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A gyral coordinate system predictive
of fibre orientations

Michiel Cottaar®, Matteo Bastiani’, Charles Chen?, Krikor Dikranian’,

David Van Essen’, Timothy E. Behrens', Stamatios N. Sotiropoulosl’a, and
Saad Jbabdi’

When axonal fibres approach or leave the cortex, their trajectories tend to closely
follow the cortical convolutions. To quantify this tendency, we propose a three-
dimensional coordinate system based on the gyral geometry. For every voxel in
the brain, we define a “radial” axis orthogonal to nearby surfaces, a “sulcal” axis
along the sulcal depth gradient that preferentially points from deep white matter
to the gyral crown, and a “gyral” axis aligned with the long axis of the gyrus.

When compared with high-resolution, in-vivo diffusion MRI data from the Human
Connectome Project, we find that in superficial white matter the apparent
diffusion coefficient (at b=1000) along the sulcal axis is on average 16% larger
than along the gyral axis and twice as large as along the radial axis. This is
reflected in the vast majority of observed fibre orientations lying close to the
tangential plane (median angular offset < 7 degrees), with the dominant fibre
orientation typically aligning with the sulcal axis.

In cortical grey matter, fibre orientations transition to a predominantly radial
orientation. We quantify the width and location of this transition and find strong
reproducibility in test-retest data, but also a clear dependence on the resolution
of the diffusion data. The ratio of radial to tangential diffusion is fairly constant
throughout most of the cortex, except for a decrease of the diffusivitiy ratio in the
sulcal fundi and the primary somatosensory cortex (Brodmann area 3) and an
increase in the primary motor cortex (Brodmann area 4).

Although only constrained by cortical folds, the proposed gyral coordinate system
provides a simple and intuitive representation of white and grey matter fibre
orientations near the cortex, and may be useful for future studies of white matter
development and organisation.
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1 Introduction

The cerebral cortex of the human brain is highly convoluted, and the
pattern of cortical folding is reflected in the orientations of axonal fibres (Figure
1). In myelin-stained histological sections, the dominant axonal orientation in the
gyral white matter runs parallel to the sulcal walls, and points towards the gyral
crowns (Van Essen et al. 2014; Budde and Annese 2013). This implies that axons
mostly cross the gyral crowns at an angle perpendicular to the surface, but
approach the sulcal walls at oblique angles before turning 90 degrees to become
radial within the cortex (Figure 1). Furthermore, predominantly tangential axons
have been found in the white matter below the sulcal fundi, which is consistent
with the expected trajectory of U-fibres connecting neighbouring gyri (Van Essen
et al. 2014; Budde and Annese 2013; Reveley et al. 2015; Schilling et al. 2017).
Despite the predominant tangential orientations found in superficial white
matter, at least some axons cross the U-fibres in the sulcal fundi (Reveley et al.
2015) and some cross the gyral white matter to connect the opposite gyral banks
(Van Essen et al. 2014). These results from myelin-stained sections present a
good initial hypothesis of the axonal orientation distribution, even though the
interpretation of these images is complicated due to the projection of a three-
dimensional geometry on a two-dimensional plane.

Diffusion MRI allows us to investigate such patterns in three dimensions
over many subjects in-vivo and non-invasively, albeit at a much lower resolution.
Using high-resolution diffusion MRI, fibre bundle orientations are mostly radial
within the cortex (McKinstry et al. 2002; Deipolyi et al. 2005; Leuze et al. 2014;
Truong, Guidon, and Song 2014; Kleinnijenhuis et al. 2015; Bastiani et al. 2016),
although at least some cortical regions have predominantly tangential fibre
orientations such as the primary somatosensory cortex (Anwander, Pampel, and
Knosche 2010; McNab et al. 2013; Calamante et al. 2017). One limitation of these
investigations is that they typically do not extend below the cortex, although
some do report predominantly tangential orientations just below cortex
(Kleinnijenhuis et al. 2015; Reveley et al. 2015).

Here we extend these basic analyses of radiality beyond the cortex to the
underlying white matter. We introduce a three-dimensional gyral coordinate
system of white matter orientation that is fully specified by the cortical folding
pattern. We define three axes: radial, sulcal, and gyral, which are defined relative
to the white/grey matter boundary surface, and linearly interpolated to deep and
superficial white matter, as well as different intra-cortical depth levels.

Compared with previous approaches, our analysis has two distinct
advantages. First, we propose a novel interpolation scheme, which allows us to
define the gyral coordinate system in the center of gyral folds by interpolating
between the sulcal walls, as well as in the rest of the superficial white matter.
Secondly, the three axes allow us to further subdivide tangential fibres into those
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that are aligned with, or orthogonal to, the sulcal depth gradient. The code to
generate the gyral coordinates has been made available online*.

Using fibre orientations inferred from high-resolution diffusion MRI from
the Human Connectome Project (HCP; Van Essen et al. 2013; Glasser et al. 2013;
Sotiropoulos et al. 2013) dataset, we find that the best-fit diffusion tensors tend
to align well with this gyral coordinate system. We confirm quantitatively that
the dominant fibre orientations inferred from diffusion MRI are almost
exclusively aligned with the tangential (sulcal/gyral) plane in white matter, and
with the radial axis in the cortical grey matter.

Moreover, we propose that the transition of white matter orientation
from the tangential plane to the radial axis (in the cortex) can be described using
a sigmoidal function that parameterizes the location and width of the transition.
We fitted this model to diffusion MRI-derived orientations using data acquired at
multiple spatial resolutions. We found high reproducibility of the transition
boundary across subjects, but also a notable dependence of this transition on
spatial resolution.

i

Figure 1 Illustration of the convoluted cortical surface consisting of protrusions called gyri
separated by troughs called sulci. Concave sulcal fundi and convex gyral crowns are connected by
relatively straight sulcal walls. Axons from the other parts of the brain have to follow the shape of
the gyral white matter to reach the gyral crown and sulcal walls (e.g. blue lines). This suggests
that a gyral coordinate system based on the shape of the gyri might be predictive of fibre
orientation in gyral white matter.

4 A github repository containing code for generating gyral coordinates is
available at https://git.fmrib.ox.ac.uk/ndcn0236/gyralcoord.
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2 Methods: defining a gyral coordinate system

The gyral coordinate system is based on cortical surface models of the
white/grey matter boundary and pial surface as extracted by Freesurfer from a
T1-weighted image (Dale, Fischl, and Sereno 1999; Fischl, Sereno, and Dale 1999;
Fischl 2012). These surfaces are typically modeled as triangular meshes. On each
triangle in a mesh, the “radial” axis is defined as the surface normal and the
“sulcal” axis as the gradient of the sulcal depth along the surface, which is always
orthogonal to the radial orientation. The “gyral” axis is defined as being
orthogonal (i.e., as the cross-product) with respect to the other two axes.

The axes should be interpolated to define them throughout the cortex and
superficial white matter. The commonly adopted nearest-neighbour
interpolation would lead to a discontinuity in the gyral coordinates at the centre
of the gyral folds, especially if the sulcal walls on both sides of the white matter
are not parallel to each other. To overcome this challenge, we devise a linear
interpolation scheme that considers the convoluted geometry and achieves a
smooth transition of the gyral coordinates from one sulcal wall to the other.
Linear interpolation is defined either along lines or across a regular grid. We
therefore generate a line connecting the two sulcal walls through a point of
interest to perform linear interpolation. However, rather than relying on
interpolation along a single line, we define the gyral coordinate system as the
average of the linear interpolations of a large sample of possible lines through
the point of interest (Figure 2).
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Gray matter voxel

White matter voxel

Figure 2 Illustration of the method for interpolating the radial axis for any point in the cortical
grey matter (top panels) and white matter (bottom panels). For illustrative purposes we show
the method on 2D myelin-stained histological sections rather than in the 3D MRI data in the rest
of this work. The background is a myelin-stained coronal section from a young (postnatal day 6)
macaque with the semi-automatically traced white/grey matter boundary (orange) and pial
surface (cyan) marked (see Appendix A for details on the macaque data acquisition). A) Through
the centre of any point of interest (blue) 300 lines are generated from a uniform orientation
distribution (a subset of these lines is shown in black) connecting the white/grey matter
boundary with the pial surface (for grey matter; top row) or the white/grey matter boundary
with itself (for white matter; bottom row). B) Along each of these lines, the surface normals at
both ends are linearly interpolated to the point of interest (illustrated by the red lines). C) The
interpolated normals are given a weight inversely proportional to the length of the (black) line
along which they are interpolated (eq. 1). Here this weight is illustrated as the length of the
interpolated normal. These interpolated normals are averaged using a PCA-type analysis to get
the average radial axis (solid red line). A similar method is used to define the sulcal axis running
from the deep white matter to the gyral crown, where rather than the surface normal, the sulcal
depth gradient along the surface is interpolated.

We first define the radial axis at every voxel. 300 uniform orientations are
generated on a sphere. For each orientation (indexed as i) and each voxel we
estimate the radial axis at the voxel of interest as follows:

Through the centre of the voxel, a line is drawn that follows the i-th
orientation that terminates once each end intersects the meshes modeling the
cortical surface (Figure 2A). In a grey matter voxel this line would intersect with
the white/grey matter boundary surface on one end and the pial surface on the
other. In a white matter voxel, both ends would intersect with the white/grey
matter boundary surface. Lines perpendicular to the sulcal walls are typically
short, because they only travel a small distance to intersect the sulcal wall
(darker lines in Figure 2A). Conversely, lines parallel to the sulcal walls are
longer because they tend to travel much further before intersecting the surface
(lighter lines in Figure 2A).
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At the intersections found in step 1, we compute the surface normals.
These normals are then linearly interpolated along the line to the voxel of
interest (Figure 2B). This interpolated normal represents one estimate of the
radial orientation at the voxel of interest, which we will denote as é,,4 ;.

The orientation of the nearby cortical surface is expected to provide a
more useful estimate of the radial orientation than elements further away. As
noted above, a short line is more likely to encode information from these nearby
surface elements, so we assign each interpolated radial orientation a weight w;
inversely proportional to the length of the line, connecting the intersections with
the surface ([;):

The most straightforward method for averaging various estimates of the
radial axis is to use a PCA analysis (Jones 2003), where the average axis is
defined as the primary eigenvector of a summary matrix A = Y, wf é,.q; - e“'rad’l-
(Figure 2C).

The other two basis vectors lie within the plane orthogonal to the radial
axis (i.e., the tangential plane). We define the “sulcal” axis at the cortical surface
as the gradient of sulcal depth (as approximated from the “sulc” measure in
Freesurfer). On the cortex, the gradient of the sulcal depth map is orthogonal to
the surface normal and points from the sulcal fundus to the gyral crown. We
interpolate this “sulcal” axis onto every voxel in the brain using the same
interpolation method used for the radial axis. Although this “sulcal” axis is
orthogonal to the normal on the surface, after linear interpolation and PCA
averaging, the resulting vector might no longer be orthogonal to the radial axis.
We therefore project the interpolated and averaged vector onto the plane
orthogonal to the radial orientation to define the “sulcal” axis of our gyral
coordinate system.

In summary, for every voxel we define three orthonormal orientations
(see Figure 3):

1. Linear interpolation and PCA averaging of surface normals defines the radial
axis.

2. Linear interpolation and PCA averaging of sulcal depth gradient defines the
sulcal axis. The resulting orientation is then projected to be orthogonal to the
radial axis.

3. The cross product of the radial and sulcal axes gives the gyral axis.

The shortest lines tend to intersect the sulcal walls rather than the gyral
crown even in white matter voxels close to the gyral crown, which causes the
gyral coordinates to be defined relative to the walls (e.g., arrow in Figure 3). This
means that fibres crossing the gyral crown at right angles, which in previous
work would have been classified as radial, would here be classified as sulcal as
they run parallel to the sulcal walls along the sulcal depth gradient (Appendix B,
Figure B1). In Appendix B we further illustrate the advantages of our linear
interpolation scheme over nearest-neighbour or non-linear interpolation.
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For voxels even closer to the gyral crown than the one marked by the
arrow in Figure 3, the radial and sulcal axes will eventually flip to align with the
gyral crown. This discontinuity in the radial axis typically takes place at or very
close to the WM/GM boundary of the gyral crown and complicates the
interpretation of the alignment of fibre orientations measured at this boundary.
The discontinuities of the radial axis at the gyral midline or of the gyral axis at
the sulcal fundus and gyral crown are merely sign flips, which should not affect
the analysis of the antipodally symmetric diffusion data.

The three orthonormal axes can be combined in a single 3x3 rotation
matrix:

Ry = (&.]&]&g), (2)

where é, is the radial axis, é; is the sulcal axis, and ég is the gyral axis. We
can convert any orientation, tensor, or orientation distribution function from
stereotaxic (i.e., X-, y-, z-) coordinates into gyral coordinates by multiplying with
this rotation matrix.

Figure 3 Illustration of the three basis vectors defining the gyral coordinate system. The radial
axis in red aligns with the normal to the sulcal wall and points along the short axis of the gyrus.
The sulcal axis in green aligns with the sulcal depth gradient and tends to point from deep white
matter to the gyral crown. The gyral axis in blue is orthogonal to the sulcal axis to define the
tangential plane. The arrow on the left panel points to a white matter voxel underlying the gyral
crown, which illustrates that even close to the gyral crown the gyral coordinates tend to be
defined by the sulcal walls rather than crown (e.g., the radial orientation aligns with the sulcal
wall normal). Note that because the gyral coordinates rely fully on the orientation of the WM/GM
boundary (white) and the pial surface (cyan), it can be very sensitive to errors in reconstructing
these surfaces (e.g., around the “dimple” in the pial surface at the gyral crown in the left panel).
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3 Results

3.1 Fibre alignment with the gyral coordinate system

Here we compare the gyral coordinate system to the orientations of
diffusion tensors estimated from 3T diffusion MRI data from the Human
Connectome Project (HCP; Van Essen et al. 2013). The HCP diffusion data
acquisition, pre-processing, (Andersson and Sotiropoulos 2016a) and analysis
are briefly discussed in Appendix A (see Sotiropoulos et al. 2013 for more
details). The gyral coordinates are evaluated at the centre of every voxel as
described above. The eigenvectors of the best-fit diffusion tensors are expressed
in these gyral coordinates by multiplying with the rotational matrix defined in
eq. 2. These rotated eigenvectors have a distinctive pattern in both single-subject
data (left two panels of Figure 4) and group-averaged data (29 subjects in MNI
space; right two panels in Figure 4). The primary DTI eigenvector is
predominantly radial (in red) in the cortex and tangential (in green or blue) in
the underlying white matter (top row in Figure 4). The secondary DTI
eigenvector is tangential throughout the brain (middle row in Figure 4). The
tertiary DTI eigenvector has the opposite trend from the primary eigenvectors
with tangential orientations in the cortex and radial orientations in the
superficial white matter (bottom row in Figure 4).

The close alignment of the diffusion tensor eigenvectors with the gyral
coordinates implies that once we express the diffusion tensor in the gyral
coordinate system (using the rotation matrix from eq. 2) we can meaningfully
average the diffusion tensor across either the cortex or the superficial white
matter (and even across subjects). In the remainder of this section, we will
exploit this to first explore in more detail the radial alignment in the cortex, then
the tangential alignment in the white matter, and finally propose a model for the
transition between these two regimes across the white/grey matter boundary.
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Figure 4 Alignment of the primary (top), secondary (middle), and tertiary (bottom) eigenvectors
of the best-fit diffusion tensor with the gyral coordinates (red: radial; green: sulcal; blue: gyral)
overlaid on a T1-weighted map. Left-most two panels: single subject; right-most panels: average
of 29 subjects in MNI space. We excluded voxels that were more than 4 mm below the white/grey
matter boundary or were closer to the medial wall than to the white/grey matter boundary.
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3.2 Radial fibres in the cortex
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Figure 5 Alignment of the diffusion tensors with the gyral coordinate system over 29 subjects in
the upper cortex (i.e. more than 1 mm above the white/grey matter boundary. A) Spherical heat
map of the orientation of the primary (left), secondary (middle) and tertiary (right) eigenvector
of the best-fit diffusion tensor. B) Histogram of the radial (red), sulcal (green), and gyral (blue)
diffusion coefficient as predicted by the tensor model averaged over 29 subjects. C) Radial over
tangential diffusion of the diffusion tensor averaged for 29 subjects after projecting the diffusion
tensor in gyral coordinates onto subject-specific surfaces (overlays of Brodmann areas 3 and 4
from Fischl et al. 2008 and Van Essen et al. 2012). D) Detail of Brodmann areas 3 and 4.

Figure 5 illustrates the alignment of the diffusion tensor with the gyral
coordinate system in the cortex. To limit the partial volume from the white
matter we only include voxels that are at least 1 mm above the WM/GM
boundary. The primary eigenvector of the diffusion tensor is predominantly
radial in this volume (left in Figure 5A). Across 29 subjects the median angular
offset from the radial orientation is consistently small, between 24 and 31
degrees® (60 degrees expected for a random distribution). The secondary and
tertiary eigenvectors appear not to have a clear preferred orientation in the
tangential plane (Figure 5A). In the upper-most layer one would expect to find
primarily tangential orientations due to the dendritic tufts (e.g., Leuze et al
2014). However, even if we only include voxels within 0.5 mm from the pial
surface, we do not find evidence for such tangential orientations in the HCP data.

For Figure 5B, C we project the diffusion tensor onto the surface. Every
voxel at least 1 mm above the white/grey matter boundary is assigned to the

5 A single outlier subject with a median angular offset of 43 degrees was
excluded from this and any further analysis
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nearest surface element and the diffusion tensor expressed in gyral coordinates
is averaged over these voxels. The surfaces from the HCP pipeline have all been
aligned with the fsaverage template (Van Essen et al. 2012), which allows us to
average over the 29 subjects. This averaging assures that the diffusion tensor is
well defined even where the cortex is very thin (e.g, Brodmann area 3).
Expressing the diffusion tensor in the gyral coordinate system allows us to
meaningfully average the diffusion tensor across subjects even without perfect
alignment between subjects. Figure 5B shows the histogram of the diffusion
coefficient along the radial (red), sulcal (green), and gyral (blue) direction. The
diffusivity along the radial axis is slightly higher (on average 10%) than the
diffusivity along either tangential axis.

This preference for diffusion in the radial direction is not uniform across
the cortex (Figure 5D). On the surface several sharp lines can be seen with a
reduced ratio of radial to tangential diffusivity can be seen that tend to align with
sulci, such as the marked superior temporal sulcus and the cingulate sulcus. This
“radiality” measure is also greatly decreased in Brodmann area 3, where the
tangential diffusivity becomes larger than the radial diffusivity. In Brodmann
area 4 we see the opposite trend, with a slight increase in the ratio of radial to
tangential diffusivity, which creates a clear contrast within the cortex that
precisely matches these two brain areas.
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3.3 Tangential fibres in the superficial white matter
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Figure 6 Alignment with the gyral coordinate system over 29 subjects in the superficial white
matter (i.e.,, up to 4 mm below the white/grey matter boundary). A) Spherical heat map of the
orientation of the primary (left), secondary (middle) and tertiary (right) tensor eigenvectors. B)
Spherical heat map of the orientation of the primary fibre orientation (left) and the crossing fibre
orientations (right) from FSL’s bedpostX. C) Histogram of the radial (red), sulcal (green), and
gyral (blue) diffusion coefficient (predicted by the tensor model) averaged over 29 subjects in
MNI space (note the increased range of the x-axis compared with Figure 5B). D) Maps of the
radial (left), sulcal (middle), and gyral (right) diffusivity of the average diffusion tensor.

Although previous studies (McKinstry et al. 2002; Deipolyi et al. 2005;
Anwander, Pampel, and Knosche 2010; Leuze et al. 2014; Truong, Guidon, and
Song 2014; Kleinnijenhuis et al. 2015; Bastiani et al. 2016) mainly focused on the
cortex, the alignment of the diffusion tensor eigenvectors with the gyral
coordinates is even more striking in the superficial white matter (i.e., within 4
mm of the white/grey matter boundary). The primary eigenvector points
preferentially in the sulcal direction, the secondary eigenvector in the gyral
direction, and the tertiary eigenvector the radial direction (Figure 6A). The
alignment of the tertiary eigenvector with the radial axis has a median angular
offset varying between 11 and 16 degrees, which is a much better alignment than
found for the primary eigenvector in the cortex. This strong alignment of the
tertiary eigenvector can be explained if most fibre dispersion and crossings are
constrained to the tangential plane. This is indeed what we find with a crossing
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fibre model, as implemented using FSL’s bedpostX (Behrens et al. 2007; Jbabdi et
al. 2012) with the dominant orientation pointing preferentially along the sulcal
axis (left in Figure 6B), and the crossing fibres (both secondary and tertiary)
aligned with the tangential plane (right in Figure 6B). The median angular offset
of all bedpostX fibre orientations from the tangential plane varies only between 5
and 7 degrees across the 29 subjects. These crossing fibres are very prevalent in
the white matter with the crossing fibre model finding a single fibre in 9% of the
voxels, two fibres in 26% of the voxels, and three crossing fibres in 65% of the
voxels. These crossing fibres likely do not only reflect crossing bundles, but also
fibre dispersion within the tangential plane.

To investigate the spatial pattern further we transform the diffusion
tensors expressed in gyral coordinates to MNI space and average them across all
29 subjects. Once the diffusion tensors are expressed in gyral coordinates they
are already aligned with each other across the superficial white matter and the
different subject, so we do not apply any additional warp during the registration
to MNI space. Figure 6C shows the distribution of the radial (red), sulcal (green),
and gyral (blue) diffusivities of the averaged diffusion tensors. The average
diffusivity in the sulcal direction is approximately twice as large as for the radial
direction. Only the largest diffusivities measured in the radial direction exceed
the average diffusivity in the sulcal or gyral direction. These larger radial
diffusivities are typically found very close to the cortex or in the deeper white
matter (left in Figure 6D).

The histograms of diffusivities along the gyral and sulcal axes show far
more overlap (Figure 6C). On average the diffusivity in the sulcal orientation is
16% higher than in the gyral orientation, with the largest difference in the white
matter underlying the frontal lobe (22%) and the smallest underlying the
temporal lobe (5%). These tangential diffusivities are anti-correlated with
regions with lower sulcal diffusivity (e.g., much of the deep white matter) having
a higher gyral diffusivity (Figure 6D).

3.4 Application: cortical fibre orientation transition boundary

Across the WM/GM boundary surface, fibres transition from tangential
orientations in the superficial WM to radial orientations in the cortex. In this
section we try to model this transition.

Any MRI measure at this boundary is potentially sensitive to partial
volume between white and grey matter. First, we investigate this sensitivity by
exploring the fibre orientation patterns across different spatial resolutions. We
extracted fibre orientations independently from three diffusion MRI datasets
acquired on the same subject at 2.5, 2, and 1.35 mm isotropic spatial resolution
using a Siemens Prisma 3T clinical scanner. Except for the spatial resolution, the
acquisition protocol for these data closely matches the HCP data acquisition and
was pre-processed using the HCP pipelines (see Appendix A). Irrespective of the
data resolution, fibre orientations were found to be consistently tangential in the
white matter (left in Figure 7). Interestingly, the transition from tangential white
matter to radial grey matter orientations shifts to more superficial layers as the
resolution of the data increases (Figure 7). In the rest of this section we further
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quantify this fibre orientation transition boundary across the cortex and its
dependence on the spatial resolution of the data.

Radial White/grey matter boundary White/grey matter boundary + 2 mm
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Figure 7 Transition from tangential fibres in superficial WM (left) to radial fibres in the cortex
(right) for diffusion MRI data acquired on the same subject at 1.35, 2, and 2.5 mm resolution.
Each heatmap in the fibre orientation transition boundary represents a cortical depth level
sampled at steps of 0.5 mm.

The predominance of tangential fibre orientations in the white matter and
radial fibre orientations in the cortical grey matter suggests that we can describe
the transition between these two regimes by a sigmoidal function:

1
Toredk = 7@ o (3)
1—exp< )

J
v

where 74 is the predicted radial index, defined as the radial coordinate

of the primary diffusion tensor eigenvector, for a voxel k that is a distance d;
from the white/grey matter boundary. The transition from a radial index of 0 in
the white matter to 1 in the cortex is determined by two variables: an offset o;
from the white/grey matter boundary and a width w;, which are defined across
the cortical surface for every vertex j. For every voxel k we use in [3] the offset
and width are defined at the nearest vertex j.

The predicted radial index is fitted to the observed radial coordinate of
the primary eigenvector using a minimum least-squares approach, with the
offset and width parameters treated as unknowns. Many vertices will have too
few voxels associated with them to provide adequate constraints on the
sigmoidal fit. So in addition to fitting the data we added a regularization term
that smooths the offset and width of the transition across the surface:

neighbors neighbors
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where the weighting of the regularization 4 is set to 1. This value was
determined using cross-validation, as having the best predictive power for
unseen data points in dataset of a representative HCP subject.

HCP subject HCP 29-subject average

Offset (mm)

Width (mm)

Figure 8 Maps of the transition offset from the WM/GM boundary (top) and the width of the
transition boundary (bottom) for a single HCP subject (left) and a 29-subject average (right). The
grey lines on the single-subject surface indicate the gyral crowns, where there is no sharp
transition in fibre orientations. Note that in some regions (e.g., the insula) there are insufficient
voxels with a radial orientation for an accurate fit, which leads to very high transition offset and
width in these regions.

This fit provides for every surface element in the sulcal walls and fundi an
estimate of the offset and width of the transition boundary with respect to the
WM/GM boundary, as derived from a segmentation of an anatomical reference
(e.g. T1l-weighted) (Figure 8). Gyral crowns were excluded, because they
typically do not show a sharp transition between the fibre orientations in the
cortex and superficial white matter. Despite the offset and width typically being
smaller than the HCP diffusion MRI resolution of 1.25 mm, both the offset and
width were well reproduced between multiple datasets of the same subject
(Figure 9A) as long as the datasets have the same spatial resolution. However, as
illustrated in Figure 7 the observed transition does shift to more superficial
layers with diffusion MRI data acquired at lower spatial resolutions (Figure 9B).
This suggests that the transition boundary location and width are a qualitative
measure that can only be meaningfully compared between datasets acquired at
the same spatial resolutions. If we compare the offset and width between
datasets at the same spatial resolution we do find Spearman correlations around
0.4 between subjects (Figure 9D), which is significantly lower than the within-
subject Spearman correlations around 0.7 (Figure 9E).
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In addition to the effect of spatial resolution, we also observed an
interesting bias in the offset parameter as a function of the x-component of the
surface normal (which in this dataset corresponds to the direction of phase-
encoding, Figure 9C). For data with anterior-posterior phase encoding the bias is
seen along the y-axis instead. Whilst the cause of such bias is likely due to
blurring along the phase-encoding direction, a full characterization of the causes
and consequences (e.g. for tractography) is beyond the scope of this paper. The
fact that most of the variability in the offset can be explained by this blurring is
suggestive of the uniformity of this transition from tangential to radial
orientations across the cortex.

A. Test-retest reproducibility C. Bias along phase-encoding direction
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Figure 9 Correlation in the fibre orientation transition boundary offset from the white/grey
matter boundary and the transition width for various acquisition parameters within the same
subject and for the same acquisition between subjects. A) Within-subject variability in an HCP
subject using the retest dataset; B) Variability between two sets of HCP subjects; C) Correlation
between the x-component of the surface normal and the offset between the transition and
white/grey matter boundary for an HCP subject; D) Within-subject variability for DTI
orientations measured at three different spatial resolutions (1.35, 2, and 2.5 mm resolution). The
black lines show the expected trend if the transition offset and width are the same expressed in
mm (solid) or voxels (dashed); E) Distribution of Spearman’s rank correlation within individual
HCP subjects (blue), between subjects (red), and between individual subjects and a 29-subject
average (purple).
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4 Discussion

In this paper we propose a new gyral coordinate system, which extends
the earlier definitions of a radial orientation in the cortex (McKinstry et al. 2002;
Leuze et al. 2014; Kleinnijenhuis et al. 2015) in two ways. First, we extend the
single radial orientation to a gyral coordinate system of three orthonormal
orientations (radial, sulcal, and gyral, see Figure 3). Secondly, we define this
coordinate system not only in the cortex, but also throughout superficial white
matter. Importantly, the definition of the gyral coordinate system does not
depend on the diffusion MRI data, but only on the cortical surface (i.e., the
white/grey matter boundary and pial surface) extracted from a T1l-weighted
image (Fischl 2012). Despite this blindness to diffusion data, the gyral coordinate
system is highly predictive of the diffusion tensors and fibre orientations
extracted from diffusion MRI data. In the cortex we confirm that apparent
diffusion tends to be larger in the radial direction with no preferred orientation
identified in the tangential plane (Figure 5). In superficial white matter apparent
diffusion is found to be largest along the sulcal axis (i.e., tangential to the surface
and parallel to the sulcal depth gradient). The diffusivity in this direction is
typically 20% larger than in the gyral direction (i.e., tangential to the surface and
orthogonal to the sulcal depth gradient) and about twice as large as along the
radial and tangential orientations in the white matter (Figure 6C). This low
diffusion in the radial orientation is reflected in the fibre orientations estimated
by a crossing fibre model (FSL’s bedpostX), which are nearly all confined to the
tangential plane (i.e., 50% of fibre orientations within 7 degrees of the tangential
plane, 95% within 45 degrees; Figure 6B).

Despite this excellent alignment, some limitations of the adopted
algorithm should be mentioned. By depending fully on the orientation of the
triangular meshes representing the WM/GM boundary and the pial surfaces, the
gyral coordinate system is very sensitive to any errors in this reconstruction as
seen around the “dimple” in the gyral crown in Figure 3. We believe that one of
the more efficient ways to improve the alignment between the gyral coordinates
and observed diffusion data would be to further refine these meshes.

Another limitation arises at points equidistant to three differently
oriented surfaces. While the linear interpolation ensures a smooth transition
between two surfaces, it cannot do so with three surfaces, which leads to a sharp
discontinuity in the gyral coordinates. This arises most commonly close to the
gyral crown, where there is a discontinuity between gyral coordinates
determined by the sulcal walls to those determined by the gyral crown. In the
adopted algorithm this discontinuity happens close to the gyral crown (e.g., the
voxel marked by the arrow in Figure 3 still has gyral coordinates determined by
the sulcal walls; also see Figure B1). Hence the alignment with the gyral
coordinates for voxels just below the WM/GM boundary of the gyral crown
should be interpreted with great care. See St-Onge et al. (2017) for an alternative
algorithm to predict fibre orientations in the superficial white matter, which
achieves a mean angular offset of ~30 degrees in this region close to the gyral
crown.
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Within gyral white matter, the gyral coordinates are not only predictive of
the orientation of the best-fit diffusion tensor, but might have an interesting
interpretation. Radial fibres run directly towards or from the sulcal fundi or
walls (fibres running towards the gyral crown are classified as sulcal rather than
radial). Hence, the low radial diffusion found throughout superficial white matter
(Figure 6C, D) suggests that the major fibre bundles tend to approach the sulcal
fundi and walls under oblique angles and only become fully radial within the
cortex. This oblique approach has been previously observed in myelin-stained
histological sections (Budde and Annese 2013; Van Essen et al. 2014) and
proposed as a main cause of the bias of tractography streamlines to terminate at
the gyral crown rather than sulcal walls or fundi (Van Essen et al. 2014; Reveley
etal. 2015 ; Schilling et al. 2017).

When interpreting this lack of radial orientations, it is important to note
that white matter in the gyral folds tends to be very narrow. The white/grey
matter boundaries of two opposite sulcal walls are typically only 2 to 4 mm apart
from each other. Therefore, even fibres connecting opposite banks of a gyrus
(such as between the massively interconnected V1 and V2; Van Essen et al. 1986)
are expected to be at least somewhat oblique unless they connect points that are
exactly opposite each other. This geometric constraint might account for the
mostly tangential fibres found in the white matter. It should also be noted that
diffusion MRI is only sensitive to the average orientations of large number of
axons. So our observation of nearly exclusive tangential fibre orientations, does
not exclude that there might be a dispersion of axon orientations in more radial
directions. Nonetheless, the paucity of quasi-radial fibre bundles in relation to
known anatomical connectivity remains puzzling and represents a challenge for
tractography’s ability to accurately estimate cortico-cortical connectivity.

Within gyral white matter any fibre bundles connecting the sulcal walls
and gyral crowns with the rest of the brain must run at least partly along the
sulcal depth gradient to reach the deep white matter. Interestingly, this suggests
that the gyral coordinate system can be used to classify fibres as within-gyrus
fibres, which run predominantly along the “gyral” axis to other regions in the
same gyrus, or between-gyri fibres, which run predominantly along the “sulcal”
axis to other gyri and the rest of the brain. Hence, this classification could be
used to separately study these within-gyrus and between-gyri connections.
Throughout most of the superficial white matter we find that the diffusivity
along the sulcal axis is typically larger than along the gyral axis after averaging
over 29 subjects, particularly in the gyral white matter (Figure 6).

While axons from the frontal, parietal, and occipital lobes can reach deep
white matter by travelling along the sulcal depth gradient, this is not true in the
temporal lobe. Here axons need to follow a tract like the inferior longitudinal
fasciculus perpendicular to the sulcal depth gradient to reach deep white matter
and the rest of the brain. This might explain the alignment of the first diffusion
tensor eigenvector with the gyral rather than sulcal axis observed in large part of
the temporal lobe (top row in Figure 4).

In the cortical gray matter many previous studies have noted the
tendency of the primary eigenvector of the best-fit diffusion tensor to line up
with the radial orientation (e.g., McKinstry et al. 2002; Leuze et al. 2014;
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Kleinnijenhuis et al. 2015), we further quantify this trend by computing the ratio
of the diffusivity along the radial axis and the average along the tangential plane
(Figure 5C,D). This measure of radiality shows a slight decrease in the sulcal
fundi, which is likely caused by the predominance of U-fibres within the lower
part of the cortex (e.g., Budde and Annese 2013). More striking is the large drop
in Brodmann area 3, where the diffusion in the tangential plane becomes even
larger than along the radial axis. This has been reported before as tangential
fibres in the primary somato-sensory cortex (Anwander, Pampel, and Knosche
2010; McNab et al. 2013; Calamante et al. 2017). We find that this region of
decreased radiality overlaps nearly perfectly with the borders of Brodmann
areas 3, which had been defined based on the cortical folding by Fischl et al.
(2008) (Figure 5D). In Brodmann area 4 we find an increase in the radiality,
which once again overlaps very well with the borders from Fischl et al. (2008).
Calamante et al. (2017) report a similar increase in the cortical apparent fibre
density (Raffelt et al. 2012) estimated from multi-shell multi-tissue constrained
spherical deconvolution (Jeurissen et al. 2014). While this increase in apparent
fibre density was also observed in many other regions with an increased cortical
myelin, our measure of radial over tangential diffusivity appears much more
specific to Brodmann area’s 3 and 4.

We use this dichotomy of mostly tangential orientations in white matter
versus mostly radial orientations in the cortex to extract the fibre transition
boundary. The dependence of the location and width of this transition boundary
on the spatial resolution suggests that it is a qualitative measure that can only be
usefully compared between datasets with the same resolution. However, even
after the distortion correction using FSL’s eddy (Andersson and Sotiropoulos
2016a), systematic offsets between the white/grey matter boundary and the
transition boundary remain along the phase-encoding direction. This residual
misalignment might be explained by the dependence of the susceptibility field on
head position (Sulikowska et al. 2014; Liu et al. 2017), which will be corrected
for in future versions of eddy. Irrespective of the cause, this systematic
misalignment suggests that surface analyses in diffusion MRI space might benefit
from using surfaces defined in diffusion MRI space (such as the transition
boundary) rather than directly registering surface from structural MRI to
diffusion space.
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Appendix A. Data
Human diffusion MRI data

As part of the WU-Minn Human Connectome Project (Van Essen et al.
2013) diffusion MRI data was collected for 200 subjects at 1.25 mm resolution
on a 3T scanner as well as 1.05 mm resolution on a 7T scanner. For our analysis
we use the pre-processed diffusion MRI data as well as the white/gray matter
boundary and pial surface extracted using the HCP pipelines (Glasser et al. 2013)
for 10 subjects scanned both in the 3T and 7T scanners. The HCP pipelines use a
customized Freesurfer pipelines to extract these surfaces from T1-weighted and
T2-weighted images (Dale, Fischl, and Sereno 1999; Fischl, Sereno, and Dale
1999). The 3T diffusion MRI data was acquired at 1.25 mm resolution covering 3
b-shells (b = 1000, 2000, and 3000 s/mm2) interspersed with 21 non-diffusion-
weighted images (b = 0) (Ugurbil et al. 2013; Sotiropoulos et al. 2013). The 7T
diffusion MRI data was acquired at 1.05 mm resolution covering 2 b-shells (b =
1000, and 2000 s/mm2) (Vu et al. 2015). During the pre-processing the diffusion
MRI data were corrected for susceptibility-, motion-, and eddy-induced artifacts
using FSL’s topup and eddy (Andersson, Skare, and Ashburner 2003; Andersson
and Sotiropoulos 2016b)

To further explore the effect of lower spatial resolutions, we analyzed
additional diffusion MRI data acquired of the same subject at 3 different
resolutions (1.35, 2, and 2.5 mm). The data acquisition and analysis was very
similar to the HCP with 270 diffusion-weighted images obtained with b = 1000,
2000, and 3000 (90 volumes per shell) and 21 non-diffusion weighted images.
The data was pre-processed using the same HCP pipelines.

Macaque myelin-stained data

All animal procedures were approved by the Oregon National Primate
Research Center and Washington University Medical School Institutional Animal
Care and Use Committees, and were conducted in full accordance with the PHS
Policy on Humane Care and Use of Laboratory Animals (for details see
Brambrink et al. 2012; Creeley et al. 2014).

Briefly, a six day-old (P6) infant rhesus macaque was given high-dose
pentobarbital and was euthanized by transcardial perfusion-fixation with 4%
paraformaldehyde solution in phosphate buffer (in keeping with National
Institutes of Health guidelines) to prepare the brain for histological analysis
(immunohistochemistry). The infant was naturally delivered from a dam that
had been group housed or was part of the time-mated breeding program. No
complications occurred during in-vivo tissue fixation.

After post-fixation for another 24 hours with 4% paraformaldehyde
at 40@C, 70 uM serial coronal sections were cut on a vibratome across the entire
rostro-caudal extent of the forebrain. Brain sections were used to stain
myelinated axons and their trajectory in cortical white and grey matter. A
monoclonal antibody to myelin basic protein was used as primary antibody
(MBP, 1:100; MAB 395; EMD Millipore). Following overnight incubation with
primary antibody (42 C) sections were incubated with complementary secondary
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antibody in blocking solution at RT and then reacted with ABC reagents
(Vectastain ABC Elite Kit, Vector Labs., Burlingame, CA, USA). Vector VIP kit
(Vector Laboratories, Inc., Burlingame, CA) was then used as chromogen to
visualize myelinated axons. Images were photographed and digitalized with a
Hamamatsu NanoZoomer 2.0-HT slide scanner.
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Appendix B. Varying the interpolation scheme
Myelin-stained
A

nterpolation

T

Figure B1 Myelin-stained histology section of a gyrus of a young macaque. A) raw image data; B)
fibre orientations based on myelin-stained intensity; C, E, G) Radial orientation interpolated from
the cortical surface in three different ways (see text); D, F, H) Alignment between observed and
radial fibre orientations with radial fibres in red and tangential fibres in blue. The black lines
illustrate the semi-automatically traced WM/GM boundary and pial surface. In this work we have
adopted the “linear interpolation along lines” technique illustrated in panels G and H.

In this work we interpolate the surface normals and sulcal depth gradient
from the WM/GM boundary and pial surface to define the gyral coordinate
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system in the underlying WM and cortical GM. The adopted interpolation scheme
involves drawing many lines with different orientations from the point of
interest to the cortical surface and linearly interpolates the normal/sulcal depth
gradient along these lines. These interpolated orientations are then averaged
and orthogonalized to define the gyral coordinates. Here we investigate whether
similar results can be obtained using simpler interpolation schemes.

The simplest interpolation scheme is a nearest-neighbour interpolation,
where the radial and tangential axes are defined with respect to the nearest
surface element (McNab et al. 2013; Kleinnijenhuis et al. 2015). The radial
orientations defined in this way show strong discontinuities such as seen at the
gyral midplane (Figure B1C). Although these fibre orientations are
predominantly radial in the cortex (i.e. red in Figure B1D) and predominantly
tangential in the white matter (i.e. blue in Figure B1D), the observed fibre
orientations are less well aligned with the gyral coordinates defined using
nearest-neighbour interpolation than for the alternative interpolation schemes
discussed below.

The discontinuities in the orientation of the radial axis can be reduced by
not only considering the normal of the nearest surface element, but by taking an
average of the normals of all surface elements. Each surface element (indexed
with j) is given a weight (w;) based on its distance from the point of interest (d;):

W] = dj_a. (5)

The average orientation is then calculated based on a PCA analysis. It is
taken as the primary eigenvector of a summary matrix 4 = ;; sz n; - n; (Jones

2003), where n; is the surface element normal at the surface element j. The

radial axis defined using this non-linear interpolation (Figure B1E) is much
smoother than for the nearest-neighbour interpolation, which leads to a better
overall alignment of the observed fibre orientations with the radial orientation in
the cortex and with the tangential orientation in the white matter (Figure B1F).

With both the nearest-neighbour and the non-linear interpolation
introduced above the general trend of tangential fibre orientations in the white
matter is broken close to the gyral crowns, where fibres run predominantly
radial with respect to the gyral crown (arrows in Figure B1D, F). However, even
in this region, fibres tend to run tangentially with respect to the sulcal walls.
Hence, if we define radial orientations in this region with respect to sulcal walls
rather than crowns this would increase the predominance of tangential fibre
orientations seen in the white matter. This was the main argument to adopt the
more complicated linear line-based interpolation scheme. A radial axis based on
this scheme will tend to point radial to the sulcal walls (Figure B1G), which
leads to more tangential orientations observed even for points close to the gyral
crown (arrows in Figure B1H).

Although Figure B1 suggests that this interpolation scheme might give
the best alignment between the observed fibre orientations and the gyral
coordinates, the real test for the different interpolation schemes is how well they
align with the full 3D fibre orientations extracted from diffusion MRI data.
Irrespective of the algorithm used, fibres are radial in the cortical grey matter
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and tangential in the underlying white matter; however, the strength of this
alignment varies between the three algorithms especially in the white matter
(Figure B2) Compared with nearest-neighbour interpolation, the adopted
algorithm (linear line-based interpolation) finds more radial orientations of the
primary eigenvector of the diffusion tensor in the cortex (1.3° on average) as
well as more radial orientations for the tertiary eigenvector in the superficial
white matter (3.0° on average). The differences with the non-linear interpolation
scheme are much smaller with only an improved radiality of 0.05° on average in
the cortex and of 1.4° on average in the superficial white matter. Although these
improvements due to the adopted interpolation scheme may appear small, they
are significant compared with the median angular offset of 7° from the tangential
plane observed in the superficial white matter.

In the cortex we can also estimate the radial orientation by resampling
the surfaces between the WM/GM boundary and pial surface. We extract 4
intermediate surfaces using equi-volume resampling (Waehnert et al. 2014;
Kleinnijenhuis et al. 2015) and for every voxel identify the nearest surface
element across all surfaces (including the WM/GM boundary and pial surface).
Again a slightly poorer radiality (1.5° on average) of the primary diffusion tensor
eigenvector was found (purple histogram in Figure B2C) compared with the
proposed interpolation scheme.

V3 in superficial white matter V1 in cortical gray matter

—— nearest-neighbour
- non-linear interpolation
- equi-volume surfaces

-10 0 10 -10 0 10
Voxelwise improvement in radial alignment (°)

Figure B2 Histograms of the voxel-wise increase in the radiality measured for the tertiary
eigenvector in the superficial white matter (left) and the primary eigenvector of the diffusion
tensor in the upper cortex (right) when adopting nearest-neighbour interpolation (in red) or
non-linear interpolation (in blue) rather than the proposed interpolation scheme. In the cortex
we have also included a comparison with the normals from an equi-volume resampling of the
surface. Positive values indicate a reduced alignment of the DTI primary eigenvector with the
gyral coordinate system for these alternative interpolation schemes.

While averaging the radial orientation estimates, each estimate was
assigned a weight inversely proportional to the length of the line along which it
was interpolated. Varying this dependence of the weight on the line length could
improve the alignment with the gyral coordinate system. To explore this we vary
the power-law dependence of this relationship

w; = ll_a
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We find that either increasing or decreasing a from its adopted value of
one, decreases the alignment between the radial axis and V1 in the cortex or V3
in the superficial white matter (Figure B3). Although small changes in @ do not
significantly alter the radiality, a larger effect is seen when assigning equal
weights to all line lengths (@ = 0) or introducing a strong bias to the shortest
line (¢ «< 0). The latter corresponds to the model we previously presented at
ISMRM.

a=0 (equal weighting)

—_—a=—2
| —_— a=-3
- o= — 10 (shortest line)

-10 0 10 -10 0 10
Voxelwise improvement in radial alignment ()

Figure B3 The voxel-wise increase in the radiality measured for the third eigenvector in the
superficial white matter (left) and the first eigenvector of the diffusion tensor in the upper cortex
(right) when adopting different power-law exponent (&) relating the weights and line lengths in
the interpolation algorithm. Positive values indicate a reduced alignment of the DTI primary
eigenvector with the gyral coordinate system for these alternative interpolation schemes.

Within the adopted linear interpolation scheme, we also need to select the
number of lines N along which the normal and sulcal depth gradient are
interpolated. As the number of lines decreases, the precision of the gyral
coordinate estimates decreases (Figure B4). However, even at N=10 in over 80%
of voxels the radial, sulcal, and gyral coordinate estimates match within 1 degree
of those estimated at N=1000. For the adopted value of N=300 over 99% of
voxels agree within 1 degree, which suggests that further increasing N would not
change any of the results presented here.
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Figure B4 Comparison of the precision of estimates of the radial (solid), sulcal (dashed), and gyal
(dotted) orientations for different number of lines along which to linearly interpolate (N)
compared with N=1000. This plot only considers voxels in the cortex and superficial white
matter.

Appendix C. Constrained spherical deconvolution

In the main text we have analysed the alignment of the gyral coordinate system with the
diffusion tensor eigenvectors and the fibre orientations from FSL bedpostX. However,
we can also express full orientation distribution functions (ODFs) in our gyral
coordinate system.

We calculate a fibre ODF using multi-shell, multi-tissue constrained spherical
deconvolution (Jeurissen et al. 2014), which has been shown to give cleaner fibre ODFs
in the cortex as regular spherical deconvolution. Similar to the results presented in the
main text, we find that the resulting ODF is predominantly radial in the cortex and
tangential in the superficial white matter with little variability in this trend across
subjects (Figure C1). In the superficial white matter this analysis confirms the
predominance of sulcal orientations, although a secondary peak in the gyral orientation.
This secondary peak might be caused by the decomposition of the spherical
deconvolution of dispersing fibres in the tangential plane into two distinct peak rather
than reflect actual crossing fibres.
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Figure C1 Left: glyphs of the mean ODF from constrained spherical deconvolution averaged over
the upper cortex (> 1 mm above the WM/GM boundary) or the superficial white matter (down to
4 mm) and averaged over 29 HCP subjects. Right: The blue line illustrates the ODF averaged
across subject along a line connecting the radial with the sulcal orientation (left) or the sulcal
with the gyral orientation (right). The red dotted lines show the full range of the variability in
this ODF across the 29 subjects. The purple dashed line shows the variability of the ODF across
voxels within a single HCP subject (68% confidence interval).
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