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ABSTRACT

The white matter in the brain is composed of neural fibers that wire the cortical and subcortical brain systems. Considering the complexity in terms of interconnections
of many neural populations within the narrow space surrounded by the folding walls of the gray matter, the brain requires a certain way of structured wiring. To
explore the three-dimensional organization of wiring in an accessible manner, we focused on voxel-level wiring patterns in the white matter according to cortical
distributions in which each voxel mediates the wiring. We constructed a voxel-wise connection distribution map from the whole white matter voxels to 360 cortical
regions using probabilistic tractography of the 100 diffusion imaging data in the Human Connectome Project. We then explored the spatial organization of the fiber
bundles at the white matter voxels in terms of the maximal and second maximal cortical connection labels and the local gradient and entropy of cortical connection
density using the population connection distribution map. We presented dominant cortical connection labels, local gradient, and connection entropy for the most
representative white matter regions, including the internal capsule, external capsule, corpus callosum, cingulum bundle, and uncinate fascicles, most of which were
introduced in the current study. Those major tracts showed a gradient organization of connection distributions for individual voxels. This organized pattern, as
reflected in the whole brain connection distribution map, could be established to optimize wiring in the entire brain within the physical space of the white matter.

1. Introduction

The white matter in the brain is composed of neural fibers that wire
the cortical and subcortical brain regions, thus mediating functional in-
tegration across the whole brain (Park and Friston, 2013). To intercon-
nect distributed regions within the narrow space surrounded by the fold-
ing walls of the gray matter, the brain requires a certain way of ordered
wiring in a three-dimensional (3D) space. However, how axonal fibers
structurally wire in a three-dimensional space has not been fully ex-
plored to date. In order to simplify the exploration of structured wiring
in an accessible coordinate system, we focused on a voxel-level analy-
sis in the white matter space because each voxel contains diverse fibers
from the cortical or subcortical regions. Suppose we have the distribu-
tion of cortical connection labels at each voxel. In that case, we can
characterize the spatial distribution of wiring in the white matter space
and may uncover the structured wiring pattern in the brain.

Exploration of white matter fibers in the living human brain has
been possible by the introduction of diffusion magnetic resonance
imaging (MRI), which detects anisotropic water diffusion in the tis-
sue (Basser et al., 1994). Since its introduction, numerous brain stud-
ies, such as those on schizophrenia (Kubicki et al., 2007; Park et al.,

2004b), have been conducted based on voxel-specific tissue properties
such as fractional anisotropy or diffusivity of the white matter, without
consideration of the direct interconnections that each voxel mediates
(Park, 2005).

As another approach to white matter analysis based on diffusion
MRI, inter-regional structural connectivity among brain regions has
been researched by constructing fiber streamlines using a fiber tractog-
raphy technique and associating the whole-brain streamlines with the
gray matter partitions (Park et al., 2004a). This macroscopic structural
connectivity establishes human connectome research (Sporns, 2013),
which expands our understanding of the brain’s network structure
(Bullmore and Sporns, 2012; Hagmann et al., 2007). However, most
research on the connectome has been conducted in the abstract domain
by counting fiber streamlines interconnecting gray matter brain regions
without considering the physical white matter space that embeds these
axonal fibers. How fiber bundles occupy the physical white matter space
has rarely been researched.

To explore fiber organization within the entire white matter, we cre-
ated a connection distribution map of the whole white matter voxels to
360 cortical regions from the diffusion MRI data of 100 subjects in the
Human Connectome Project (Van Essen et al., 2012). In this map, vox-
els in the white matter space are characterized by the distribution of the
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Table 1
Demographic characteristics of 100 subjects.
Male Female

Gender 41 59
Age, Years 289+ 3.7 30.1+3.4
Ethnicity Not Hispanic/Latino 38 (92.7%) 54 (91.5%)
Hispanic/Latino 3 (7.3%) 5 (8.5%)
Height (feet) 70.9 + 3.2 65.2 + 2.3
Weight (Ib) 192.7 + 38.5 161.2 + 37.1
BMI (height / weight) 269 +4.8 26.6 + 5.4

connections with cortical regions that each white matter voxel mediates.
This connection distribution map differs from previous white matter at-
lases, such as the ICBM-DTI-81 white-matter labels atlas (Mori et al.,
2008; Oishi et al., 2008) and the JHU White-Matter Tractography Atlas
(Hua et al., 2008). In those white matter atlases, each voxel is consid-
ered in terms of major fiber bundles to which the voxel belongs, not
according to the distributed gray matter regions that the voxel mediates
during interconnection.

Several studies have identified white matter voxels based on their
connection distributions. Park et al. (2008) proposed a callosal connec-
tivity population map in the mid-sagittal section of the corpus callosum
according to each voxel’s connectivity with 64 distributed cortical brain
regions. Chao et al. (2009) expanded this precise callosal connection
map using a probabilistic method that combined cytoarchitectonic par-
cellation and high angular resolution diffusion imaging. However, those
studies were restricted to a part of the white matter regions and assigned
each white matter voxel with the cortical label that the voxel primarily
connected. However, they did not pay sufficient attention to the distri-
bution of cortical connections at each voxel and its spatial distribution
across the white matter.

From the connection distribution map, we also evaluated connec-
tion gradients and entropies of connections in the whole white matter
space. The gradient measures how sensitively the connection distribu-
tion changes spatially. The entropy quantifies the amount of the spatial
dispersion of white matter connections. To present the wiring structures,
we analyzed the characteristics of connection distribution at the fol-
lowing major fiber bundles: internal capsule, external capsule, corpus
callosum, cingulum bundle, and uncinate fascicles. We further argue
that this connection distribution map supports structured white matter
wiring with regard to gray matter.

2. Materials and methods
2.1. Data acquisition and processing

We used a total of 100 diffusion MRI and T1-weighted MRI pairs
without any neurological or psychiatric disorders, drug-abuse in the Hu-
man Connectome Project (HCP1200) database (Van Essen et al., 2012).
When the data was from the twins, only one of the twins was randomly
included. The 100 dataset was composed of 41 males (aged from 22 to
35 years, mean age = 28.9, standard deviation (SD) = 3.7) and 59 fe-
males (aged from 24 to 36 years, mean age = 30.1, SD = 3.4). Among
the HCP 1200 database, approximately 349 data satisfy the current cri-
teria, but we chose only 100 data samples in the release order due to
the high computational cost. Demographic characteristics of 100 sub-
jects are summarized in Table 1. Using probabilistic fiber tractography,
a hundred samples would be reasonable to construct a population con-
nection distribution map for the narrow age ranged population when
considering previous atlases with a deterministic approach. For exam-
ple, ICBM-DTI-81 atlas was composed of 81 subjects (Mori et al., 2008).

The diffusion MRI data consisted of 4 runs with three shells of b-
values (1000, 2000, and 3000 s/mm?2). We used minimally preprocessed
data with the following preprocessing steps: (1) intensity normaliza-
tion across runs, (2) EPI distortion correction, (3) eddy current and
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motion correction, (4) gradient nonlinearity correction, (5) BEDPOSTX
(Bayesian estimation of diffusion parameters obtained using sampling
techniques) based on Gamma distribution model (Jbabdi et al., 2012)
for the three different b-values to improve the estimation of fiber orien-
tations.

To construct a structural connectivity matrix, we followed a
conventional pipeline for probabilistic fiber tracking using the FSL
toolbox (https://www.fmrib.ox.ac.uk/fsl) in the individual diffusion
MRI space (Behrens et al., 2007). First, we coregistered the T1-
weighted image to the non-diffusion weighted MRI image of each
individual. To parcellate the individual brain, we then applied
non-linear transformation of the HCP parcellation map using the
DARTEL toolbox in SPM 12 (Ashburner, 2007). All voxels within
the white matter (after segmentation using SPM12 available at
https://www.fil.ion.ucl.ac.uk/spm/software/spm12) were used as seed
voxels. Probabilistic fiber connections between a seed voxel and
parceled target brain regions were estimated using PROBTRACKX (prob-
abilistic tracking with crossing fibers) with the following parameters:
5000 random samples (thus, 5000 tracking) according to the orienta-
tion probability model for each voxel, 0.2 curvature threshold, 0.5 mm
step length, and 2000 steps per sample. This probabilistic fiber tracking
for all voxels (~300,000) within the white matter was accelerated by
using Graphics Processing Units (GPUs) (Hernandez-Fernandez et al.,
2019). Fiber tracking streamlines seeded from each white matter voxel
and projected to the target cortical gray matter were used to estimate
structural connectivity (Johansen-Berg et al., 2004; Li et al., 2012). We
used a cortical gray matter parcellation map of 360 subregions, provided
in the HCP database (Glasser et al., 2016).

It should be noted that fiber streamlines estimated by the computa-
tional approach on diffusion imaging are not axonal fibers but indicate
the probabilistic approximation of the neural pathways. Also, the counts
of streamlines are not the actual counts of axonal fibers but are simply
probabilistic metrics with a given number of multiple tracking from a
seed.

We constructed a structural connectivity matrix by counting the
number of streamlines from each voxel to all the brain regions. We call
the structural connectivity matrix [V white matter voxels X R regions]
of individuals an individual connection distribution map (iCDM), which
is a vector map composed of R = 360 three-dimensional volumes. The
connection probability at each white matter voxel to a cortical brain re-
gion was defined by the ratio of the number of streamlines projected to
the cortical regions from the voxel versus the total number of stream-
lines generated at the voxel. The iCDMs were spatially normalized into a
template space using the DARTEL transformation derived from individ-
ual T1-weighted MRI to the ICBM (International Consortium for Brain
Mapping) template. A population connection distribution map (pCDM)
was obtained by averaging the normalized iCDMs.

Based on the pCDM, we constructed a connection label map (pCLM),
which was created by assigning the cortical label having the highest
probability of connection from each voxel v to 360 cortical regions R in
the pCDM.

pCLM(U):argma&(pCDM(v,r) (€)]
re

We also constructed a second connection label map based on the second-
highest probability of connections (see Supplementary Fig. 2).

From the pCDM, we generated a populational connection local-
gradient map (pCGM) and a population connection entropy map
(pCEM). The pCGM was defined by a connection local-gradient index
which refers to one minus Vogt-Bailey (VB) index (1-VB index) at each
voxel. The VB index refers to the normalized second smallest eigenvalue
(called the algebraic connectivity by Fiedler, 1973) of the graph Lapla-
cian for the affinity (or similarity) matrix among neighbors at each re-
gion (Bajada et al., 2020). For this, we computed a local affinity matrix
(A) at each voxel that was defined by dot products between all pairs of
connection distributions of neighbor voxels (N x R, where N = 33 is
the total number of neighboring voxels including the voxel and R = 360
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is the number of cortical regions).

R
A, j) = ZI;CDM(ul.,r) % pCDM (v;, r) 2
r=1
The graph Laplacian L of the local affinity matrix A is defined as a
diagonal degree matrix D minus the affinity matrix A as

L=D-4A @)

Laplacian matrix L has eigenvalues A, < 4, < -+ < A after general-
ized eigenvalue decomposition

Lv = ADv “

, where v is eigenvectors to the N eigenvalues. VB index was defined with
the second smallest eigenvalue (4,) as the smallest eigenvalue (4,) for
the positive semi-definite graph Laplacian is zero (Bajada et al., 2020).
The VB index characterizes a white matter voxel whether it has at least
one sharp change in the connection distribution (low VB index around 0)
or contains only graded changes in the connection distribution (high VB
index around 1). To consider high values for voxels with sharp changes
(or gradients) in the relationship to each other among neighbors, we
computed connection local-gradient map by one minus VB index at each
voxel v, defined below:

Ay

N
Zia 4

pCGM@)=1-

(5)
i

For pCEM, we computed the entropy of the connection distributions
(across 360 cortical regions) at each voxel from the pCDM with the fol-
lowing equation:

pCEM(v) = — Z log pPCDM (v,r) pPCDM (v, r) (6)
reR

, PCDM (v, r) indicates connection probability between a voxel v and

target cortical region r in all target regions R.

3. Results

Fig. 1 displays examples of connection probability distributions at
the voxels within the corticospinal tract. The distribution patterns of
cortical connections (360 cortical gray matter regions) change along
the corticospinal tract (voxels 1-3) (Fig. 1A). Fig. 1B and C display
the connection (local-) gradient and entropy maps, respectively. High
connection gradient voxels indicate where multiple streamlines diverge
(Fig. 1B). The high entropy regions mediate diverse cortical connections
rather than focused connections (Fig. 1C).

The pCLM, pCGM, and pCEM of the whole white matter are pre-
sented in Supplementary Figs. S1-S4. Fig. 2 shows a representative ex-
ample of the pCLM, pCGM, and pCEM for the internal and external
capsules. The pCLM (Fig. 2B) derived from the highest probability of
connection to 360 cortical regions (shown in Fig. 2A) differs from the
ICBM-DTI-81 white matter label atlas (see Fig. 2C). The ICBM-DTI-81
atlas assigns each voxel with the major white matter pathway label,
whereas the pCLM assigns a most probable cortical region.

The pCLM also shows that white matter has a spatially organized
connection structure according to the three-dimensional location of tar-
get cortical regions. For example, the anterior limb of the internal cap-
sule was parceled into two orbital and polar frontal cortical areas (10pp,
10d) (Fig. 2D). The posterior limb of the internal capsule has more gran-
ular subdivisions than the anterior limb. It comprises ordered stream-
lines that mediate the anterior cingulate and medial prefrontal cortex
(9m), dorsolateral prefrontal cortex (8BL, SFL), supplementary motor
area (6ma, 6mp), primary motor cortex (4), primary sensory cortex (1),
superior parietal cortex (7Am), and posterior cingulate cortex (POS2).
The ordered granularity is prominent in the local gradient map (Fig. 2E).
The external capsule also has an ordered set of streamlines according to
positions of the cortical regions that the streamlines mediate. In the ex-
ternal capsule, the anterior part is composed of streamlines that mainly
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mediate the anterior insula areas (PoIl) and the posterior insula areas
(PoI2). The streamlines at the posterior part of the external capsule are
subdivided into connections with the supplementary motor area (6mp),
the primary motor cortex (4), and the primary sensory cortex (3b). All
cortical regions that voxels in the internal and external capsules primar-
ily connect are displayed on the cortical surface in Fig. 2G.

Fig. 3 presents connection maps for the corpus callosum (CC), which
show a similar subdivision to a cell-type based gross subdivision re-
ported in Witelson (1989). The interhemispheric streamlines at the CC
show a spatial order from the anterior to the posterior and from the
ventral to the dorsal part. Streamlines passing through the genu and
rostrum mediate interhemispheric connections for the anterior cingulate
and medial prefrontal cortex (9m, 10v, 10r, 25), orbital and polar frontal
cortex (10pp, 10d), and dorsolateral prefrontal cortex (9a), whereas
streamlines crossing the rostral body are only engaged in connecting
the dorsolateral prefrontal cortex (8Av, 8BL). Callosal fiber streamlines,
running through the anterior and posterior midbody, connect the cross-
hemisphere dorsolateral prefrontal cortex (SFL), supplementary motor
areas (6ma, SCEF, 6mp), and primary motor cortex (4). Streamlines of
the isthmus connect the somatosensory cortex (1, 3b), paracentral lob-
ule (5m, 5L), and the superior parietal cortex (7AL). Streamlines passing
through the splenium connect the superior parietal cortex (7Am, MIP),
posterior cingulate cortex (POS2, RSC), early visual cortex (V3), and
primary visual cortex (V1) (Fig. 3A and B).

A high connection gradient was located mainly between the ante-
rior/posterior cingulate cortices and other regions (Fig. 3C and D). In
those areas, streamlines rapidly change along with the spatial location
of the target cortical regions. In contrast, a low gradient was found in
the ventral parts of the rostral body, midbody, and ventral-posterior
splenium. The anterior splenium showed a high entropy of connection
distribution, while the ventral parts of the genu showed relatively low
entropy of interhemispheric connections (Fig. 3E and F).

Fig. 4 presents the populational connection labels, gradients, and
entropy maps for the cingulum bundle (CB). In the pCLM, streamlines
passing through the anterior CB interconnect the anterior cingulate and
medial prefrontal cortex (25, 10v) and orbital and polar frontal cortex
(10d), whereas the posterior CB mediates mainly the posterior cingulate
cortex (RSC, POS1, v23ab, 7m) (Fig. 4A, top panel). The pCGM shows a
high local connection gradient at the voxels corresponding to the mid-
dle and anterior cingulate and the medial prefrontal cortex (Fig. 4A,
middle panel). The gradient was higher in the ventral-anterior part and
the ventral-lateral part of the CB than in the posterior part of the CB or
the dorsal-medial part of the CB (middle panel). In contrast to the local
gradient, entropy was generally high at voxels in the CB except for the
posterior part (Fig. 4A, bottom panel). Fig. 4B displays connection la-
bels of the CB and cortical connections at two exemplary voxels on the
cortical surface.

Fig. 5 shows populational connection maps of the uncinate fasciculus
(UF). In the pCLM, streamlines passing through the anterior portions
of the temporal lobe project to the insular and frontal opercular cortex
(POI1, AAIC, Pir), TGd, and V1. Streamlines that pass through the frontal
lobe project to the inferior frontal cortex (471, p47r, 45, IFSa), orbital
and polar frontal cortex (a47r), and insular and frontal opercular cortex
(FOPS5) (Fig. 5A, top panel). Connection labels of the UF and the cortical
connections at two sample voxels in the temporal lobe and frontal lobe
are displayed on the cortical surface (Fig. 5B).

Fig. 6 summarizes the spatial order of the wiring in the three-
dimensional space. The spatial wiring order in the cortical connections
within the white matter exists in the three principal axes: anterior-
posterior, dorsal (superior)-ventral (inferior), and lateral-medial, re-
spectively. Anterior-to-posterior and dorsal-to-ventral directional seg-
regations were evident in the CC and CB. Dorsal-to-ventral segregations
can be found in the UF. Anterior-to-posterior and lateral-to-medial seg-
regations were dominant in the internal and external capsules.

Fig. 7 presents the connection label, gradient, and entropy maps
in comparison with the tract-based spatial statistics (TBSS) skeleton
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Fig. 1. Example of connection distributions in the white matter. (A) shows cortical connection distributions (with 360 cortical regions) at three voxels (1-3) within
the corticospinal tract. The connection probability of cortical regions from the three voxels is displayed on the cortical surface and a bar chart. Cortical connection
probability is the ratio of the number of streamlines projected to the cortical regions from the voxel versus the total number of streamlines generated at the voxel.
Even at the same cortico-spinal tract, the white matter voxels show slightly different cortical connection probability along the path. (B) The connection local-gradient
map shows the local gradient of connection distributions among adjacent voxels in the white matter. A high local gradient at a voxel indicates that the voxel shows
high connection distribution dissimilarity with its 32 surrounding voxels. High local gradients of connection distributions are found in the midline of the white
matter than in the peripheral part. Voxels 4 and 5 have high and low gradients of cortical connection patterns. (C) The connection entropy map shows the degree
of uniform cortical connection from each voxel. A high entropy at a voxel indicates that streamlines passing through the white matter voxel connect the diverse
cortical regions with more or less uniform connection probability (voxel 7, for example). By contrast, a low entropy indicates that the white matter voxel contains

streamlines connecting to focal cortical regions (e.g., voxel 8).

(Smith et al., 2006). The TBSS skeletons were mostly located at the
boundary of the connection labels (pCLM). The location of higher pCGM
and pCEM overlaps with the boundary of pCLM, especially in the medial
part of the brain.

4, Discussion

How axonal fibers are wired has been a long-standing issue in
brain science. It has been dealt with as an organization of the infor-
mation pathway from the network science perspective (Bullmore and
Sporns, 2012; Hagmann et al., 2007). Since the information pathway

has been implemented in the physical white matter space, the current
study focuses on how the fiber bundles occupy this space. By exploring
the voxel-wise distribution of cortical connections, we analyzed and vi-
sualized the wiring structure in the white matter space surrounded by
the folding walls of the gray matter. When simplified, the voxel-wise
exploration of structured wiring makes it an accessible problem since
diverse fibers wiring cortical regions or subcortical regions are reflected
in the connection distribution pattern at each white matter voxel.
Quantitative evaluation of the white matter properties has mostly
been done by voxel-by-voxel analysis of the diffusion anisotropy or diffu-
sivity (e.g., Park, 2005), either using a voxel-based processing of spatial
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Fig. 2. Connection label, gradient, and entropy representations in the internal and external capsules. (A) The 360 cortical regions used in the current study are
displayed in color over the cortical surface. The cortical colors are used to identify the corresponding white matter voxel labels (pCLM). B) Based on the connection
distribution, a populational connection label map (pCLM), a connection (local-) gradient map (pCGM), and a connection entropy map (pCEM) were derived. The
connection label map that indicates the maximal probability of connection at each voxel shows precise parcellations of the white matter according to corresponding
cortical regions. (C) In contrast to the ICBM-DTI-81(see text), the internal capsule (IC) was subdivided into more detailed parcels; the anterior limb into the orbital
and polar frontal cortices and posterior limb into diverse connections from the dorsolateral prefrontal cortex, supplementary motor areas, somatosensory and motor
cortex, superior parietal cortex, and early visual cortex. The external capsule (EC) is also parcellated into multiple cortical connection areas. (D-F) display connection
label, local gradient, connection entropy at each voxel of the IC and EC. (G) Target cortical regions corresponding to the labels in the IC and EC are presented on the
cortical surface.
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Fig. 3. Connection labels, gradient, and entropy representations in the corpus callosum. (A) The corpus callosum (CC) is parcellated according to its connection
with cortical regions. (B) Connection labels of the CC are displayed on the cortical surface. (C) shows the local-gradient map at the CC with low local-gradient voxels
(voxels 1 and 3) and high local-gradient voxels (voxels 2 and 4) in the genu and splenium. (D) The corresponding cortical connection distribution at those four voxels
shows similar patterns of cortical connections within the same region of CC (i.e., voxels 1 and 2 at the genu and voxels 3 and 4 at the isthmus). However, depending
on the precise location, it shows different local-gradient. (E) The connection entropy map is displayed. (F) The connection distribution at the same voxels (1-4) is

displayed with the probability of the connection in the bar plot and their entropy.

processing (Park et al., 2003) or a tract-based spatial statistics (TBSS)
approach (Smith et al., 2006). These anisotropic properties of water
molecules are used to characterize brain diseases, such as schizophrenia
(Kubicki et al., 2007; Kubicki et al., 2005; Park et al., 2004b) and cere-
bral palsy (Lee et al., 2017;Lee et al., 2011). The current connection
distribution map further identifies white matter connection structures
at each voxel to link the local white matter properties and their con-
tribution to the cortical regions. It differed from previous studies that
focused on the connectivity-based “parcellation” of local gray matter re-
gions such as the thalamus (Behrens et al., 2003; Johansen-Berg et al.,
2005; Lambert et al., 2017), medial frontal cortex (Johansen-Berg et al.,
2004), and cerebellar cortex (van Baarsen et al., 2016), or white mat-
ter tracts, such as the CC (Chao et al., 2009; Park et al., 2008). These
parcellation studies did not present the precise distribution of cortical
connections at each voxel.

The connection distribution map in the current study provides the
landscape of voxel-specific distribution of cortical connections, which
differs according to its location, even in the same fiber pathway, for
example, different cortical connections at voxels in the corticospinal
tract of the white matter (Fig. 1). By taking advantage of the connec-
tion distribution, we were able to derive the most probable and the sec-
ond most probable cortical label maps (pCLM), the connection gradient
(pCGM), and the entropy of connection distribution (pCEM) to infer the
spatial organization of the white matter. The local gradient indicates di-
vergence in connection distributions in the connection landscape. The
voxels with a high local gradient were located along the white matter’s
medial plane (skeleton) (See the Supplementary Fig. S6). The entropy
reflects the uncertainty of the voxel interconnects with distributed cor-
tical regions; a higher entropy indicates more diverse connections with

a more uniform probability of connectivity strengths. High entropy was
observed in the lower part of the brain and the middle line of the ma-
jor white matter pathways, such as the forceps minor, anterior thalamic
radiation, superior longitudinal fasciculus, and corticospinal tract. The
high-entropy regions can be regarded as spatial hubs because various
directional streamlines diverge from these high-entropy voxels.

The wiring structure of white matter was prominent in the
connection-based label map. When we examined the major streamline
bundles, we found some generalizable structure of wiring, represented
in the three axes of partitioning in terms of cortical connections: medial-
lateral, anterior-posterior, and the ventral-dorsal directions (Fig. 6).
The internal and external capsules’ connection distribution maps and
label maps showed gradient wiring along with the anterior-posterior
and medial-lateral directions. The CC, which connects the interhemi-
spheric cortical regions of the brain, showed the anterior-posterior
and ventral-dorsal directional wiring structure. These directionalities
may be associated with interhemispheric, posterior-to-anterior, and
inferior-to-superior information flows in the brain system. We briefly
review the major streamline bundles and their wiring organization
below.

4.1. Internal and external capsules

The anterior limb of the internal capsule contains streamlines that
are mostly connected to the orbital and polar frontal cortical areas. The
anterior limb extends to the posterior limb in containing streamlines to
the frontal cortex. In contrast, the posterior limb of the internal cap-
sule is composed of streamlines connected to the frontal, sensorimo-
tor, parietal, and occipital cortices more precisely than a previous dif-
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Fig. 4. Populational connection label, gradient, and entropy maps of the cingulum bundle. (A) The connection label map (top row), local-gradient map (middle row),
and the entropy map (bottom row) are shown in the sagittal and coronal slices (at the coronal slice positions of 1-5). The colors in the connection label map indicate
the cortical region label, annotated with the white text. (B) shows the primary cortical labels that the cingulum bundle connects (top row). The second and third
rows of (B) show cortical connection probability corresponding to the two voxels A (high gradient and high entropy) and B (low gradient and low entropy) on the
cortical surface. The connection label map shows subdivisions of the cingulum bundle according to cortical connection. The local-gradient map (middle row) shows
a high gradient of connectivity distributions at the ventral part of the cingulum bundle. The entropy map generally shows high entropy of connectivity distribution

in the cingulum bundle.

fusion MRI study (Jellison et al., 2004). It has been known that efferent
fibers such as the corticobulbar tract (Yim et al., 2013), corticospinal
tract (Kim et al., 2008), superior thalamic radiation (Chowdhury et al.,
2010), parieto-pontocerebellar tract, and occipito-ponto-cerebellar tract
(Kamali et al., 2010) pass through the posterior limb. The external cap-
sular structure is subdivided medially and laterally.

Anatomically, the external capsular structure is located between the
putamen medially and the claustrum laterally, but includes an extreme
capsule separating the claustrum from the insula due to limitations in
the image resolution (Alexander et al., 2020). Nevertheless, our atlas
subdivided the EC medially and laterally. Specifically, streamlines pass-
ing through the medial part of the anterior EC are connected to the
frontal and somatosensory motor regions, whereas streamlines passing

through the lateral part of the posterior EC are connected to the insular
areas (Fig. 2D).

These results outline the connection structures of the white matter
that have not been shown in standard white matter atlases that were
classified based on major fiber bundles (Hua et al., 2008; Mori et al.,
2008; Wakana et al., 2007).

4.2. Interhemispheric connections: corpus callosum

The major interhemispheric fibers pass through the corpus callosum
(CC) along the anterior-posterior direction in callosal cartography based
on the cortical connection. It also shows the dorsal-ventral directional
positioning of the streamlines. Streamlines interconnecting the dorsal
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Fig. 5. Populational connection label, gradient, and entropy maps of the uncinate fasciculus tract. (A) The connection label map (top panel), local-gradient map
(middle panel), and the entropy map (bottom panel) are displayed. The connection label map shows cortical subdivisions of the uncinated fasciculus that connects
the orbital and polar frontal cortex, medial prefrontal regions, and lateral temporal cortex. (B) Connection labels of the uncinate fasciculus tract and the cortical
connection probability at the voxel A (high gradient and high entropy) and voxel B (low gradient and low entropy) are displayed on the cortical surface.

or medial cortical lobes pass through the dorsal region of the CC, while
streamlines from the lateral cortical lobes pass through the ventral part
of the CC (Park et al., 2008). The current study provides a more so-
phisticated clustering of the CC. The dorsal parts of the genu and sple-
nium show uniform distributions of vast cortical connections (Fig. 3E),
which may act as a hub of pathways in which diverse brain regions
cross at those regions. We speculate that the uniform-distributed con-
nections in the genu and splenium may be associated with the highest
density of thin fibers (<0.4) situated in the genu and anterior splenium
(Raybaud, 2010) in terms of packing all the wires to diverse cortical
regions within the limited cross-sectional area.

4.3. Anterior-posterior connection: cingulum bundle

The cingulum is spatially organized to interconnect heterogeneous
and complex anatomical pathways for diverse functions in multiple ar-
eas (Kollias, 2009; Schmahmann et al., 2007). Overall, these results sup-
port the role of the cingulate cortex as a cornerstone in higher-order
cognitive functions such as attention (Gusnard et al., 2001; Hahn et al.,
2007), emotion (Bush et al., 2000; Maddock et al., 2003), and memory
(Valenstein et al., 1987).

As shown in Fig. 4, two distinct subdivisions were observed in the
cingulum tract. Specifically, the anterior part of the cingulum contained
streamlines connecting the anterior cingulate and medial prefrontal cor-
tex. In contrast, the posterior part was primarily occupied with stream-
lines connecting the posterior cingulate cortex. A high transition gra-
dient was observed along the anterior-posterior axis of the cingulum
bundle, except for the regions behind the splenium of the CC. The con-
nection entropy is mostly high across the cingulum tract, indicating that
the cingulum tract mediates diverse connections.

4.4. Medial-lateral connection: uncinate fasciculus (UF)

The uncinate fasciculus fibers interconnect the orbitofrontal cortex
with the anterior temporal lobes (Von Der Heide et al., 2013). The UF
is associated with the ventral stream of language processing that me-
diates higher-level language information among the middle, temporal
and ventrolateral prefrontal cortices (Saur et al., 2008). Consistent with
previous findings (Catani et al., 2002; Kier et al., 2004), the anterior as-
pect of the left UF contained streamlines linked to the prefrontal cortical
regions, whereas the lateral aspect contained streamlines linked to the
insula and anterior temporal pole. Fibers passing through the anterior
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Fig. 6. Summary of cortical connections within the white matter. Although the wiring of the fiber bundles in the white matter has more than one directional
connection and the complexity of the wiring is very high, we simplified the wiring pattern of the major fiber bundles according to primary axes in the three-
dimensional space. White matter fiber streamlines passing through the internal and external capsules, corpus callosum, and cingulum bundle are principally wired
along the anterior-to-posterior axis of the brain. White matter streamlines passing through the corpus callosum, cingulum tract, and uncinate fasciculus tract are
wired along the dorsal-to-ventral axis. White matter streamlines passing through the external capsule are wired along the lateral-to-medial axis. The white matter
connections are spatially organized to wire all the necessary connections with cortical gray matter regions in the three-dimensional space.
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Fig. 7. Comparison of the tract-based spatial statistics (TBSS) skeleton with the pCLM (the highest connection probability), pCGM, and pCEM, displayed with pCLM
border lines in white. The pCLM borders are presented to show each cluster’s extent and demonstrate the limitation of the projection of neighboring voxels’ diffusion
properties to a skeleton point in the TBSS. The major streamline bundles’ skeleton in the TBSS overlaps grossly with the pCLM border, indicating that the neighboring
voxels perpendicular to a point in the skeleton of the TBSS may contain streamlines of different cortical connections and thus may induce the specificity problem.
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temporal lobe are more likely to be connected to the insula and frontal
operculum, lateral temporal cortex, and primary visual cortex. In con-
trast, voxels in the inferior frontal lobe are more likely to be connected
to the inferior, orbital, and polar frontal cortex, and the dorsolateral
prefrontal cortex (Fig. 5).

4.5. Structured gradient in the connection organization

A spatial order exists in the brain wiring in the three-dimensional
white matter space; wiring in the anterior-posterior direction, ventral-
dorsal direction, and medial and lateral directions are the major axes of
wiring. The pattern of anterior-posterior and ventral-dorsal directional
positioning in CC has already been discussed by Park et al. (2008).
We also found these ordered positioning in the internal and external
capsules, which showed a medial-lateral directional connection. The
ventral-dorsal positioning of cortical fibers is found in the uncinate fasci-
culus along the ventral pathway between the temporal cortex and the in-
ferior frontal gyrus (Ebeling and von Cramon, 1992; Perani et al., 2011).
Anterior-posterior directional gradients are observed in the cingulum
bundles, separating the anterior and posterior parts (Brodmann, 1909;
Vogt, 1993). The wiring in the three-dimensional space is graded accord-
ing to the positions of the cortical regions that the streamlines intercon-
nect. These types of gradients are essential for packing very complex
wires within a limited white matter space (Martino et al., 2011). All
this wiring could be interpreted in terms of the development of the cor-
tical region and its interconnecting white matter. The white matter may
have been patterned to support the continuous folding of the cortical sul-
cus and gyrus, thus improving inter-regional connections. (Garcia et al.,
2018; Tallinen et al., 2016; Van Essen, 2020).

The gradient wiring slightly differs from that of the functional gra-
dients in previous studies (Guell et al., 2018; Huntenburg et al., 2018;
Margulies et al., 2016; Paquola et al., 2019; Wang, 2020; Yang et al.,
2020). Functional gradients represent continuous transitions in func-
tional connectivity patterns, without specific consideration of the phys-
ical space. Further studies remain to associate functional gradients and
current wiring patterns within the space.

Of note, we compared the current analysis results, such as local gra-
dients, with the skeleton of a TBSS approach (Smith et al., 2006) which
has been widely used to analyze diffusion properties (See Fig. 7). All
the voxel properties (fractional anisotropy or diffusivity) are perpendic-
ularly projected to neighboring points in a skeleton, which is the medial
line of the white matter. The TBSS assumes that voxels projecting to a
skeleton point are homogeneous. However, as seen in the previous fig-
ures, the medial lines mostly bordered the connection profiles. It is a
diverging region where diverse directional streamlines share a position
temporally but later diverge to various cortical areas. In this respect,
TBSS is limited to representing the specificity of each voxel and may
merge heterogeneous streamline properties into a skeleton. This issue
has already been raised in a previous study (Edden and Jones, 2011;
Schwarz et al., 2014; Zalesky, 2011).

The current study explaining a connection distribution map gener-
ated by a state-of-art method of diffusion MRI analysis is mainly descrip-
tive. Unfortunately, the white matter parcellation for the major fiber
bundles comparable to the current study is rarely found in histology
studies. Therefore, the connection distribution map of the human should
be validated, particularly at the histological level using various circuit
tracing techniques such as anterograde and retrograde tracing.

In summary, we presented a connection distribution map to identify
the connection structures of the white matter at the voxel level. Under-
standing the connection structure of the white matter on a voxel-wise
level may help decide the appropriate treatment, such as surgical re-
section of the white matter voxels, to reduce the risk of functional loss
in the brain. The connection distribution, gradient and entropy informa-
tion provided in the current study are particularly important for defining
the margin of each lesion in the presurgical planning of patients with
white matter lesions (Park et al., 2004a). We expect that the current at-
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las will assist researchers in identifying the connection organizations of
white matter with ease and proficiency.
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