal et al., 2015), but they remain particularly challenging to
observe in-vivo.

There are only a handful of dMRI studies on cortical anisotropy and
fiber orientations mapping. To the best of our knowledge, so far, imaging
studies, whether ex-vivo (McNab et al., 2009; Miller et al., 2011; Del-
I'Acqua et al., 2013; Kleinnijenhuis et al., 2013; Leuze et al., 2014;
Aggarwal et al., 2015; Bastiani et al., 2016), or in-vivo (Jaermann et al.,
2008; Anwander et al., 2010; Heidemann et al., 2010; McNab et al.,
2013; Truong et al., 2014; Kleinnijenhuis et al., 2015), have exclusively
focused on specific cortical areas (e.g., motor, visual), with the exception
of (Anwander et al., 2010; Kang et al., 2012; Nagy et al., 2013; Fan et al.,
2017) and (McNab et al., 2009; Miller et al., 2011), which acquired
whole-brain data.

Ex-vivo data at very high spatial resolution (100-300 pm) have suc-
cessfully demonstrated the laminar organization of the cortex, with
distinct radial and tangential diffusion properties and layer dependence
of anisotropy, for example in post-mortem brain blocks from the visual
cortex (Kleinnijenhuis et al., 2013; Leuze et al., 2014). Lower anisotropy
was found in the bands of Baillarger and deeper cortical layers, due to
complex fiber configurations resulting from the intersection of radial
(pyramidal) and tangential cortico-cortical fibers. Using high angular
resolution diffusion imaging (HARDI), a few ex-vivo studies (Kleinni-
jenhuis et al., 2013; Leuze et al., 2014; Aggarwal et al., 2015) have
successfully reconstructed such complex fiber orientation in layers I, IV-V
and VI

In-vivo data have predominantly supported radial fiber orientations,
perpendicular to the gray matter/white matter (GM/WM) interface.

| - Molecular layer

Il - External granular layer

JL JL
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Fig. 1. Cyto-architectonic (left) and myelo-architectonic (right) organization of the human cerebral cortex. Adapted from H. Gray. Anatomy of the Human Body, 1918.

Plate 754 (public domain).
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Specifically, radial fibers presumably related to pyramidal cells of layer
V, such as the cells of Betz (Braak and Braak, 1976; Ramaswamy and
Markram, 2015), were identified in the motor and prefrontal cortex,
while tangential fibers appeared in somatosensory and parietal cortices
(Anwander et al., 2010). Interestingly, these observations were made in
the gyri and sulcal walls but no specific orientation pattern was detected
in sulcal fundi, possibly because of the relatively low spatial resolution
(1.5 mm isotropic). Those findings were recently expanded upon, using a
surface-based and cortical depth dependent analysis method (McNab
et al.,, 2013), to confirm transition from radial to tangential diffusion
tensor orientation between the motor and somatosensory cortices. In
addition, their data supported similar orientation patterns in the middle
cortical depth of the somatosensory cortex. Interestingly, histograms of
radiality distribution in the gyri, sulcal walls and sulcal fundi of the
pre-/post-central, supra-marginal and transverse-temporal cortices did
not show significant differences, with most locations exhibiting radial
orientation.

Dependence of anisotropy on cortical depth was recently demon-
strated in-vivo (Kang et al., 2012; Truong et al., 2014), with lower values
in the upper and lower depths. Contrary to ex-vivo data, reduced
anisotropy was not reported in the middle depths (presumably related to
the bands of Baillarger), possibly because of the lower resolution of
in-vivo data. In addition, only a weak correlation between fiber orienta-
tion and anisotropy was found in the middle depths of several cortical
areas (McNab et al., 2013). Finally, although earlier data (McNab et al.,
2013) did not appear to support dependence of fiber orientation with the
cortical surface curvature, more recent results have shown that diffu-
sivity, anisotropy and fiber orientation do appear to differ in the gyral
crowns, sulcal walls and fundi (Sotiropoulos et al., 2016), with radiality
being maximal in the middle cortical depth next to the gyral crowns,
consistent with high anisotropy, and being minimal in deeper gray matter
in sulcal fundi (Kleinnijenhuis et al., 2015; Fan et al., 2017).

Recent work (Nie et al., 2012; Chen et al., 2013; Van Essen et al.,
2014) about cortical tractography has illustrated the tendency of such
approaches to predominantly terminate in the gyral crowns and less often
reach the sulcal fundi. The magnitude of this bias has been shown to be in
the order x40 for in-vivo human dMRI and x180 for ex-vivo non-human
primate dMRI. However, this so-called “gyral bias” has not been
observed in anatomical retrograde or anterograde tracer studies (Van
Essen et al., 2014) and it is known that projections to specific cortical
areas are broadly distributed in gyri and sulci (Markov et al., 2011,
2014). This artefactual bias is therefore likely explained by a combina-
tion of technical limitations of current dMRI data and analysis methods.
In particular, the massive dominance of estimated fibers pointing directly
toward the gyral crown in and near the WM forces tractography to
converge to gyri.

Moreover, understanding the organization of axonal fibers in and
near the cortex is crucial and still largely unexplored. Histological data
(Van Essen et al., 1986, 2014) demonstrated that, although many axons
run from the deep WM into the gyral crown with little curvature, many
axonal trajectories also curve at oblique angles into the cortex and

Histology
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through the gyral wall, before becoming radial. This is illustrated in
Fig. 2. Near sulcal fundi, fibers configuration is very different, with a
large number of tangential orientations and sharper turns (compared to
gyral walls) into the cortex. Although some ex-vivo dMRI data have
shown good agreement at and near the GM/WM interface, there is very
little in-vivo data — let alone whole brain - to investigate axonal fibers
pattern in and near the cortex. It is therefore imperative to design
acquisition and dedicated analysis methods to investigate the micro-
structure of the complete human cerebral cortex in-vivo. Here, we use an
in-vivo imaging protocol based on the 7T HCP dMRI protocol (Vu et al.,
2015), extended to a high maximum b-value of 3000 s/mmz, and ob-
tained within approximately the same time as the 3T HCP dMRI data (e.g.
1 h) to which our results are compared. We analyze the datasets with a
dedicated cortical depth dependent method (Kemper et al., 2017). Our
analysis strategy defines three cortical depths relative to the local cortical
thickness, and thus relates to the actual layered organization of the cortex
only as a down-sampled approximation. Nevertheless, the combination
of such data and analysis enables to investigate the organization of
axonal trajectories within the cortex, in-vivo and across cortical depths.

We present whole brain in-vivo data leveraging multi-shell HARDI
acquisition with 1.05mm isotropic spatial resolution to characterize
complex fibers organization in superficial, middle and deep cortical
depths, relative to the local gray matter thickness. The employed cortical
depth dependent analysis enables full utilization of the richness of such
datasets. Moreover, as noted above, we highlighted several differences
among in-vivo results (e.g., dependence of fiber orientation on cortical
surface curvature), and, more importantly between in-vivo and ex-vivo
dMRI data; we hypothesize that these discrepancies are due to insuffi-
cient spatial and angular resolution of in-vivo data. Recent work on the
organization of fibers in and around the human cortex using dMRI has
shown improved detection of fibers perpendicular to the gyral walls and
sulcal fundi, for example by combining 3T and 7T dMRI data (Sotir-
opoulos et al., 2016), or by combining data with low spatial resolution
and high b-value (optimal for white matter fiber crossings detection) and
data with high spatial resolution and low b-value (Fan et al., 2017). Here,
we demonstrate that the higher spatial resolution attainable with dMRI at
7T (compared to 3T) reduces the impact of the gyral bias and results in
more neuroanatomically plausible results.

Material and methods
MRI acquisitions

We acquired whole brain dMRI data at Maastricht University in N =6
healthy volunteers using a 7T Siemens MAGNETOM scanner, with
70 mT/m gradients and a 32-channel receive coil (Nova Medical). We
extended the 7T HCP protocol (Vu et al., 2015), which utilizes two shells
(b-values=1000 and 2000s/mm?), with an additional shell at
b=3000s/mm?> The final parameters employed were: Field-of-view
200 x 200 with partial Fourier 6/8, 132 slices, nominal voxel
size =1.05mm isotropic, TR/TE=7080/75.6ms, MB=2, phase

Fig. 2. Illustration of the gyral bias issue. While axons emanating from the white matter progressively insert into the cortex, tractography algorithms tend to follow the
dominant fiber orientation and mostly capture connections ending in the gyral crown. This effect is compounded by limitations related to the spatial resolution of
diffusion MRI data. This may be mitigated, to some extent, with improved reconstruction of fiber orientations using high resolution 7T dMRI.
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encoding acceleration (GRAPPA)=3, b-values=1000, 2000,
3000 s/mm?, 66 directions and 11 additional b= 0vol per b-value. A
total of 462 vol were obtained (231 in each phase encoding direction AP
and PA) for a total acquisition time of 60 min. Tj-and PD-weighted
anatomical scans (voxel size = 0.7 mm°> isotropic) were also obtained in
each subject. The study was approved by the Maastricht University ethics
committee, and written informed consent was obtained from all
participants.

For comparison, pre-processed 3 T dMRI datasets (Open Access) from
the HCP ConnectomeDB database' (Sotiropoulos et al., 2013; Van Essen
etal., 2013) from N = 6 healthy unrelated volunteers were also analyzed.
The subjects for the 7T and 3T datasets were not the same. The 3T HCP
datasets were acquired using the 3T Siemens Connectome Skyra scanner
with 100 mT/m gradients and a 32-channel receive coil (Ugurbil et al.,
2013). The following parameters were used: Field of view 144 x 168
with partial Fourier 6/8, 111 slices, nominal voxel size=1.25mm
isotropic, TR/TE=5500/89ms, MB=3, no in-plane acceleration,
b-values = 1000, 2000, 3000 s/mmz, 90 directions and 5 additional
b = 0vol per b-value. A total of 570 vol were obtained (285 in each phase
encoding direction LR and RL) for a total acquisition time of 60 min.

We point out, as noted in previous work (Sotiropoulos et al., 2016),
that the seemingly small difference in nominal voxel size (1.25mm vs.
1.05 mm isotropic) leads to a reduction of the voxel volume by 40%.
Additionally, point spread function blurring in the phase encoding di-
rection (AP at 7T and LR at 3T) is reduced at 7T with the use of in-plane
acceleration, thereby further increasing the gain in spatial resolution (Vu
et al., 2015). Each dataset is unprecedented in its own right, as far as
in-vivo human diffusion imaging is concerned, as illustrated in Fig. 3.

Despite some degree of signal loss in the lower parts of the brain
(inferior temporal areas, Fig. 3), due to the well-known B; penetration
problems at 300 MHz radiofrequency (Ugurbil, 2014; Wu et al., 2017), it
can be seen that the 7T data provides exquisite details in the rest of the
brain, including a visible dark band of low fractional anisotropy (white
arrow in Fig. 3A) in the deeper cortical depths. This finding has been
reported in in-vivo cat (Ronen et al., 2005) or primate and human ex-vivo
studies (D'Arceuil et al., 2007; McNab et al., 2009; Miller et al., 2011). It
has been putatively attributed to either a sharp transition of the fiber
directions as they enter the cortex, especially in sulcal walls and fundi, or
tangential fibers from layers V-VI, crossing with radial axonal projections
from pyramidal neurons. Fig. 3B illustrates the organization of this band
of low FA in the right superior frontal gyrus for one of our 7T datasets. It
can be clearly seen that the dark band runs continuously along the sulcal
walls and fundus, but is much less evident in the gyral crown, consistent
with fibers entering gyri radially, with minimal curvature. We will also
present results supporting the hypothesis of crossing fibers as a potential
explanation for the presence of this low FA band in the deeper cortical
depths. This possible explanation was recently described elsewhere
(Kleinnijenhuis et al., 2013), based on an ex-vivo study where the authors
successfully identified the inner and outer band of Baillarger in the
human primary visual cortex. They noted that the inner band can
sometimes appear continuous with layer VI and the WM (Baillarger,
1840). Given the resolution of our data, it is likely that we also observe
this phenomenon, with layers V and VI contributing to crossing fiber
configurations in the deeper cortical depths and therefore leading to
reduced FA. We also did not observe the outer band of Baillarger (band of
Gennari) in our data.

Data analysis

Distortion and motion correction: dMRI data was corrected for distor-
tions with the HCP pipeline (Glasser et al., 2013; Sotiropoulos et al.,
2013). Specifically, geometric and eddy-current distortions, as well as
head motion, were corrected by modeling and combining data acquired

! https://db.humanconnectome.org.
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with opposite phase encoding directions (Andersson et al.,, 2003;
Andersson and Sotiropoulos, 2015, 2016).

Fiber orientation mapping and tractography: Fiber orientations were
estimated voxel by voxel using either the diffusion tensor model (DTI)
(Basser et al., 1994) or the “ball & stick” fiber orientation density (fODF)
model with up to three possible fiber compartments (in addition to the
isotropic diffusion compartment) (Behrens et al., 2007). In order to ac-
count for the non mono-exponential decay of the multi-shell diffusion
signal, we used an extension of the “ball & stick” model (Jbabdi et al.,
2012). Fiber orientations estimation was performed using the “BedpostX”
module of the FMRIB Software Library Diffusion Toolbox version 3.0
(Jenkinson et al., 2012). Tractography was performed within masks of
the motor cortex (M1 and S1), defined manually, using the imple-
mentation in DSI Studio® of a generalized DTI deterministic tracking
algorithm (Yeh et al, 2013) with the following parameters: FA
threshold = 0.05, angular threshold = 90, step size = 0.20 mm, smooth-
ing weight =0.2, minimum/maximum tract length =5/50 mm, fiber
orientation interpolation: Gaussian radial basis, tracking algorithm:
Euler, and number of reconstructed tracts = 10,000. Trackvis® is used for
visualization (Figs. 7 and 8).

Cortical depth dependent analysis

For the 7T data, analysis of anatomical scans, and delineation of the
inner (GM/WM) and outer (pial) gray matter surfaces (e.g. Fig. 4) was
conducted from unbiased (normalized by proton density) T;-weighted
images (Van de Moortele et al., 2009) up-sampled to a spatial resolution
of 0.5 mm? isotropic (Kemper et al., 2017). The delineation of the same
surfaces (inner and outer gray matter) for the 3T HCP data was based on
the results from the HCP pipeline (Glasser et al., 2013). For the 7T data,
using cortical thickness, we estimated a surface half-way between the
GM/WM interface and pial surface for each subject and hemisphere. This
surface was sampled on a homogenous sphere to perform cortex based
alignment (Goebel et al., 2006). This information (i.e. the vertex to vertex
correspondence across subjects) was used to create group maps of fibers
radiality (see below). Anatomical (unbiased T;-weighted) and mean
b=0vol (from the processed dMRI data) were then co-registered using
boundary based registration (Greve and Fischl, 2009), as implemented in
FSL (Jenkinson et al., 2012). Using this information, we projected the
GM/WM and pial surfaces, as well as the mid-gray matter surface
(aligned across subjects for the 7T data), to diffusion space for each in-
dividual. The inner and outer gray matter surfaces were used to compute
cortical thickness and cortical depth dependent surfaces relative to the
local thickness. Specifically, ten surfaces were generated at relative
cortical depths, ranging from 0% (GM/WM interface) up to 90% (GM/pia
interface), by sampling along the direction given by the surface normal at
each vertex. Note that this analysis computes cortical depth levels rela-
tive to the local thickness using an equidistant approach, and thus does
not respect the preservation of volume of the different cortical layers
across sulci and gyri (Waehnert et al., 2014). However, at the resolution
of our acquisitions (i.e. 1.05 mm isotropic, and 1.25 mm isotropic) the
difference between equivolume and equidistant approaches is negligible
(Kemper et al., 2017).

In dMRI space, we computed, for every surface vertex and at every
cortical depth, the dot product between each fiber orientation produced
by “BedpostX” (up to three, thresholded by their respective volume
fraction f>5%) and the vertex normal. Radiality was estimated, for
every vertex and at every cortical depth, as the complementary angle to
the inverse cosine of the dot product (i.e. radiality is defined to be 90° for
fibers that are locally orthogonal to the surface). The estimated radiality
values (up to three values, one per estimated fiber orientation, per vertex
and cortical depth) were sorted vertex-wise (within each cortical depth)

2 http://dsi-studio.labsolver.org/.
3 http://trackvis.org.
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Fig. 3. Panel A: Examples of coronal slices showing fractional anisotropy (FA) and principal direction of diffusion from diffusion tensors, for representative 3T (top)
and 7T (bottom) datasets from two different subjects. Color code for principal direction of diffusion is red: left — right, green: anterior — posterior, blue: inferior —
superior. Panel B: Depiction of a low FA band in the right superior frontal gyrus showing higher FA in the gyral crown, compared to sulcal wall and fundus.

Fig. 4. Volumetric visualization of estimated primary fiber (after thresholding orientations with volume fraction f> 0.05), superimposed on the estimated pial and
white matter/gray matter boundary from a representative 7T dataset. Color code for primary fibers orientation is red: left — right, green: anterior — posterior, blue:
inferior — superior. The few fibers located near the pial surface are spurious orientations associated to noisy dMRI signal outside the brain.

from the most radial (90°) to least radial (0°). For every cortical depth,
normalized histograms were obtained by counting the number of vertices
within 1-degree bins of radiality values (from 0 to 90°), and dividing each
histogram by the maximum count (across cortical depths). Vertices in the
medial portion of the surfaces corresponding to the anatomical location
of the corpus callosum were excluded. Note that, because of the lower
resolution of the dMRI data (compared to anatomical scans), we
considered information aggregated in three (non-overlapping) cortical
depths relative to local thickness (0-10%, 40-50% and 80-90%). Finally,
radiality histograms were also partitioned based on the curvature of the
cortical surface. For this, we classified vertices in three categories based
on the local curvature: gyral crowns (curvature between —1 and —0.1),
sulcal walls (curvature between —0.1 and 0.1), and sulcal fundi (curva-
ture between 0.1 and 1). Note that this partition is based on curvature, as
estimated by Brainvoyager, and produced results similar to previous
studies (Sotiropoulos et al., 2016), as it can be seen from Fig. 12A
(compared to Fig. 8 in (Sotiropoulos et al., 2016)).
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Results and discussion

First, we show how high resolution 7T dMRI can be used to charac-
terize the organization of fibers at the GM/WM interface and within the
cortex. We present qualitative results describing the orientation of pri-
mary fibers, as well as crossing fibers, respectively estimated using the
diffusion tensor and multi-shell “ball & stick” model. We also describe the
tractography results in the motor cortex (M1 and S1). Consistent with
previous studies, e.g. (Anwander et al., 2010; Kleinnijenhuis et al., 2013;
McNab et al., 2013) either ex-vivo or in-vivo with partial brain coverage or
limited spatial resolution, we observe both radial and tangential orien-
tations throughout the brain, with variations depending on the cortical
depth or areas. Radial fibers appear to dominate, which is in line with
developmental studies (McKinstry et al., 2002) supporting that cortical
axonal processes and dendrites from pyramidal cells constitute the main
source of contrast for cortical AMRI (Kroenke et al., 2007; Kleinnijenhuis
et al., 2013).
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Beyond these observations, however, we also present results on
the organization of crossing fibers at various cortical depths. This had,
so far, only been demonstrated ex-vivo (Dyrby et al., 2011; Kleinni-
jenhuis et al., 2013; Leuze et al., 2014; Aggarwal et al., 2015), with
complex fiber configurations in the band of Gennari, dominant radial
orientations throughout the cortex, and tangential orientation in
layers I and VI.

Second, we present a quantitative surface-based analysis of depth-
dependent radiality measure, for all significant fiber orientations (up
to three). We compare 3T and 7T data, and demonstrate variations of
radiality across the cortex, and across cortical depths. Cortex-based
aligned surfaces are also used to study the spatial distribution of
radiality, for each cortical depth grouped across subjects. We note
that, as described in the methods section, even though it is technically
possible to subdivide the cortex into up to ten equally spaced depth
levels, we elected to only use three relative cortical depths (superficial,
middle and deep) for all results presented in this paper. This accounts
for the actual resolution of our measurements, which affords at best
three voxels at a given cortical location along the surface normal, from
white matter to gray matter (considering an average cortical thickness
of about 3 mm).

To the best of our knowledge, this is the first report of whole brain
high resolution HARDI 7T data with high b-value, which enables the
comprehensive in-vivo examination of the cortical microstructure. A
previous study (Anwander et al., 2010) reported whole brain 7T dMRI
data acquired at 1.5mm isotropic resolution, and successfully
demonstrated varying radiality patterns across the cortex. Another
recent study (Sotiropoulos et al., 2016) used, and combined, 3T and
7T HCP dMRI data to successfully reduce the gyral bias of primary
fiber orientations at the GM/WM interface. Similarly, another recent
study (Fan et al., 2017) introduced a novel method (HIBRID) to
combine 3T dMRI data acquired at different spatial resolutions and
b-values (8000 s/mm? at 2 mm isotropic, and 1500 s/mm? at 1 mm
isotropic), and incorporate priors from T;-weighted images, to study
diffusion properties in the WM and GM. Although it does not focus on
fiber orientation (and gyral bias) or crossings, another recent work
(Calamante et al., 2017) analyzed the 3T HCP dMRI data using con-
strained spherical deconvolution to study the average (i.e. not cortical
depth dependent) apparent fiber density in the cortex, as a comple-
mentary tool to myelin-based MRI techniques.

We confirm overall greater fiber radiality in the primary motor cor-
tex, compared to the somatosensory cortex. We demonstrate that high
resolution dMRI data enables the improved reconstruction of radial fibers
in sulcal fundi, as well as in the superficial depths of the somatosensory
cortex. It also enables the recovery of fiber orientations which gradually
transition from the white matter into the cortex, thereby mitigating gyral
bias. We illustrate this particular question with tractography results in
the primary motor and somatosensory cortices. Finally, we show that
high resolution dMRI data permits the identification, to some extent, of
tangential fibers in the superficial depths throughout the cortex. This
could be explained by a higher contribution to our data of information
coming from the plexus of Exner, but could also be ascribed to residual
partial volume effects from the cerebrospinal fluid (as also discussed in
e.g. (McNab et al., 2013)). Note however that, if partial volume effects
were a strong contributor to the results in superficial cortical depths, we
would also expect more tangential fiber orientations in the 3T data (due
to their lower resolution), which is not the case in our analysis.

It is important to note that our analysis strategy does not account for
pulsatile brain motion, which can affect high resolution (diffusion) MRI
data. Blurring artifacts, typically introduced by such pulsatile move-
ments, likely affects our 7T data as well as the 3T HCP data (although to a
lesser degree due to the lower spatial resolution). Nonetheless, our results
show improved agreement with the neuroanatomy for the 7T data,
compared to 3T. These results could likely be further improved by uti-
lizing techniques (e.g. specialized pulse sequence) that mitigate pulsatile
motion artifacts.
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Fiber orientation patterns in the cortex

As reported previously in several studies, the most striking feature of
cortical fibers orientation is their radiality, going from GM/WM surface
to superficial depths, throughout the cortex, as shown qualitatively in
Fig. 5 for three individual subjects. This is particularly visible in the
transverse views (Fig. 5A) of the primary motor cortex, as well as the
frontal and occipital cortices where green and red fiber orientations
respectively denote anterior-posterior and medial-lateral fiber directions.
This organization is further illustrated in coronal and sagittal views
(Fig. 5B and C), where insets and white arrows (Fig. 5B, C and 5D)
highlight the variation of fiber radiality with cortical depth and curvature
in M1. Radiality appears to increase from deep to superficial cortical
depths. This was previously reported using in-vivo and ex-vivo data
(Kleinnijenhuis et al., 2013, 2015; McNab et al., 2013; Aggarwal et al.,
2015), and is quantified (presented next) from our data using cortical
depth dependent radiality maps and histograms. We find that this
behavior is particularly noticeable in the gyral walls. Reduced radiality in
the lower cortical depths is likely due to a combination of two phe-
nomena: 1) fibers inserting at an angle into the cortex (at the GM/WM
interface of the gyral walls), and 2) crossing fiber configurations in the
deep gray matter. The former is quantified (presented next) using cortical
depth dependent radiality maps and histograms. The latter is supported
by the band of low FA previously described (Fig. 3), and in agreement
with the presence of both radial and tangential fibers in ex-vivo dMRI and
silver-impregnated sections (Aggarwal et al., 2015) of the infra-granular
layers. Dense axonal fibers and apical dendrites were also shown with
silver impregnation in the middle layer, which supports the increase in
FA and radiality in the middle GM in our data (Figs. 3 and 5).

In sulcal fundi, we find that tangential orientations dominate, espe-
cially in the deep and middle gray matter, consistent with the dense
transverse fibers inserting into the cortex at sharper angles. We also
identify a significant number of locations (yellow arrows in Fig. 5) with
radial fiber only in the superficial cortical depth. These findings are
consistent with both ex-vivo (Leuze et al., 2014), and in-vivo (Kleinni-
jenhuis et al., 2015) data with partial coverage of the brain (hemispheric
medial walls). In addition, combining 3T and 7T dMRI data recently
revealed slightly increased radiality in histograms estimated in sulcal
fundi of the whole cortex (Sotiropoulos et al., 2016).

Fig. 5 also shows specific fiber orientation in the somatosensory
cortex, with significantly reduced radiality as shown by fewer anterior-
posterior and medial-lateral orientations. Fig. 5C and D (left) show
sagittal slices through the pre- and post-central gyri and primarily
inferior-superior fiber orientations (blue lines) are seen in S1 gyral crown
and wall. We demonstrate next that this is a consistent pattern across
subjects and cortical depths. It has also been widely reported in-vivo
(McNab et al., 2013), and possibly explained by the sparsity and smaller
size of radial pyramidal cells in S1 which would preclude dMRI data from
capturing intra-cortical radial orientations. Radial orientations in S1
have been reported in an ex-vivo study (Aggarwal et al., 2015) in the
upper cortical layers, and confirmed by sliver-impregnation which
showed significant tangential fibers in infra-granular layers and “fine
vertically-oriented fibers” in upper layers (up to III). Our data success-
fully demonstrates some level of radiality in the middle to superficial
depths of S1 gyral walls, as illustrated in Fig. 5C and D (left) by the blue
arrows. We partly attribute this to the higher spatial resolution and
combination of three b-values used to acquire our 7T dMRI data.

Fiber crossings in the deep cortical gray matter

The g-space sampling, comparable to the 3T HCP dMRI acquisitions
albeit with slightly less directions per shell because of the longer TR at
7T, enables the estimation of crossing fibers at different cortical depths.
This had only been shown ex-vivo so far, but our results illustrate that
high resolution dMRI may be useful in recovering radial and tangential
fiber orientations in the deep gray matter.
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Fig. 5. Primary fiber orientations estimated from 7T HARDI data for three representative subjects (1, 2 and 3), in the primary motor (M1) and somatosensory (S1)
cortical areas. Maps are obtained after thresholding orientations with volume fraction f> 0.05. Color code for primary fibers orientation is red: left — right, green:
anterior — posterior, blue: inferior — superior. Background gray-level images are the total volume fraction of anisotropic compartments obtained from the multi-shell
ball & stick model fit. Arrows highlight areas with mostly radial (white) or tangential (yellow) fiber orientations, and some level of radiality in S1 gyral walls (blue).
The white lines in Panels A and D were manually defined to represent respectively the central sulcus, and the boundary between gray and white matter.
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Fig. 6 shows fiber orientations from the diffusion tensor (6A) and
multi-shell ball & stick model (6B) for the same brain area. We chose
the middle frontal gyrus (yellow boxes and insets from the high res-
olution unbiased T; images in Fig. 6) as the low FA band tends to be
particularly clear in this area, especially in coronal slices. In this view
(Fig. 6A), the lateral part of the gyral wall as well as the gyral crown
contain fiber orientations (from DTI) which insert into the cortex at an
oblique angle. When considering results from the ball & stick model
(Fig. 6B), it can be seen that several near 90° crossing fibers config-
urations are identified in those areas (white arrows). The red orien-
tations represent the primary fibers, defined at each voxel as the
compartment with the highest volume fraction in the ball & stick
model. These orientations closely match those obtained from DTI. The
blue orientations represent the secondary fibers. They follow a
spatially consistent pattern and largely correspond to tangential fibers,
in agreement with the fact that horizontal fibers in deep gray matter
may be less dense and/or smaller. It is important to note, however,
that while our data and previous studies (Miller et al., 2011) support
that the low FA band lies entirely within the gray matter, the char-
acterization of partial volume effects between white matter and gray
matter, and their influence on these results, would be required to
understand and mitigate potential contribution to the diffusion signal
from the white matter, in other brain areas.

Reduced gyral bias and tractography

Better reconstruction of fibers inserting gradually into the gyral wall,
and radial to the superficial cortical depth in the sulcal fundi, should
improve tractography results near the cortex by reducing the gyral bias,
which we describe next. Fig. 7A shows tractography results in the pri-
mary motor cortex (yellow inset), with two different levels of streamlines
density to enhance the structure of the estimated fiber bundles. The most
prominent and important feature is the ability to capture connections
spanning the gyral crown and wall, with streamlines progressively
bending into the cortex. Because of gyral bias (Sotiropoulos et al., 2016),
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Fig. 6. Panel A: Fiber orientation reconstruction in and
around the left middle frontal gyrus; principal direction of
diffusion from diffusion tensors. Color code for principal
direction of diffusion is red: left — right, green: anterior —
posterior, blue: inferior — superior. Panel B: Fiber orienta-
tion reconstruction in and around the left middle frontal
gyrus; orientations from fiber crossing modeling (ball &
stick). 7T data from a representative subject. Arrows
highlight areas with crossing fibers configurations. Back-
ground gray-level images are the fractional anisotropy
(FA).

streamlines typically aggregate in the most central part of the gyral
crown, but this appears to be minimized in Fig. 7A. We do note that,
while the gyral bias is reduced, streamlines still appear slightly denser in
the gyral crown.

Fig. 7B shows the tractography results at different anterior-
posterior locations (upper row) within M1. This is achieved by using
each slice as a filter to only show streamlines passing through it. The
yellow arrows (middle row) indicate the sulcal fundus where fibers
connecting the two gyri can be seen. Significantly improved recon-
struction of fiber pathways in both gyri can be noticed. Additionally,
we map fractional anisotropy values on streamlines (lower row) to
illustrate their variation with cortical depth. Careful inspection reveals
bands of low FA in the gyral walls (delineated by white lines in
Fig. 7B), as previously discussed and related to crossing radial and
tangential fibers. At cortical depths immediately more superficial,
increased FA is also noted, followed by a decrease. Although visual
inspection of fiber orientations (previous section) did not enable us to
identify reduced radiality in the uppermost depths of gyral crowns and
walls, likely due to less organized microstructure and/or smaller
neurites, this has been previously reported (Kleinnijenhuis et al.,
2013; McNab et al., 2013).

Fig. 8A and B presents similar tractography results in a different
subject and at different medial-lateral locations (upper row) in M1 and
S1. Comparable results are obtained in M1 for streamline orientation
(reduced gyral bias) and anisotropy. Additionally, it can be seen in
Fig. 8B (middle row, blue arrows) that streamlines follow a path that is
mostly straight into the gyral crown with few radial lateral projections
into the gyral wall, as described in the previous section. We clarify that
streamlines with high FA in the posterior part of S1 originate from more
medial WM locations, and not from the posterior gyral wall.

Supplemental video S1 present a three-dimensional view (movie) of
the tractography results presented in Fig. 7A and B.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.neuroimage.2018.05.010.
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Fig. 7. 7T Tractography (Euler integration using Gaussian radial basis functions for orientation interpolation with 10,000 streamlines) from the primary fiber
orientation for representative Subject 3, in the primary motor cortical area. Panel A: 1000 streamlines shown in center image and 5000 streamlines shown in right
image. Background image is unbiased T1-weighted data. Panel B: Coronal views in posterior to anterior locations (from left to right columns). Background gray-level
image is fractional anisotropy (FA). In the middle row, streamlines color code represents the fiber local orientation (red: left — right, green: anterior — posterior, blue:

inferior — superior). In the bottom row, streamlines color code represents FA values.

Surface-based analysis of depth-dependent radiality

Fig. 9 shows representative (two subjects: one for 7T and one for 3T
data) radiality maps of the most perpendicular fiber orientation (from the
three estimated fiber compartments using the ball & stick model) for
deep, middle and superficial cortical depths on inflated surfaces for 3T
and 7T data. The most striking feature is the purple/dark blue line
located posterior to the central sulcus and corresponding to S1. It is
consistent with tangential orientations in the deeper gray matter of S1
gyral wall. 7T maps appear to more consistently find radial orientations
in the crowns of the pre- and post-central gyri. In these representative
subjects, in addition to S1, parts of the temporal cortex including the
lateral Heschl's gyrus and regions within the planum polare bordering the
insular cortex, as well as parts of the superior temporal sulcus and su-
perior parietal cortex, exhibit a strong tangential orientation, although
they were not as clearly identified at 3T. The secondary somatosensory
cortex was also found to have tangential orientation in both 3T and 7T
maps. Finally, the frontal and occipital cortices were found to be largely
characterized by radial orientation. There are also slightly more green
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and yellow areas at 7T, putatively corresponding to fibers entering the
cortex at oblique angles (vs. 90° at 3T).

In the middle cortical depths, there appears to be a global shift to-
wards more radial orientations throughout the cortex in both 3T and 7T
data, consistent with higher anisotropy as previously described. This
effect seems stronger at 3T, which may reflect increased gyral bias at 3T.
In superficial gray matter, surviving fiber orientations stay mostly radial
at 3T but shift, especially in the frontal and temporal areas to less radial
orientation at 7T. We hypothesize that this may reflect complex fiber
organization (e.g. band of Exner) or simply fewer and/or smaller radial
fibers in these areas (Kleinnijenhuis et al., 2015). Interestingly the medial
Heschl's gyrus appears consistently as a radial “island” across all depths
(Fig. 9).

These results are largely preserved, in the 7T group cortex-based
aligned radiality maps, shown in Fig. 10. The entire inferior to superior
aspect of S1 is consistently identified as tangential, with fibers becoming
progressively more radial towards the pre- and post-central gyral crowns,
especially in the middle gray matter. The parietal and temporal cortices
show a very consistent pattern of tangential fiber orientations as well, in
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Fig. 8. 7T Tractography (as Fig. 7) for representative Subject 2, in the primary motor and somatosensory cortical areas. Panel A: 5000 streamlines shown in right
image. Background image is unbiased T1-weighted data. Panel B: Sagittal views in medial to lateral locations (from left to right columns). Background gray-level image

is fractional anisotropy (FA). Color codes are identical to Fig. 7.

particular the planum temporale and planum polare, and the superior
bank of the superior temporal sulcus. Note that while the lateral aspect of
Heschl's gyrus exhibits mostly tangential orientations (McNab et al.,
2013), the most medial portion shows more radial fibers. This charac-
teristic is in agreement with the fiber orientation of primary auditory
areas, as identified with myelin stains (see e.g. (Nieuwenhuys, 2013)).
Finally, we also note tangential orientations in inferior frontal and
pre-frontal areas which were present but not as clear in the individual 7T
data in Fig. 9. The shift toward more radial orientations in the middle
gray matter can also be seen in the group map, especially in the superior
frontal and pre-frontal areas, insular, inferior parietal and occipital
cortices. These findings are mostly preserved in the superficial depth,
with a slight shift toward lower radiality. We also note that a large
portion of the voxels within the superficial depth contains primary fiber
orientations, even after thresholding with volume fraction f> 0.05,
which was done for all experiments.
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Compared to 3T however, 7T dMRI data detected slightly less cortical
voxels with one, two or three fibers (see statistics in Table 1). This is
partly explained by the fact that 7T data had about 25% fewer gradient
directions than the 3T data, and reduced g-space angular sampling
typically results in increased uncertainty for fiber orientation estimation.
Despite having lower proportions of cortical voxels where the data sup-
ports fibers (mostly secondary and tertiary fibers), we emphasize that the
actual orientation of those detected fibers, described in this paper, still
provide improved characterization of cortical radiality and reduce the
gyral bias. This will be also supported by the depth-dependent histo-
grams presented below.

Depth-dependent radiality histograms

In Fig. 11, we present histograms of radiality values (with respect to
the cortical surfaces) for all fiber orientations and all cortical areas.
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Fig. 9. Cortical-depth dependent radiality maps of the most perpendicular fiber orientation, in representative subjects for 3T and 7T (Maps obtained after thresholding
orientations with volume fraction f > 0.05). Deep, middle and superficial maps represent information aggregated from three (non-overlapping) cortical depths relative

to the local thickness (0-10%, 40-50% and 80-90%).
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Fig. 10. Group cortical-depth dependent radiality maps of the most perpendicular fiber orientation, after cortex-based alignment of 7T datasets (N =6). (Maps
obtained after thresholding orientations with volume fraction f> 0.05). Deep, middle and superficial maps represent information aggregated from three (non-
overlapping) cortical depths relative to the local thickness (0-10%, 40-50% and 80-90%).

Table 1

Proportion of cortical voxels (including all depths) with primary, secondary and
tertiary fibers, using 3T and 7T data and detected with the ball & stick model
(with volume fractions f > 0.05).

Proportions Primary fiber Secondary fiber Tertiary fiber
3T 65 + 3% 27 £ 2% 4+0.5%
7T 59 +3% 11+ 3% 1+0.2%

Orientations were sorted, at each voxel, not by their volume fraction, but
rather by their radiality (from most radial to most tangential with respect
to the surface). Usually, orientations with the largest weight correspond
to the most radial fibers, but secondary orientations can sometimes also
represent those most radial fibers as there is no constraint in the ball &
stick model for orientation with respect to surfaces. Sorting fibers by
radiality therefore makes interpretation of our results easier with respect
to neuroanatomy.

First, radiality of primary fibers follow a similar pattern in the deep
gray matter at 3T and 7T. Primary fibers span a range of angles between
0 and 80-85°, with 7T data supporting slightly more orientations below
15°. This may reflect fibers entering the cortex at smoothly varying an-
gles. Secondary and tertiary fibers in deep gray matter at 3T and 7T are
oriented in a similar fashion, with low angles below 20°. This is likely
related to crossing horizontal fibers in the band of low FA, as described
earlier and illustrated in Fig. 6. Next, in middle gray matter, fibers
become significantly more radial for both 3T and 7T datasets, although
secondary orientations are also detected with angles between 0 and 60°.
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Increased radiality in middle gray matter was shown previously in-vivo
(McNab et al., 2013; Kleinnijenhuis et al., 2015) with angles around
50-60°. This is mostly consistent with our findings, although we found
angles in the 60-90° range, possibly because the ball & stick model better
captures crossing fiber configurations. There is no previous whole brain
in-vivo work demonstrating crossing fibers in the middle cortical depths,
to the best of our knowledge, but this has been shown ex-vivo in the bands
of Baillarger (Dyrby et al., 2011; Leuze et al., 2014; Aggarwal et al.,
2015). The main difference between 7T and 3T datasets, in the middle
gray matter, is that 7T data shows a wider distribution of primary fiber
orientations, in the range between 60 and 90° with a mean around 75°,
while 3T data is more skewed and concentrated around 90° orientations.
Although such differences may be due to increased gyral bias at 3T, other
factors such as crossing fibers configurations and inter-subjects vari-
ability should not be discarded and may also contribute to this effect.
This could be matter for further investigations, possibly using optimized
acquisition parameters in conjunction with high spatial resolution.
Finally, a difference can be noticed between 3T and 7T in superficial gray
matter, where the primary fibers span a range of angles between 0 and
80-85° at 7T, while they are concentrated around 80° (mostly radial) at
3T. 7T results are more in line with both in-vivo and ex-vivo data possibly
relating to radial and tangential orientations in layer I/Il. Secondary
crossing (tangential) fibers are detected at 3T around 10°, as well as at 7T
with angles between 0 and 30°. This therefore suggests that the higher
spatial resolution 7T dMRI might enable improved estimation of
tangential fibers in superficial gray matter.

We conclude with results shown in Fig. 12 for cortical depth
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Fig. 11. Group cortical-depth dependent histograms of angles (with respect to the cortical surface) for each fiber orientation, for 3T and 7T data. Deep, middle and
superficial histograms represent information aggregated from three (non-overlapping) cortical depths relative to the local thickness (0-10%, 40-50% and 80-90%).
Fiber orientations are sorted (most, second most and third most perpendicular), at each voxel, by their radiality (from most radial to most tangential with respect to

the surface).

dependent radiality histograms in the gyral crowns, walls, and sulcal
fundi, as initially discussed in section 3.3. In sulcal fundi, fibers in deep
gray matter are mostly tangential (see sections 3.1 and 3.3), but also
exhibit more radiality (60-75°) in the 7T data, which is a possible source
of reduced gyral bias. Although fibers are mostly radial at 3T, in the
middle and superficial gray matter (60° and above), they appear to span a
broader range of angles in the 7T data (0-80-85°), with greater radiality
in the middle cortical depth. This may reflect an increase in radiality
contrast, thereby allowing one to better capture complex fiber orienta-
tion patterns in sulcal fundi (i.e. not only tangential). Similar trends
across depths are observed in the gyral crowns and walls, albeit with even
greater radiality in the middle and superficial gray matter, especially at
3T. In that case (3T), most fibers are oriented around 80-85° in middle
and superficial gray matter, while they span a range of tangential to more
radial orientations in the deep gray matter. The 7T data demonstrate a
more gradual transition across cortical depths from tangential to radial
(and back to partly tangential) in gyral crowns and walls. We hypothesize
that this also contributes to reducing the gyral bias.

We would like to note that the cortical depth dependent radiality
characteristics of fiber orientations obtained from the 7T data does not
change significantly (despite a small increase in orientations uncer-
tainty), when discarding the b = 3000 s/mm? shell (i.e. similar to the
original 7T HCP protocol), or removing an equivalent number of diffu-
sion directions across all three shells. While this seems to indicate that
the primary strength of our 7T data, to resolve characteristics of cortical
diffusion, comes from its high spatial resolution, more investigations will
be required to identify the optimal combination of high b-values and high
spatial resolution in a single acquisition to resolve gray matter axonal
orientation characteristics.

Conclusions

To investigate the organization of axonal trajectories within the
cortex at different cortical depths requires high spatial resolution data to
reduce partial volume effects and dedicated processing pipelines to fully
leverage the information available in such data. Here, we present unique
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whole brain 7T dMRI data, demonstrating the possibility of studying
fiber orientations across cortical depths in-vivo. The increased resolution
enables a reduction of the gyral bias (i.e. the delineation of gradual fiber
insertions into the gyral walls) and detection of architectural features
confirmed in ex-vivo studies, such as tangential fibers in superficial gray
matter, and crossing fibers in middle and deep gray matter. This is the
first whole brain cortical depth dependent analysis of in-vivo 7T high
angular resolution dMRI data, combined with the estimation of crossing
cortical fibers. We have also shown the possibility to perform deter-
ministic tractography within the cortex, an effort that is rendered more
meaningful by the reduced gyral bias.

Estimating structural connections to/from the gyral walls and sulcal
fundi is crucial for building accurate representations of the connectome
(Van Essen et al., 2014; Sotiropoulos et al., 2016). Such efforts can be
improved by reducing the gyral bias with higher resolution data acquired
at 7T (despite lower g-space sampling density), as presented in this paper.
Together with more advanced tractography methods, the more accurate
delineation of cortical insertions in the gyral walls should ultimately
prevent streamlines from accumulating in gyral crowns, which is not
supported by histological data (Van Essen et al., 1986, 2014).

The cortical depth dependent analysis used in our work must be
carefully considered when interpreting the results, see also discussion in
(McNab et al., 2013). The cortex thickness is about 3 mm and therefore,
in the best-case scenario, each of our cortical depths (deep, middle, su-
perficial) corresponds to about one voxel. While we sampled the fiber
orientations and radiality maps along 10 equally spaced surfaces within
the cortical ribbon, we report the results in three distinct intervals of
cortical depth (0-10%, 40-50% and 80-90%) to minimize partial volume
effects. Each of the three intervals should be considered as a mixture of
cortical lamina (e.g. V/VI, III/IV and I/II) and interpreted accordingly.
Nevertheless, our results show that it is crucial to consider this laminar
structure, when analyzing high resolution dMRI data in the cortex, as
important features can be highlighted. Our findings and those of previous
studies are well supported by ex-vivo and histological data.

Additionally, the origin and interpretation of the diffusion signal in
the cortex should be carefully addressed, as it is quite different from the
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Fig. 12. Panel A: Group cortical-depth dependent histograms, in gyral crowns, walls and sulci, of angles (with respect to the cortical surface) for each fiber orientation,
for 3T and 7T data. Panel B: Comparison of 3T and 7T group cortical-depth dependent histograms, in gyral crowns, walls and sulci, of angles (with respect to the
cortical surface) for each fiber orientation. Deep, middle and superficial histograms represent information aggregated from three (non-overlapping) cortical depths
relative to the local thickness (0-10%, 40-50% and 80-90%). Fiber orientations are sorted (most, second most and third most perpendicular), at each voxel, by their

radiality (from most radial to most tangential with respect to the surface).

white matter (Kleinnijenhuis et al., 2013) and likely requires different
acquisition parameters and modeling techniques. The cortex is indeed
much more heterogeneous than the white matter, with a greater pro-
portion of neuronal cell bodies and glia. In certain cortical areas, axonal
processes and dendrites from large pyramidal cells — not only myelinated
axonal bundles - constitute some of the primary sources of anisotropy.
Diffusion acquisition parameters should therefore be adapted to reflect
the smaller size of neurites from which anisotropy arises. In particular,
the effective diffusion time (used in, e.g., a pulsed gradient spin echo
sequence) should probably be shorter (currently in the 30-40 ms range).
Here, we did not investigate the effects or benefits of such protocol
optimization. Our main objective was the comparison between the 3T
HCP protocol and a time-matched 7T protocol at higher spatial resolu-
tion. We would expect that any optimization, for the GM, of diffusion
acquisition parameters and analysis would further improve agreement
with the neuroanatomy, especially at high spatial resolution, which we
show here to have a considerable impact.

Cortical depth dependent analysis of cortical microstructural data
may represent an additional and important source of information for the
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parcellation of cortical areas (e.g. primary sensory areas), the under-
standing of brain development, aging, and of neurodegenerative pro-
cesses involved in diseases like Alzheimer's disease or multiple sclerosis.
It is therefore crucial to continue and accelerate technical developments
in hardware, pulse sequences and computational modeling, so that data
with even greater level of details could ultimately be generated on clin-
ical scanners and in shorter acquisition times (Setsompop et al., 2017).
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