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Abstract

The white matter of the brain consists of fiber tracts that connect different regions of the brain. Among these tracts,
the intrahemispheric cortico-cortical connections are called association fibers. The U-fibers are short association
fibers that connect adjacent gyri. These fibers were thought to work as part of the cortico-cortical networks to ex-
ecute associative brain functions. However, their anatomy and functions have not been documented in detail for
the human brain. In past studies, U-fibers have been characterized in the human brain with diffusion tensor im-
aging (DTI). However, the validity of such findings remains unclear. In this study, DTI of the macaque brain was
performed, and the anatomy of U-fibers was compared with that of the human brain reported in a previous study.
The macaque brain was chosen because it is the most commonly used animal model for exploring cognitive func-
tions and the U-fibers of the macaque brain have been already identified by axonal tracing studies, which makes it
an ideal system for confirming the DTI findings. Ten U-fibers found in the macaque brain were also identified in
the human brain, with a similar organization and topology. The delineation of these species-conserved white mat-
ter structures may provide new options for understanding brain anatomy and function.
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Introduction

The white matter (WM) consists of fiber tracts that con-
nect different regions of the brain. Among these tracts,

the intrahemispheric cortico-cortical connections are called
association fibers. The U-fibers are short association fibers lo-
cated in the superficial WM (SWM), and these U-fibers con-
nect adjacent gyri. They were first described in the 19th
century and were thought to work as part of the cortico-

cortical networks to execute associative brain functions
(Arnold, 1838; Meynert, 1872). There are several human stud-
ies that indicate a relationship between the involvement of
U-fibers and neuropsychological impairments (Gootjes
et al., 2007; Lazeron et al., 2000; Miki et al., 1998; Rovaris
et al., 2000). These studies were based on the psychiatric ob-
servation of patients with brain impairments, such as ische-
mia and multiple sclerosis. However, most of the U-fibers
have not been distinctively identified and their functions
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are elusive. This is understandable, because the SWM looks
homogeneous, both in postmortem samples and in conven-
tional magnetic resonance imaging, which makes it difficult
to delineate these small fiber structures. In addition, the ana-
tomical variability of the cortex and its gyral pattern make a
comprehensive and systematic delineation difficult.

In these previous studies, diffusion tensor imaging (DTI)
has been successfully used to investigate the anatomy of sev-
eral human U-fibers (Anwander et al., 2007; Gong et al., 2009;
Mori et al., 2002). One of the advantages of a DTI-based study
is that it enables a systematic population-based analysis of the
locations and anatomy of the U-fibers, which would be diffi-
cult to perform by any other invasive or noninvasive ap-
proach. Such systematic studies have been reported to
define intergyri connections. In group-based studies, the
SWM was parcellated into nine blade-like structures that
were commonly found in the population (Iwasaki et al.,
1991; Oishi et al., 2008). An exhaustive search for connections
between adjacent gyri identified 28 U-fibers, including 11 U-
fibers that connected two adjacent blades (Zhang et al.,
2010). To the authors’ best knowledge, this is the first atlas
of the specific U-fibers defined in a common atlas space. Val-
idation of the DTI-based finding is, however, not straightfor-
ward. The tensor estimation is known to oversimplify the
underlying neuroanatomy and the connectivity search,
which is performed by tractography, and has been criticized
for possible false-positive and -negative results. On the other
hand, histological validation would require invasive tracer
studies, which cannot be applied to human subjects.

In this study, SWM and U-fiber anatomy were investigated
based on high-resolution DTI of a macaque brain. There were
two motivations for this study. First, the macaque is the most
commonly used animal model for exploring cognitive func-
tions (Nakahara et al., 2007), and the macaque U-fibers
have been identified by numerous in vivo axonal tracing stud-
ies and are now publicly available through the website of the
Collation of Connectivity data on the Macaque brain (CoCo-
Mac; http://cocomac.org/home.asp) (Kotter, 2004; Stephan
et al., 2001, 2000). Thus, the macaque brain is an excellent
model for validating the results of DTI-based tractography.
Second, whether the anatomical unit of the SWM area called
‘‘blade,’’ which has been delineated by previous DTI studies,
is consistent with that of the macaque brain can be investi-
gated, assuming that such interspecies anatomical conserva-
tion provides support for the validity of the DTI-based
findings in the human brain.

In terms of long fiber tracts, a high degree of cross-species
structural conservation has been observed with histology and
magnetic resonance imaging (Parker et al., 2002; Schmah-
mann and Pandya, 2006; Schmahmann et al., 2007; Zhang
et al., 2007). First, whether the nine blades in the human
brain are also present in the macaque brain was tested.
Then, the U-fibers of the macaque brain were investigated
using tractography, and the anatomy was compared with
that of the human brain.

Materials and Methods

MR imaging and DTI calculation in the postmortem
macaque brain

The brain of a rhesus monkey (Macaca mulatta) was perfusion-
fixed using 4% paraformaldehyde and scanned using a

4.7 T Bruker scanner. For DTI imaging, a three-dimensional
(3D) multiple spin-echo diffusion tensor sequence was used
(Zhang et al., 2003). A set of diffusion-weighted images
(DWI) was acquired in seven linearly independent directions.
DWI parameters were echo time (TE), 32.5 ms; repetition time
(TR), 0.7 sec; field of view (FOV), 80 · 58 · 60 mm; and matrix,
160 · 80 · 80 (zero filled to a data matrix of 256 · 128 · 128
with a nominal resolution of 0.313 · 0.453 · 0.469 mm3). The
b value of DWI was 1,000 sec/mm2.

The six elements of the diffusion tensor were calculated for
each pixel with multivariate linear fitting using DtiStudio
(H. Jiang and S. Mori, Johns Hopkins University, Kennedy
Krieger Institute; lbam.med.jhmi.edu or www.MriStudio
.org) ( Jiang et al., 2006). After diagonalization, three eigenval-
ues and eigenvectors were obtained. For the anisotropy map,
fractional anisotropy (FA) was used (Pierpaoli and Basser,
1996). The eigenvector (v1) associated with the largest eigen-
value was used as an indicator of fiber orientation. A 24-bit,
color-coded orientation map was created by assigning red,
green, and blue channels to the x (right–left), y (anterior–
posterior), and z (superior–inferior) components of the v1,
in which intensity was proportional to FA (Makris et al.,
1997; Pajevic and Pierpaoli, 1999).

Extraction of the SWM of a macaque brain

First, the WM/cortex boundary of the brain was defined
using an FA threshold of 0.4 for a macaque brain. As the
aim of this study was to delineate the common SWM struc-
tures across species for DTI analysis, this relatively high FA
threshold was set for two reasons. First, FA values of the
ex vivo macaque cortex are higher (0.2–0.3) than those typi-
cally observed in in vivo human studies (0.1–0.15), probably
because of much higher spatial resolution. Second, the inclu-
sion of the cortex has to be minimized for the WM anatomical
study. Therefore, the WM/cortex boundary in this study is
close, but not identical, to the boundaries typically defined
by T1-weighted images. The deep WM (DWM) was defined
and manually parcellated according to previous publica-
tions (Mori et al., 2008; Schmahmann and Pandya, 2006;
Schmahmann et al., 2007). The SWM was defined as the
WM between the DWM and the WM/cortex boundary. As
detailed in the Results section, the macroscopic features of
the macaque SWM were quite similar to those of the popula-
tion-averaged human brain, and the corresponding blades
were easily identified. Therefore, the macaque SWM areas
were further parcellated into nine blades based on those of
the human brain, as described by Oishi et al. (2008).

Tractography for short association fibers

The fibers that connected two adjacent blades without
going to other brain areas were examined using the Fiber
Assignment by Continuous Tracking method (Mori et al.,
1999; Xue et al., 1999), implemented in DtiStudio. The multi-
ple region of interest (ROI) approach was applied to recon-
struct tracts of interest (Conturo et al., 1999; Huang et al.,
2004), with an FA threshold of 0.4 and fiber angles of less
than 40� between two connected pixels. Each parcellated
blade was used as an ROI for fiber tracking. Specifically,
two adjacent ROIs (e.g., blade A and B) were selected to per-
form the logic operation of ‘‘AND,’’ and then, the other seven
ROIs were applied to perform the logic operation of ‘‘NOT.’’
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In this way, the U-fibers that connected blades A and B,
which did not go to other brain areas, were extracted. The
Fiber Assignment by Continuous Tracking technique is a de-
terministic method, meaning that it can connect two brain re-
gions only when there is a path without any interruption,
such as in low FA areas (e.g., gray matter and cerebrospinal
fluid), or without substantial fiber crossing. Because interrup-
tion leads to a lack of fibers connecting the two ROIs, false-
negatives may occur. In addition, if there are crossing fibers,
there could be a certain amount of orientation bias due to er-
rors in the measured fiber angles.

Demonstration of the SWM structures
in the in vivo human brain

To visually investigate the similarity of the SWM structures
found in this study and those previously found in the human
brain, the blades of the human brain were three-dimension-
ally reconstructed using an established population-averaged
atlas (ICBM-DTI-81; www.loni.ucla.edu/ICBM/Downloads/
Downloads_DTI-81.shtml) (Mori et al., 2008; Oishi et al.,
2008) and a single-subject atlas ( JHU-MNI-SS, http://cmrm
.med.jhmi.edu/) (Oishi et al., 2009). The methods used to cre-
ate these atlases have been previously described. Briefly, the
ICBM-DTI-81 atlas was created by tensor-averaging 81 normal
DTI data, which were linearly normalized to the ICBM-152
space. Images used to create this population-averaged atlas
had been acquired on Siemens 1.5T MR units with sensitivity
encoding (SENSE), using single-shot echo-planar imaging
sequences, and processed using the common International
Consortium of Brain Mapping (ICBM) procedures. The DWI
parameters were TE = 90 ms, TR = 10 sec, FOV = 240 · 240 mm,

matrix = 96 · 96 (zero filled to data matrix 256 · 256), and
2.5 mm thickness parallel to the AC-PC line, with a total of
60 sections without gaps. Diffusion weighting was encoded
along 30 independent orientations, and the b value was
1,000 sec/mm2. The JHU-MNI-SS atlas was created by linearly
normalizing a single-subject DTI to the ICBM-152 template.
The DTI was obtained from a 32-year-old healthy woman,
on a 1.5T MR unit (Gyroscan NT, Philips Medical Systems)
with SENSE. A single-shot echo-planar imaging sequence
was used. The DWI parameters were TE = 92 ms, TR = 9 sec,
FOV = 246 · 246 mm, matrix = 112 · 112 (zero filled to data
matrix 256 · 256), and 2.2 mm thickness parallel to the AC-PC
line, with a total of 60 sections without gaps. Diffusion
weighting was encoded along 30 independent orientations,
and the b value was 700 sec/mm2. The FA threshold used
to define the WM/cortex boundary was 0.25, as previously
described. Parameters used for the U-fiber tractography
were the same as those used for the macaque brain, except
the FA threshold of 0.25 was used.

Results

Identification of DWM and SWM structures
in the macaque brain

The DTI-based image clearly visualizes various intra-WM
structures. Figure 1A–C show color-coded orientation maps
of the ICBM-DTI-81 (population-averaged) human atlas, the
JHU-MNI (single-subject) human atlas, and the macaque
brain, respectively. In the lower row, the WM parcellation
maps from previous studies are superimposed. The DWM
structures are shown by the color contours, and the SWM re-

FIG. 1. (A) The ICBM-DTI-81
atlas, which was created by av-
eraging the 81 normative DTI
from the International Consor-
tium of Brain Mapping (ICBM)
database. The white matter par-
cellation map is superimposed
and shown in D. (B) Single
human DTI, which was linearly
normalized to ICBM space.
Hand-segmented deep white
matter map (color contour) was
overlaid with superficial
white matter (white contour)
segmented by fractional anisot-
ropy thresholding (E). (C) Single
macaque DTI. Hand-segmented
deep white matter map (color
contour) was overlaid with su-
perficial white matter (white
contour) segmented by fractional
anisotropy thresholding (F). Fig-
ures in A and D are from previ-
ous publications and are
presented in this figure to enable
comparison with the single-sub-
ject images. DTI, diffusion tensor
imaging; ACR, anterior corona

radiata; ALIC, anterior limb of internal capsule; CG, cingulum; EC, external capsule; Fx, fornix; GCC, genu of the corpus callosum;
PLIC, posterior limb of the internal capsule; PTR, posterior thalamic radiation; RLIC, retrolenticular part of the internal capsule; SCC,
splenium of the corpus callosum.
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gions are shown by the white contours (Fig. 1D, E). Figure 1F
shows the present study’s attempt to define the corresponding
WM structures in the macaque brain. The anatomy of the
DWM areas has been well characterized by neuroanatomical
studies of both human (Dejerine, 1895) and macaque brains
(Schmahmann and Pandya, 2006; Schmahmann et al., 2007).
Consistently, most of the DWM structures in both species are
similar to each other. However, the SWM structure in human
brains (Fig. 1E) is noticeably more complex than that in ma-
caque brains (Fig. 1F).

Assignment of SWM structures in the macaque brain
and the relationship to the cortex

The anatomy of the parcellated macaque SWM was similar
to that seen in human brains. Namely, the nine blade-type

features of the SWM can be recognized in the macaque
brain (Fig. 2C), and each blade is similar in shape and loca-
tion, compared with the corresponding human blade (Fig.
2A, B). Comparable to the human blades, the macaque blades
are named as superior frontal blade (SF), middle frontal
blade (MF), inferior frontal blade (IF), precentral blade
(PrC), postcentral blade (PoC), superior parietal blade (SP),
parieto-temporal blade (PT), temporal blade (Tmp), and oc-
cipital blade (Occ). One notable difference was seen in the
MF, which has direct contact with the PrC in the human
brain (black arrows in Fig. 2A, B) but is separated from the
PrC in the macaque brain (black arrow in Fig. 3C).

In Figure 2D, 3D views of the macaque brain surface are
shown. Further, the blades were parcellated based on their re-
lationships with the gyri, similar to previous human studies
(Faria et al., 2010; Oishi et al., 2008, 2009; Zhang et al.,
2010). The results of the subparcellation of the blades and
the comparison with human data are summarized in Table
1. The subparcellated regions are named ‘‘‘gyrus name’
WM’’, as detailed in Table 1. Note that WM regions that cor-
respond to the insula and the parahippocampal gyrus were
difficult to identify because they directly face major WM
tracts (the external capsule and the fornix/stria terminalis),
and therefore, there is no SWM associated with them. The re-
lationship between lobes and blades and the subparcellations
were well preserved between macaque and human brains, al-
though the gyrification pattern of the cortex is more complex
in the human brain. Note that there are differences in the
nomenclature of the gyri between the two species (e.g.,
the medial orbital gyrus of the macaque is comparable to
the middle orbito-frontal gyrus of the human; shown in italic

FIG. 2. Three-dimensional view of the nine blades and the
brain surface. (A) The blades of the ICBM-DTI-81 popula-
tion-averaged human atlas. The boundary of the blades is de-
fined by white matter probability of 60%. (B) The blades of
the JHU-MNI-SS atlas (single-subject atlas). (C) The blades
of a single macaque. (D) Surface of the macaque brain. The
blades are superior frontal blade (SF, purple), middle frontal
blade (MF, light green), inferior frontal blade (IF, deep green),
precentral blade (PrC, yellow), postcentral blade (PoC, blue),
superior parietal blade (SP, brown), parieto-temporal blade
(PT, red), temporal blade (Tmp, ochre), and occipital blade
(Occ, light blue). The gyri are superior frontal gyrus (SFG),
middle frontal gyrus (MFG), inferior frontal gyrus (IFG), pre-
central gyrus (PrG), postcentral gyrus (PoG), superior parietal
lobule (SPL), supramarginal gyrus (SMG), angular gyrus
(AG), superior temporal gyrus (STG), middle temporal
gyrus (MTG), inferior temporal gyrus (ITG), occipital gyrus
(OG), and inferior occipital gyrus (IOG). There is no gap be-
tween the MF and the PrC in the human brain (black arrows
in A and B), which is separated in the macaque brain (black
arrow in C).

FIG. 3. The U-fibers in the frontal area of macaque (A and
B) and human (C and D) brains. U-fibers are displayed as
yellow fibers. Color lines are drawn on each blade of the
left side of the brain to help the visual identification: purple
line, SF; light green line, MF; and deep green line, IF. (A
and C) The U-fibers connecting the SF and the MFs. (B and
D) The U-fibers connecting the MF and the IFs.
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in Table 1). In both species, blades consisted of one or several
subparcellations.

Fiber structure of the macaque SWM
and interblade connections

Ten interblade U-fibers were found in the macaque
brain and are summarized later as well as in Table 2. These
U-fibers were shown three-dimensionally (Figs. 3–5) and
two-dimensionally (Fig. 6) with the 11 U-fibers reproducibly
found in human brains (Figs. 3–5 for the 3D views and Fig.
7 for the two-dimensional views).

Connection between the SF and MF. The U-fiber shown
in Figure 3A connects the SF, just posterior and superior to
the arcuate sulcus, and the entire length of the MF in the ma-
caque brain. The corresponding U-fiber in the human brain
connects the middle one-third of the SF and the middle
one-third of the MF (Fig. 3C). In the human brain, this fiber
was identified in all of 20 subjects in a previous study
(Zhang et al., 2010), with an additional connection between
the anterior tips of the SF and the MF in some subjects.

Connection between the MF and IF. This U-fiber con-
nects the entire length of the MF and the IF just below the pos-
terior half of the principal sulcus in the macaque brain (Fig.
3B). The corresponding U-fiber in the human brain connects
the posterior one-third of the MF and the posterior part of
the IF, which is located just beneath the opercular part of
the inferior frontal gyrus (Fig. 3D). This fiber was identified
in all of 20 subjects in the previous study.

Connection between the SF and PrC. This U-fiber con-
nects the posterior end of the SF and the dorsal one-third of
the PrC (Fig. 4A). The corresponding U-fiber in the human

brain also connects the same areas (Fig. 4C) and was identi-
fied in all of 20 subjects in the previous human study.

Connection between the MF and PrC. This U-fiber con-
nects the posterior end of the MF and the middle one-third
of the PrC (Fig. 4A). The corresponding U-fiber in the human
brain also connects the same areas (Fig. 4C) and was identi-
fied in all of 20 subjects in the previous human study.

Connection between the IF and PrC. This U-fiber con-
nects the posterior end of the IF and the ventral one-third of
the PrC (Fig. 4A). The corresponding U-fiber in the human
brain also connects the same areas (Fig. 4C) and was identi-
fied in all of 20 subjects in the previous human study.

Connection between the PrC and PoC. This U-fiber con-
nects the PrC and the PoC for their entire length (Fig. 4B). The
corresponding U-fiber in the human brain also connects the
same areas (Fig. 4D) and was identified in all of 20 subjects
in the previous human study.

Connection between the PoC and PT. This U-fiber con-
nects the middle one-third of the PoC and the PT just beneath
the anterior part of the supramarginal gyrus (Fig. 5A). The
corresponding U-fiber in the human brain also connects the
same areas (Fig. 5C) and was identified in 18 of 20 subjects
in a previous human study (Zhang et al., 2010).

Connection between the SP and PT. This U-fiber con-
nects the posterior half of the SP and the PT just beneath
the angular gyrus (Fig. 5A). The corresponding U-fiber in
the human brain connects the dorsolateral part of the SP
and the PT just beneath the angular gyrus (Fig. 5C). This
fiber was indentified in all of 20 subjects in the previous
human study.

Table 1. Relationship Between Blades, Lobes, and Subparcellations

Lobes Blades Subparcellation (macaque) Subparcellation (human)

Frontal Superior frontal Superior frontal WM, rectus WM,
medial orbital WM, and anterior
cingulate WM

Superior frontal WM, rectus WM, middle
orbito-frontal WM, and anterior part of
cingulate WM

Middle frontal Middle frontal WM Middle frontal WM
Inferior frontal Inferior frontal WM and lateral

orbital WM
Inferior frontal WM and lateral orbito-frontal

WM
Precentral Precentral WM Precentral WM

Parietal Postcentral Postcentral WM Postcentral WM
Superior parietal Superior parietal WM, precuneus

WM, posterior and isthmus of
cingulate WM

Superior parietal WM, precuneus WM,
posterior and isthmus of cingulate WM

Parieto-temporal Supramarginal WM, angular WM
and superior temporal WM

Supramarginal WM, angular WM and
superior temporal WM

Temporal Temporal Middle temporal WM, inferior
temporal WM and anterior part
of fusiform WM

Middle temporal WM, inferior temporal
WM and anterior part of fusiform WM

Occipital Occipital Occipital WM, inferior occipital
WM, cuneus WM, lingual
WM and posterior part of
fusiform WM

Superior occipital WM, middle occipital WM,
inferior occipital WM, cuneus WM, lingual
WM and posterior part of fusiform WM

WM structures equivalent between the macaque and humans are shown in italics. Human blades and subparcellations are based on pre-
vious studies (Oishi et al., 2008, 2009).

WM, white matter.
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Connection between the PT and Tmp. This U-fiber con-
nects the PT just beneath the posterior one-third of the superior
temporal gyrus and the posterior edge of the Tmp (Fig. 5B).
The corresponding U-fiber in the human brain also connects
the same areas (Fig. 5D) and was identified in all of 20 subjects
in the previous human study.

Connection between the Tmp and Occ. This U-fiber con-
nects the posterior one-third of the Tmp and the frontal-
lateral part of the Occ. The corresponding U-fiber in the
human brain also connects the same areas (Fig. 5D) and was
identified in all of 20 subjects in the previous human study.

For these 10 aforementioned U-fibers, a strong similarity
was found between the macaque and human brains. How-
ever, the fibers connecting the SP and the Occ, which were
found in all of 20 human subjects, were not identified in
the macaque brain. The past literature about U-fibers in
the macaque brains, which is compiled in Table 2, con-
firmed the existence of the 10 U-fibers, but the superior
parietal–occipital connection was not documented in these
studies, which is concordant with the findings of the pres-
ent study.

Discussion

Identification of the blade structures

The SWM structures were investigated using DTI in the
macaque brain, and the results were compared with those

in the human brain. In previous investigations, population-
averaged DTI of the human brain was used to identify
common morphological features of the SWM area. The
nine blade structures were delineated in the population-
averaged DTI as well as in the single-subject DTI (Oishi
et al., 2008). Then, through a comprehensive search of the
20 normal human DTIs of the ICBM database (www.loni
.ucla.edu/ICBM/Databases/), 11 interblade U-fibers com-
monly detectable using DTI were identified (Zhang et al.,
2010).

These nine blade structures in the SWM are also found in
the macaque brain. The shapes and the associated gyri are
also well preserved. It is interesting to point out that the
shape of the SWM structure of the macaque brain (Figs. 1F
and 2C) is more similar to that of the population-averaged
human brain (Figs. 1D and 2A), because of the substantially
less-convoluted shapes in the macaque brain.

Identification of U-fibers that interconnect the blades

U-fibers that interconnect the blades were searched using
tractography. Ten interblade U-fibers were found in the ma-
caque brain. These U-fibers have been noted in previous trac-
er-based histological studies (Table 2), and the validity has
been confirmed. The trajectories of these U-fibers were very
similar to those of the human brain. The cross-species similar-
ity of the SWM structures revealed by DTI analysis suggests
that the U-fibers found in this study are conserved during pri-
mate brain evolution. The only difference was that, of the 11

Table 2. Summary of the U-Fibers Identified in Macaque and a Previous Human

Diffusion Tensor Imaging Study

U-fiber Connected blades Reference for the histological studies of macaque brain

SF–MF The superior frontal blade and the
middle frontal blade

Barraclough et al. (2004), Owen et al. (1996, 1998), Petrides
(1991, 1995), Petrides and Pandya (2002), Petrides et al. (1993),
Salmon et al. (1996)

MF–IF The middle frontal blade and the
inferior frontal blade

Cadoret and Petrides (2007), Cadoret et al. (2001), Kostopoulos
and Petrides (2008a, b), Passingham et al. (2000), Petrides
and Pandya (1999, 2002)

SF–PrC The superior frontal blade and
the pre-central blade

Pieper et al. (1980), Schmahmann and Pandya (2006)

MF–PrC The middle frontal blade and the
pre-central blade

Baker et al. (2006), Blanke et al. (2000), Pandya and
Kuypers (1969)

IF–PrC The inferior frontal blade and the
pre-central blade

Alkadhi et al. (2002), Huang et al. (1988), Meier et al. (2008),
Schmahmann and Pandya (2006), Sessle and
Wiesendanger (1982)

PrC–PoC The pre-central blade and the
post-central blade

Schmahmann and Pandya (2006)

PoC–PT The post-central blade and the
parieto-temporal blade

Lin et al. (1994), Rozzi et al. (2008), Schmahmann and
Pandya (2006), Toda and Taoka (2006)

SP–PT The superior parietal blade and
the parieto-temporal blade

Culham et al. (2006), Divac et al. (1977), Grefkes and Fink
(2005), Leichnetz (2001), Schmahmann and Pandya (2006)

PT–Tmp The parieto-temporal blade and
the temporal blade

Corbetta et al. (2000), Grosbras et al. (2005), Kincade et al.
(2005), Schmahmann and Pandya (2006), Shulman
et al. (2003)

Tmp–Occ The temporal blade and the
occipital blade

Schmahmann and Pandya (2006)

SP–Occ The superior parietal blade and
the occipital blade

No reference

U-fibers listed here were found both in the macaque and human brains, except for a U-fiber connecting the superior parietal blade and the
occipital blade (SP–Occ), which was found only in the human brain.

IF, inferior frontal blade; PrC, precentral blade; PoC, postcentral blade; Tmp, temporal blade.
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interblade U-fibers identified in the human brain DTI, a U-
fiber connecting the SP and the Occ was not found in the cur-
rent macaque DTI analysis, which seems to be congruent with
the past tracer-based studies. However, it could not be con-
cluded that this U-fiber is absent in the macaque brain, be-
cause tracer-based studies have investigated a limited
number of brain connections and ‘‘no connection reported’’
does not necessarily mean the lack of a U-fiber in that area.
In addition, false-negative U-fibers were expected because
of the technical limitations of DTI (see ‘‘Limitations of the
study using DTI’’ later). Further tracer-based study will be re-
quired to confirm this finding.

To identify corresponding U-fibers between the two spe-
cies, first, a cross-species assignment of brain structures was
needed to be performed, which is not always an easy task.
In this respect, delineation of the nine blade structures in
both species played an essential role for U-fiber identification
in this study; these macroscopic SWM features allowed to de-
fine corresponding cortical regions between the two species,
and the U-fibers connecting those regions were compared.
This, however, also defines a limitation of the approach in
the present study. Namely, U-fiber structures between gyri
could not be studied within one blade. Such studies require
finer cortical assignments across the species.

Implication of the identified structures in the SWM

This study reported SWM structures of the macaque brain
identified by DTI. Based on the cross-species conservation,
these DTI-delineated structures, which were also identified

in previous human studies (Gong et al., 2009; Oishi et al.,
2008; Zhang et al., 2010), are likely to be real entities. At
this point, there are more unanswered questions than what
has been found about the SWM anatomy. For example,
what are the functions of these U-fibers? How many U-fibers
remain undescribed in both the macaque and the human
brains? How do they develop and what is their status in path-
ological conditions? For future studies, however, identifica-
tion of these SWM structures on DTI may provide
interesting opportunities to investigate the human brain as
well as the macaque brain. For example, the U-fibers can
serve as anatomical landmarks to define corresponding corti-
cal areas across subjects. In patients with cortical lesions, such
as stroke and multiple sclerosis, involvement of specific U-
fiber and functional outcome could be investigated. In the
past, the application of DTI was mostly confined to the assess-
ment of structures in the DWM, such as the corpus callosum
and the internal capsule. The SWM remained largely unex-
amined, which is partly due to difficulties in defining the cor-
responding SWM areas across subjects. Expanding the brain
frontier from DWM toward SWM might enhance the poten-
tial of DTI as a research and clinical tool.

Limitations of the study using DTI

The anatomical information achieved in this study is based
on DTI, in which measured water diffusion properties are fit-
ted to a simple 3 · 3 tensor model. This model assumes only

FIG. 4. The U-fibers in the central area of the macaque (A
and B) and human (C and D) brains. Color lines are drawn
on each blade of the left side of the brain to help the visual
identification: purple line, SF; light green line, MF; deep
green line, IF; yellow line, PrC; and blue line, PoC. (A and
C) The U-fibers connecting the SF and the PrCs (orange fi-
bers); the U-fibers connecting the MF and the PrCs (green fi-
bers); and the U-fibers connecting the IF and the PrC (light
blue fibers) are shown. (B and D) The U-fibers connecting
the PrC and the PoC (red fibers) are shown.

FIG. 5. The U-fibers in the parietal-temporal-occipital area
of the macaque (A and B) and human (C and D) brains. Col-
ored lines are drawn on each blade of the left side of the brain
to help the visual identification: blue line, PoC; brown line,
SP; red line, PT; orange line, Tmp; and light blue line, Occ.
(A and C) The U-fibers connecting the PoC and the PT (or-
ange fibers) and the U-fibers connecting the SP and the PT
(blue fibers) are shown. (B and D) The U-fibers connecting
the PT and the Tmp (light green fibers); the U-fibers connect-
ing the Tmp and the Occ (pink fibers); and the U-fibers con-
necting the SP and the Occ (orange fibers) are shown. Note
that the orange fiber is not seen in the macaque brain.
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one dominant fiber population within each pixel, which is an
oversimplification. This could be an issue, especially in the
SWM, wherein fiber architectures are more complicated
than in the DWM. Therefore, lack of U-fibers in tractography
does not necessarily mean that there are no U-fibers. Unless
U-fibers are the dominant component of the SWM area,
their existence may be hidden by spatially complicated fiber
architecture. Therefore, tractography should be considered
as a probe to detect only a limited number of the U-fibers
with robust and consistent anatomical features among differ-
ent subjects. It is also possible that there are false-positive

findings, although the agreement with the past tracer-based
histological studies support the validity of the U-fibers iden-
tified in this study, at least in the macaque brain. There have
been attempts to ameliorate the limitations of DTI, such as
using sophisticated nontensor diffusion analysis methods
rather than using a simple tensor approach (Alexander
et al., 2002; Frank, 2001, 2002; Tournier et al., 2004; Tuch
et al., 2002, 2003; Wedeen et al., 2005; Wiegell et al., 2000),
which have been applied to investigate macaque brain. The
comparison of brain connectivity between macaque and
human brains using these new approaches, as well as the sta-

FIG. 6. Locations of the 10
interblade association fibers in
the single macaque DTI.
Coronal slices correspond to
white horizontal lines on the
axial slice.

FIG. 7. Locations of the 11
inter-blade association fibers
in the single human DTI.
Coronal slices correspond to
the white horizontal lines on
the axial slice.
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tistical validation using multiple macaque brains, could be an
important future research endeavor.

Conclusion

This study investigated anatomical features in the macaque
SWM and compared the findings with those in the human
brain. In both species, the SWM shared the nine blade-like
structures. Identification of the nine blades in the human
and macaque brains allowed to investigate interblade U-
fibers, which are otherwise difficult to define in consider-
ably variable cortical areas. Using tractography, ten U-fiber
tracts were identified in both species. The interarea connec-
tions by the ten U-fiber tracts were previously reported in
the macaque brain, based on axonal tracing techniques.
Those tracing data support the existence of the U-fiber
tracts in the human brain in corresponding regions. Delinea-
tion of these reproducible WM structures may provide new
options for understanding and monitoring brain function
and diseases.
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