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Brain registration to a stereotaxic atlas is an effective way to report
anatomic locations of interest and to perform anatomic quantification.
However, existing stereotaxic atlases lack comprehensive coordinate
information about white matter structures. In this paper, white matter-
specific atlases in stereotaxic coordinates are introduced. As a reference
template, the widely used ICBM-152 was used. The atlas contains fiber
orientation maps and hand-segmented white matter parcellation maps
based on diffusion tensor imaging (DTI). Registration accuracy by
linear and non-linear transformation was measured, and automated
template-basedwhitematter parcellationwas tested. The results showed
a high correlation between the manual ROI-based and the automated
approaches for normal adult populations. The atlases are freely
available and believed to be a useful resource as a target template and
for automated parcellation methods.
© 2008 Elsevier Inc. All rights reserved.
Introduction

Stereotaxic human brain atlases play an important role in brain
research. One of the most widely used atlases is one by Talairach and
Tournoux (1988), which is based on histology data from a single
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subject. The atlas contains a cytoarchitectural map of the cortex
through the addition of Brodmann's (1909) map, explaining its wide
use for registering, identifying, and reporting human cortical lo-
cations in a common coordinate system (Lancaster et al., 2000). A
series of probabilistic maps provided by the Montreal Neurological
Institute (MNI) and the International Consortium of Brain Mapping
(ICBM) are also widely used (Collins et al., 1994; Evans et al., 1992;
Mazziotta et al., 1995). These maps were created by linearly
registering a large number of T1-weighted MR images of normal
subjects into a common template. These maps have excellent values
as a target template for normalization-based group analyses. How-
ever, in these existing atlases, the amount of information about white
matter anatomy is limited (Toga et al., 2006). This lack of white
matter information is understandable because this tissue appears
homogeneous in conventional MRI, as well as in histology prepa-
rations. Such a lack of anatomical clues, contrary to gyral and sulcal
patterns in the cortex, renders identification and delineation of spe-
cific white matter locations very difficult.

Diffusion tensor imaging is a relatively newMRmodality (Basser
et al., 1994a), with which we can visualize various axonal bundles
within the white matter, based on orientational information (Catani
et al., 2002; Douek et al., 1991; Jellison et al., 2004; Makris et al.,
1997; Mori et al., 2002; Nakada and Matsuzawa, 1995; Pajevic and
Pierpaoli, 1999; Pierpaoli et al., 1996; Stieltjes et al., 2001). This
orientation-based contrast opens up new opportunities to establish a
white matter coordinate system and study disease mechanisms or
relationship between anatomy and functions of white matter. To
understand disease patterns (e.g., the lesion frequency in a specific
white matter location) or to correlate these anatomic abnormalities
with functional deficits using group statistical analyses, lesion lo-
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cations must be described by a coordinate system. DTI information
can be used to generate “addresses” based on anatomic units in
otherwise homogeneous-looking white matter, which is the first step
toward the establishment of a white matter functional map similar to
cortical functional maps. Establishing a standard coordinate system
for white matter and developing tools to utilize it are thus of great
importance. In this paper, we introduce a stereotaxic population-
averaged white matter atlas, in which we fused DTI-based white
matter informationwith an existing anatomical template (ICBM-152).
This atlas is based on tensor maps obtained from 81 normal subjects
acquired under an initiative of the International Consortium of Brain
Mapping (ICBM). A hand-segmented white matter parcellation map
was created from this averagedmap, which can be used for automated
white matter parcellation. The precision of the affine-based image
normalization and automated parcellation was measured for a group
of normal subjects using manually defined anatomical landmarks.

Methods and materials

Creation of the population-averaged atlas in the ICBM-152
coordinates (ICBM-DTI-81)

DTI data obtained from 81 normal subjects were used for the
population-averaged atlas. The data were acquired at the Montreal
Neurological Institute (24 cases) and University of California Los
Angeles (57 cases) under the International Consortium of Brain
Mapping (ICBM) collaboration (M: 42, F: 39, average age: 38. 63
(18–59 years old), right-handed). All studies were obtained on
1.5 T MR units (Siemens, Sonata, VA25 operating system). DT
imaging data were acquired by using a single-shot, echo-planar
imaging sequence with sensitivity encoding and a parallel imaging
factor of 2.0 (Pruessmann et al., 1999). The imaging matrix was
96×96 with a field of view of 240×240 mm (nominal resolution:
2.5 mm). Transverse sections of 2.5 mm thickness were acquired
parallel to the anterior commissure–posterior commissure line (AC–
PC). A total of 60 sections covered the entire hemisphere and
brainstem without gaps. Diffusion weighting was encoded along 30
independent orientations (Jones et al., 1999) and the b-value was
1000 s/mm2.

Five additional images with minimal diffusion weighting were
also acquired. The scanning time per dataset was approximately
4 min. To enhance the signal-to-noise ratio, imaging was repeated
three times.

To remove mis-registration due to subject motion- and eddy-
current-induced image distortion, the raw diffusion-weighted images
(DWIs) were co-registered to one of the least diffusion-weighted
images using 12-mode affine transformation with Automated Image
Registration (AIR) (Woods et al., 1998). The average of all DWIs
(aDWI) was calculated and used for a DTI-based anatomic image.
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) (Basser
et al., 1994b; Jiang et al., 2006). After diagonalization, three
eigenvalues and eigenvectors were obtained. For the anisotropy
map, fractional anisotropy (FA) was used (Pierpaoli and Basser,
1996). The eigenvector (v1) associated with the largest eigenvalue
was used as an indicator for 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 and its intensity was modulated by
FA.
For anatomical images to drive the normalization process, aDWIs
were used. These images were normalized to the template (ICBM-
152) using a 12-mode affine transformation of AIR. The transforma-
tion matrix was then applied to the calculated diffusion tensor field,
based on themethod described byAlexander et al. (2001) andXu et al.
(2003). The entire normalization process was performed by in-house
software called Landmarker (X. Li, H. Jiang, and S. Mori, Johns
Hopkins University, www.MriStudio.org or mri.kennedykrieger.org)
and took approximately 30 min for the entire process. After
normalization, the image matrix and pixel resolution were inter-
polated to match those of the ICBM-152 (181×217×181 with 1 mm
pixel resolution) using trilinear interpolation. To obtain population-
averaged data, the linearly transformed tensor fields from individual
subjects were averaged by simple scalar averaging of tensor elements.
From the averaged tensor field, the FA and color-coded maps were
recalculated. An additional nine normal subjects, who were not
included in the atlas-making, were also normalized using an affine or
fourth-order polynomial non-linear transformation by AIR to test the
accuracy of atlas registration. For all AIR-based normalization, the
ratio image uniformity (RIU) cost function was used (Woods et al.,
1998).
White matter parcellation map (WMPM)

Based on fiber orientation information visualized in the color-
codedmap, the white matter was segmented, andwill be referred to as
theWhiteMatter PacellationMap (WMPM) hereafter. In theWMPM,
deep white matter regions were manually segmented into various
anatomic regions. The partition criteria were derived from histology-
based atlases (Carpenter, 1976; Crosby et al., 1962; Nieuwenhuys
et al., 1983).

Definition of structures in thewhitematter is sometimes confusing.
For example, names, such as the internal capsule, refer to specific
locations in the white matter. This structure contains various axonal
tracts with different trajectories (i.e., corticospinal tract, corticopontine
tract, corticothalamic tract, thalamocortical tract, etc.). On the other
hand, nomenclature such as the corticospinal and corticopontine refers
to the connection between two anatomic regions, although the sepa-
ration of these two types of nomenclature is not always clear in white
matter anatomy.

The WMPM is primarily based on the former nomenclature.
The connection-based assignment of white matter structures has
been made possible by tractography-based methods (Basser et al.,
2000; Conturo et al., 1999; Mori et al., 1999; Parker et al., 2002;
Poupon et al., 2000; Wakana et al., 2004). However, these methods
have several limitations: (1) only a limited region of white matter
can be assigned by tractography with known validity; and (2) occa-
sionally, the same regions are labeled by multiple tracking results.
Because of these limitations, the white matter parcellation is pri-
marily based on hand segmentation while tractography-based tract
identification is provided as a secondary source of white matter
parcellation.

As described below, the definition of the parcellation boundaries
is sometimes arbitrary. This is inevitable because tissue anatomy
often does not have clear boundaries. This is, again, similar to city
boundaries on a map. Sometimes, there is a clear boundary, such as a
river, but sometimes, the definition is artificial. The resultant map
could be nonetheless useful for establishing coordinates. In the fol-
lowing description of each WMPM partition, such artificial bound-
aries, when used, are explicitly described. For detailed pictorial
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views of the nomenclature and locations of the white matter struc-
tures, please refer to our previous white matter atlases (Mori et al.,
2005; Wakana et al., 2004).

In the WMPM, the following white matter structures are iden-
tified and partitioned:

(1) Tracts in the brainstem
Corticospinal tracts (CST): This structure can be clearly iden-
tified at the medulla and the pons level, but should also contain
corticopontine and corticobulbar tracts.
Medial lemniscus (ML): This is a major sensory pathway toward
the thalamus. This tract is identifiable in the pons, but not in the
midbrain. Because of the limited image resolution, this parcel-
lation may include the central tegmental tract.
Medial longitudinal fasciculus (MLF): This fiber bundle, run-
ning along the medial dorsal aspect of the brainstem, connects
various nuclei in the brainstem.
Inferior cerebellar peduncle (ICP): This tract carries informa-
tion from the spinal cord and the medulla to the cerebellum.
Middle cerebellar peduncle (MCP): This massive tract initiates
from the pontine nuclei and carries information between the
cortex and the cerebellum. In the pons, this segment also con-
tains pontine crossing fibers. This tract continues to the cere-
bellar white matter and its boundary is not clear. In our map,
the white matter ventral to the dentate nuclei is defined as the
MCP.
Superior cerebellar peduncle (SCP): This tract carries informa-
tion between the deep cerebellar nuclei (dentate nuclei) and the
thalamus. This tract is identifiable from the cerebellar nuclei to
the midbrain at the SCP deccusation. After the deccusation, the
tract cannot be identified with current image resolution.

(2) Projection fibers
Corona radiata: This structure is divided into three regions:
anterior (ACR), superior (SCR), and posterior (PCR). The di-
visions are made at the middle of the genu and splenium of the
corpus callosum, which are arbitrarily chosen and not based on
anatomic or functional boundaries. This region includes the
thalamic radiations (thalamocortical, corticothalamic fibers) and
parts of the long corticofugal pathways, such as the corticosp-
inal, corticopontine, and corticobulbar tracts. The boundary of
the corona radiata and the internal capsule is defined at the axial
level where the internal capsule and the external capsule merge.
Anterior limb of internal capsule (ALIC): The anterior thalamic
radiation and fronto-pontine fibers are the major contributors in
this region.
Posterior limb of internal capsule (PLIC): The superior thalamic
radiation and long corticofugal pathways, such as the corticosp-
inal tract and the fronto- and parieto-pontine fibers, are the major
constituents.
Retrolenticular part of the internal capsule (RLIC): In this region,
the posterior thalamic radiation (corticothalamic and thalamo-
cortical fibers, including the optic radiation) is the major con-
stituent, but can also include the parieto-, occipito- and temporo-
pontine fibers. The boundary with the sagittal stratum (SS) is
arbitrarily defined at the middle of the splenium of the corpus
callosum.
Cerebral peduncle (CP): This is a region where long cortico-
fugal pathways are concentrated, including the corticospinal,
corticopontine, and corticobulbar tracts. The boundary between
the cerebral peduncle and the internal capsule is defined at the
axial level below the anterior commissure.
(3) Association fibers
Superior longitudinal fasciculus (SLF): This tract is located at
the dorsolateral regions of the corona radiata and contains con-
nections between the frontal, parietal, occipital, and temporal
lobes including language-related areas (Broca's, Geschwind's,
and Wernicke's territories).
Superior fronto-occipital fasciculus (SFO): This tract is located
at the superior edge of the anterior limb of the internal capsule
(anterior thalamic radiation) and the boundary is not always
clear. Only the frontal region is identifiable and projection to the
parietal lobe cannot be segmented. It has been suggested that
this tract is a part of the anterior thalamic radiation and not an
association fiber (Ture et al., 1997).
Uncinate fasciculus (UNC): This tract connects the frontal lobe
(orbital cortex) and the anterior temporal lobe. It can be discretely
identified where the two lobes are connected but not within the
frontal and the temporal lobes where it merges with other tracts.
Inferior fronto-occipital fasciculus (IFO)/Uncinate fasciculus
(UNC): The IFO connects the frontal lobe and the occipital lobe.
In the frontal lobe, this partition also includes the frontal pro-
jection of the UNC. In the temporal and occipital lobe, the IFO
merges with the inferior longitudinal fasciculus (ILF), which is
segmented as a different partition.
Inferior fronto-occipital fasciculus (IFO)/Inferior longitudinal
fasciculus (ILF): This partition includes the white matter in the
temporal and occipital lobe where the IFO and the ILF are the
major constituents. The ILF connects the temporal lobe and the
occipital lobes. It cannot be distinguished from the IFO in most
of the temporal and occipital white matter.
Sagittal stratum (SS): The IFO/ILF merges with projection fibers
from the RLIC and forms a large, sheet-like, sagittal structure,
called the sagittal stratum. This region, therefore, should include
both association and projection fibers. The boundary of the IFO/
ILF and SS is arbitrarily defined at the axial level of the anterior
commissure. The boundary of the SS and the PCR is also arbitrarily
defined at the axial level of the splenium of the corpus callosum.
External capsule (EC): This region, located lateral to the internal
capsule, is believed to contain association fibers, such as the SLF
and IFO and commissural fibers. Because of the limited image
resolution, the external and extreme capsules are not resolved.
Cingulum (CG): This tract carries information from the cin-
gulate gyrus to the hippocampus. The entire pathway from the
frontal lobe to the temporal lobe can be clearly identified. In the
WMPM, the CG in the cingulate gyrus and the hippocampal
regions is separated at the axial level of the splenium of the
corpus callosum and denoted as CgC and CgH, respectively.
Fornix (FX) and stria terminalis (ST): These tracts are both
related to the limbic system: the FX to the hippocampus, and the
ST to the amygdala. Both tracts project to the septum and the
hypothalamus. With current image resolution capabilities, these
two tracts cannot be distinguished in the hippocampal area, and
both tracts are labeled as FX. The ST can be discretely identified
in the amygdala and the dorsal thalamus.

(4) Commissural fibers
Anterior commissure (AC): The projection to the temporal lobes
of the AC is segmented.
Corpus callosum (CC): This partition contains the corpus cal-
losum and the boundary extends until it merges with the corona
radiata. The CC is further divided into the genu (GCC), the
body (BCC), and the splenium (SCC) regions with arbitrary
boundaries.
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Tapetum (TAP): This temporal component of the CC is parti-
tioned separately from the other CC regions.

The current WMPM does not include the partition of subcor-
tical white matter because of difficulties in assigning and defining
boundaries in these regions. Their assignment could be an impor-
tant future effort, using techniques such as those suggested by
Makris et al. (Makris et al., 2005).

Measurement of registration quality

Data from 9 normal subjects, which were not included in the
atlas making, were used for the measurements of registration qua-
lity. In thesemeasurements, 237 anatomical landmarksweremanually
placed on white matter structures that were readily identifiable: 15 in
themid-sagittal plane; 158 in eight axial planes; and 64 in five coronal
planes (see Appendix for theMNI coordinates of the 237 landmarks).
For the landmark placement MriStudio/Landmarker was used. These
landmarks were first placed in the atlases, which are called the
“standard landmark set.” The 9 normal subject brains were then
normalized to these atlases using an affine transformation. The stan-
Fig. 1. (A) Procedures for WMPM-based ROI-drawing and automated methods for
compared: manual; hybrid; Automated I; and Automated II. (B and C) 26 anatomical r
and used for the FA measurements in this study. Except for the ROI for the corpus ca
approaches, ROIs are manually delineated using the WMPM as a guide. For Automa
dard landmarkswere then copied onto the normalized subject data and
moved to the corresponding anatomical locations. The distance of the
landmark displacement was measured (d̄), which represented the
residual anatomical difference between the subjects and the atlases.
For image normalization of these test data, affine and fourth-order
non-linear transformations were used. The measurement results, d̄,
from these two methods were compared using Mann–Whiney test.

Evaluation of the atlas-guided manual and automated
quantification of FA values

We tested manual and automated measurements of pixel
intensities using the WMPM. Fig. 1 summarizes the four different
approaches tested. In all approaches, we first determined the
anatomical regions to measure using the ICBM-DTI-81 atlas, as
shown in Figs. 1B and C (13 regions in an axial [z=79] slice and 13
regions in a coronal slice [y=104]). The WMPM in these slices
served as a guide for the shapes and sizes of regions of interest
(ROIs). For the “manual” approach, the slices corresponding to the
atlas, [z=79] and [y=104], were chosen by subjective judgment in
each subject, and the 26 anatomical regions defined in the WMPM
pixel intensity (FA) measurements. In this study, four different approaches are
egions [13 in an axial (B) and 13 in a coronal (C) slice] defined by theWMPM
llosum, the ROIs were placed in both hemispheres. For the manual and hybrid
ted I and II, the WMPM is applied automatically after brain normalization.
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were delineated manually. This hybrid approach is similar to the
“manual” approach except that the subject data were first normalized
to the ICBM-152 template and the observation planes were extracted
at z=79 (axial) and y=104 (coronal), thus eliminating the step of
subjectively identifying the planes. These approaches were applied
to 10 normal subjects. Using two of the subjects, the measurements
were repeated three times by the same rater (intra-rater variability)
and by three raters (inter-rater variability). For the automated
approach, the WMPM was automatically applied to the normalized
images, and FA values of the 26 regions were measured. Both the
manual and automated approaches were performed by our in-
house software, MriStudio/RoiEditor (www.MriStudio.org or mri.
kennedykrieger.org). For the intra- and inter-rater reproducibility, the
degree of spatial matching was also measured using κ analysis.

Results

Fig. 2 shows the ICBM-152 used as the template in this study
(Fig. 2A), and co-registered DTI-derived maps (Figs. 2B–D). The
ICBM-152 template is based on T1-weighted images of 152 nor-
mal volunteers. While this template is widely used for anatomical
and functional MRI studies, it does not provide detailed infor-
mation about white matter anatomy. The DTI-based atlas created in
this study complements this template by providing information
about the white matter anatomy in the same standardized coor-
dinates. Figs. 2E–H show several slices of the color-coded orien-
tation maps in the ICBM-DTI-81 atlas. The stems of many major
white matter tracts can be readily appreciated. Those tracts appre-
ciable in the ICBM-DTI-81 atlas indicate that their existence and
locations are reproducible among normal subjects. For example,
the stem of the uncinate fasciculus (red arrow), the cingulum
(yellow), a branch of the superior longitudinal fasciculus (orange),
Fig. 2. Various contrasts obtained from the ICBM-DTI-81 atlas. (A–D) An axial slic
FA maps (D) from ICBM-DTI-81. (E–H) Color-coded orientation maps from ICB
and the subcortical white matter of the superior temporal gyrus
(white) can be clearly identified.

The WMPM was created based on these stable structures
identified in the ICBM-DTI-81 atlas. The map was superimposed
on the ICBM-152 and the ICBM-DTI-81 and is shown in Fig. 3.
Almost perfect superimposition of the WMPM and ICBM-512
indicates the WMPM's applicability to the widely used ICBM-152
space.

The quality of white matter normalization by linear and non-
linear transformation was measured by manually placed landmarks.
In Fig. 4A, the cumulative distributions of landmark displacement
after linear and non-linear transformation are shown. It can be seen
that 90% (linear) or 95% (non-linear) of the landmarks placed in
individuals are within approximately 3 mm of corresponding white
matter structures in the ICBM-DTI-81 atlas. Mann–Whitney test
indicates significant improvement by non-linear transformation
(Pbα, α=0.005). The displacement map was also calculated from
the amount of displacement (average of the nine subjects) at each
landmark location. The map (Fig. 4B) shows that the distribution
of the mismatch is mostly homogeneous throughout the brain. This
map can be used to estimate the accuracy of normalization at any
given brain region or segment of interest.

We tested template-based manual and automated white matter
parcellation and FA measurements using the WMPM in (Fig. 1). In
Table 1, reproducibility measurement results of the “manual” and
“hybrid”methods are tabulated. These resultswere calculated from the
measurements performed on the 26 anatomical regions, repeated three
times (intra-rater) or by four raters (inter-rater) using representative
data from two subjects. In both approaches, the WMPM was used as
guide for ROI drawing. In the manual approach, visual selection of the
axial slice andmanual ROI drawing affect the reproducibility, while, in
the hybrid approach, only the latter contributes to reproducibility. Both
e from ICBM-152 (A) and aDWI (B), minimally diffusion-weighted (C), and
M-DTI-81 at four different axial slices.

http://www.MriStudio.org


Fig. 3. Two-dimensional (A–D) and three-dimensional (E) presentation of the WMPM. For the two-dimensional view, the WMPM is superimposed on the
ICBM-152 (left) and ICBM-DTI-81 (right). The abbreviations are: ACR: anterior corona radiata; ALIC: anterior limb of the internal capsule; BCC: body of the
corpus callosum; CgC: cingulum in the cingulate cortex; CgH: cingulum in the hippocampus; CP: cerebral peduncle; CST: corticospinal tract; EC: external
capsule; FX: fornix; GCC: genu of the corpus callosum; ICP: inferior cerebellar peduncle; MCP: middle cerebellar peduncle; ML: medial lemniscus; PLIC:
posterior limb of the internal capsule; RLIC: retrolenticular part of the internal capsule; PTR: posterior thalamic radiation; SCC: splenium of the corpus callosum;
SCP: superior cerebellar peduncle; SCR: superior corona radiata; SLF: superior longitudinal fasciculus; SS: sagittal stratum.
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approaches have a high degree of spatial matching (κ) for intra-rater
reproducibility (κN0.86, considered almost perfect matching),
indicating that the WMPM is an effective guide for ROI drawing.
The inter-rater reproducibility using the hybrid approach also shows
high reproducibility (κ=0.781), while that of the manual approach is
poor because, on some occasions, different axial slices were selected
by different raters, leading to κ=0. This reproducibility issue in slice
selection is effectively removed by the hybrid approach. The coef-
ficient of variation for the intra-rater and inter-rater measurements are
less than 3% except for the inter-rater value of the manual approach.
Please note that the reproducibilitymeasurements are not necessary for
automatedmethods because perfect reproducibility (κ=1) is expected.
The four different methods were applied to DTI data from 10
normal subjects, and FAs at the 13 anatomical regions were
measured for the representative axial and the coronal slices. In Fig. 5,
correlation results between the four different methods are shown, in
which the hybrid results are used as a reference. Correlations of these
methods are all high (R2N0.94), indicating that all approaches could
differentiate the characteristic FA value of each anatomical region.
However, the automated method using the linear transformation has
noticeably higher standard deviation among the normal population.
Coefficients of variation among the normal population are 9.3±
4.1%, 10.0±5.3%, 14.2±12.1%, and 10.9±7.1% for the manual,
hybrid, automated-I, and automated-II methods, respectively. The



Fig. 4. Cumulative fraction of landmarks as a function of error.
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higher coefficient of variation leads to lower statistical power when
the method is used to detect abnormalities.
Discussion

DTI-based atlases for white matter anatomy and brain
normalization studies

In the past, several DTI-based, single-subject white matter 3D
atlases have been introduced (Catani et al., 2002; Hagmann et al.,
2003; Makris et al., 1997; Mori et al., 2005; Pajevic and Pierpaoli,
1999; Stieltjes et al., 2001; Wakana et al., 2005). There are also ex-
cellent studies of probabilistic maps of specific white matter tracts
(Burgel et al., 2006; Mori et al., 2002; Thottakara et al., 2006). In this
paper, a population-averaged stereotaxic atlas of human white matter
is introduced. In the past, most anatomical templates used for brain
normalization studies did not have comprehensive information about
white matter anatomy. In extreme cases, the white matter has been
treated as a homogeneous entity with one compartment. DTI provides
anatomical clues to identify structures and define their locations in the
white matter. In the first step of this study, the population-averaged
map in ICBM-152 coordinates (ICBM-DTI-81) was created using
Table 1
Reproducibility measurement results for the manual and hybrid methods

κ FA CoV (%)

Intra Inter Intra Inter

Manual 0.873±0.057 0.566±0.373 2.86±1.78 6.52±3.70
Hybrid 0.863±0.066 0.776±0.095 3.27±2.23 4.83±2.77
DTI data from 81 normal subjects and a 12-mode affine transforma-
tion.White matter structures that are appreciable in the ICBM-DTI-81
represent reproducible structures among normal adult subjects and
their locations in the standardized coordinates. As can be seen in Fig. 2,
all prominent white matter tracts can be clearly identified in this
averaged map. In the second step, these structures were manually
parcellated, based on their characteristic orientation information in the
group-averaged map (WMPM).

For group analysis studies, the ICBM-DTI-81 provides various
types of images (e.g., diffusion-weighted, non-diffusion-weighted
[b0], FA, and tensor) (Fig. 2), which can be used as a template for
brain normalization in the ICBM-152 coordinates. For example, if one
wants to normalize FA maps, the population-averaged FA map of the
ICBM-DTI-81 can be used as a target. The averaged tensor map
(visualized as the color maps in Figs. 2E–H) could be used if, in the
future, tensor-based brain transformation methods become available
(Cao et al., 2005; Muller et al., 2007; Park et al., 2003; Zhang et al.,
2006, 2005).
Creation of WMPM and usage

Similar to cortical atlases, there is a certain degree of arbitrariness
in the definition of the boundaries of the WMPM because many
anatomical entities, such as the “corona radiata” and the “corpus
callosum,” often do not have clear tissue boundaries. Therefore, the
WMPM should be considered a guide for evaluating white matter
anatomy rather than a gold standard for anatomical definition. There
are several ways to use the WMPM. For example, if one is interested
in studying white matter lesions, such as those occurring in multiple
sclerosis or stroke patients, we often need to identify, report, and
compare the lesion locations with those in other patients and correlate



Fig. 5. Correlation plots between different quantification approaches described in Fig. 1. The hybrid method is used as a reference and compared to the other three
approaches.
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themwith functional deficits (structure–function analyses). Template-
based stereotaxic coordinates after brain normalization are widely
used for these purposes. In this conventional approach, lesion
locations are expressed as 3D standardized coordinates, in which each
anatomical coordinate is treated as an independent entity. TheWMPM
can add another anatomical dimension by grouping voxels that belong
to specific white matter structures; for example, two lesions in two
patients with different normalized coordinatesmay belong to the same
white matter tract. This new anatomical dimension added by the
WMPM may increase the sensitivity and specificity of group an-
alyses, such as identification of white matter tracts that are most
sensitive to disease or involved in specific functional deficits.

WMPM-based quantification and registration quality

In order to measure MR parameters, such as FA, ADC, T2, or
magnetization transfer ratio (MTR), manual ROI definition is one of
the most widely adopted approaches. Although this is a valid ap-
proach, it has several drawbacks. First, it is usually hypothesis-driven,
in which target brain regions and control regions are pre-selected
based on expectation. Comprehensive analyses of the entire brain
using multiple 3D ROIs may be possible, but would be too time-
consuming for practical use. Second, the reproducibility of themanual
delineation is often a subject of criticism. The pre-parcellatedWMPM
provides us with a means to evaluate the large number of white matter
structures automatically and reproducibly, which could be a useful
tool for initial whole-brain screening to assess the status of the brain
and bring our attention to sensitive brain regions for more refined
investigation.
In this paper, the WMPM was used for measuring regional
intensities (i.e., FA) in two different ways; it was used as a guide for
manual ROI drawing (manual and hybrid methods) or automated
parcellation (Automated I and II). The high inter-rater reproducibility of
the manual and hybrid approaches (κN0.85 and CoVb3%) suggests
that it is an effective guide for ROI drawing.With the hybrid approach,
inter-rater reproducibility is also high (κN0.75 and CoVb3%), which
is attributable to the elimination of variability in slice selections among
raters. The advantages of the hybrid approach include: (1) it can correct
differences in brain orientations and, thus, extracted slices are likely to
be more consistent across subjects; (2) objective criteria (i.e., the
coordinates) for slice identification makes the ROI drawing process
easier; and (3) the slice and ROI locations can be reported using a
widely used coordinate system, such as ICBM-152.

In this study, we did not include the results of a manual ROI
approach without using the WMPM as guidance. Usually, we need to
determine some type of pre-defined (often visual) protocols to define
ROIs. Without such protocols, the reproducibility of the definition of
the border for some white matter tracts becomes very poor; for
example, the corpus callosum in an axial or a coronal slice is often a
continuous entity and different operatorsmay use different anatomical
clues to define the border. The WMPM can be considered one of the
pre-defined, 3D, ROI drawing protocols in this regard. Our software,
Landmarker and RoiEditor, provides interfaces for the brain normal-
ization and the WMPM-guided ROI drawing.

Using the hybrid method as a reference, the accuracy of the
automated methods was evaluated (Fig. 5). Although one of the
advantages of the automated methods is 3D WMPM analysis, the
comparison was limited to a representative 2D axial slice (z=79 or
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y=104) because it would be too time-consuming to manually define
multiple (26 regions in this paper) 3DROIs.Both the linear (Automated
I) and non-linear (Automated II) methods show high correlation
(r2N0.94) for the FA values of the 26 anatomical regions. The Au-
tomated I method, however, has a large standard deviation among the
normal population for several white matter tracts. The tracts with the
highest variability are the right and left cingulum, which are small
tracts, and a slight mis-registration can lead to significant inaccuracy.

While the rapid and 3D quantification by WMPM is a significant
advantage over manual-based analyses, the drawback is that the
accuracy depends on the quality of image normalization, which is
often known to be inaccurate; if registration is poor, the WMPM
would not align to the white matter structures of the subject. To
measure the quality of structural alignment, we used landmark
distances between the template and normalized subject data. The
ICBM-DTI-81, which is based on normal population averages,
provides registration errors mostly less than 3 mm. This registration
quality may sound unexpectedly high, compared to previous reports
based on cortical registration (Salmond et al., 2002; Thompson and
Toga, 1996; Van Essen and Drury, 1997). However, this result is in
line with previous registration studies measuring deep brain structures
(Ardekani et al., 2005; Grachev et al., 1999).

We would like to emphasize that the registration quality
measurements in this study are based on normal adult subjects and
do not represent patients with significantly altered neuroanatomy.
Compromised neuroanatomy in patients, such as enlarged ven-
tricles, often cannot be normalized by linear transformation. In this
case, the registration quality of the WMPM is expected to dete-
riorate. It is, therefore, very important to carefully interpret the
results of automated MR intensity measurements. If abnormalities,
such as reduced FA, are found in certain white matter regions, this
could be due to anatomical changes and subsequent poorer regis-
tration in such areas. Visual inspection of registration quality and
reexamination by manual ROI of such abnormal regions are recom-
mended. If poor registration is the reason for the abnormal intensity
values (e.g., decreased FA), it implies consistent anatomical differ-
ences, but not FA differences, in the abnormal area. In this case, size
measurements of the putative structure may be advisable.

In this study, fourth-order polynomial transformation was used
for non-linear transformation, which improved variability among the
normal population observedwith the linear normalization. However,
the fourth-order transformation may not be elastic enough to remove
large anatomical differences often observed in patient groups. To
ensure better registration qualities, non-linear transformation with
higher elasticity will be an important future effort. To fully exploit
the advantages of high-order non-linear transformation, however,
the population-averaged template may need to be recreated, because
the ICBM-152 and ICBM-DTI-81, being obtained by linear
normalization, do not have clear anatomical definition as a target
of such transformation methods.

One important question that remains unanswered in this paper is
the effect of age. In this paper, we pooled data from subjects from
18 to 59 years of age, assuming that the white matter anatomy is not
significantly different among these age groups. If this assumption
does not hold true, the precision of the atlas could be increased by
creating multiple atlases at each age range. Similarly, it remains an
important question whether our atlas can be applied to subjects
older than 60 or younger than 18 years of age. These issues are also
related to the accuracy of the normalization procedure; if the aged-
dependent differences can be removed by the transformation method
of choice, the impact of age would be minor. We need further studies
to scrutinize the effects of age on the white matter anatomy and its
relationship with transformation methods. Another important source
of errors could be differences in imaging parameters, especially B0-
susceptibility distortion. For example, images from 3-T scanners are
often more distorted than those from 1.5-T scanners. After linear
normalization, imperfect template–subject matching due to non-
linear differences caused by individual anatomical differences, age-
dependent differences, and image parameter-dependent differences
remain as error sources, which leads to the imperfect correlation
between the manual and automated approaches, as shown in Fig. 5.
Our future efforts will focus on reducing these error sources by using
higher-order, non-linear transformation, an age-matched template (if
necessary), and imaging methods with less distortion.

Conclusions

In conclusion, we have developed stereotaxic white matter
atlases in the ICBM-152 (ICBM-DTI-81) coordinates and the
software to utilize the atlas. This atlas can be used to associate white
matter lesions to specific white matter structures using stereotaxic
coordinates. After normalization of individual MRI images, MR
parameters for pre-defined white matter regions are automatically
measured by superimposing the WMPM. The registration quality
measurements yield excellent results for the normal adult popula-
tion, but for patients with anatomical alterations, future development
of non-linear transformation may be needed. The atlas and asso-
ciated software are downloadable from http://www.mristudio.org.
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Appendix A

MNI coordinates of the landmarks used for measurements of normalization
quality
#
 xa
 y
 z
Axial

1
 24b
 −32
 −16

2
 −26
 −32
 −16

3
 34
 −8
 −16

4
 −36
 −8
 −16

5
 −24
 −36
 −11

6
 22
 −36
 −11

7
 −34
 −18
 −11

8
 32
 −18
 −11

9
 −34
 −5
 −11

10
 32
 −5
 −11

11
 −17
 35
 −11

12
 15
 35
 −11

http://www.mristudio.org
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Appendix A (continued )Appendix A
#
 xa
 y
 z
Axial

13
 −21
 15
 −11

14
 19
 15
 −11

15
 −39
 −33
 −11

16
 37
 −33
 −11

17
 −22
 −43
 −5

18
 20
 −43
 −5

19
 −30
 −32
 −5

20
 28
 −32
 −5

21
 −23
 −25
 −5

22
 21
 −25
 −5

23
 −6
 −5
 −5

24
 4
 −5
 −5

25
 −42
 −22
 −5

26
 40
 −22
 −5

27
 −12
 37
 −5

28
 11
 37
 −5

29
 −17
 16
 −5

30
 16
 16
 −5

31
 −27
 0
 −5

32
 25
 0
 −5

33
 −40
 −34
 −5

34
 38
 −34
 −5

35
 −37
 −52
 −5

36
 35
 −52
 −5

37
 −31
 −68
 −5

38
 29
 −68
 −5

39
 −21
 −48
 0

40
 19
 −48
 0

41
 −29
 −35
 0

42
 27
 −35
 0

43
 −31
 −24
 0

44
 29
 −24
 0

45
 −10
 −2
 0

46
 8
 −2
 0

47
 −31
 −2
 0

48
 29
 −2
 0

49
 −21
 15
 0

50
 20
 15
 0

51
 −7
 27
 0

52
 6
 27
 0

53
 −17
 27
 0

54
 16
 27
 0

55
 −38
 −47
 0

56
 36
 −47
 0

57
 −33
 −63
 0

58
 31
 −63
 0

59
 −26
 −76
 0

60
 24
 −76
 0

61
 −13
 −52
 8

62
 11
 −52
 8

63
 −27
 −41
 8

64
 24
 −41
 8

65
 −30
 −26
 8

66
 28
 −26
 8

67
 −9
 −5
 8

68
 7
 −5
 8

69
 −31
 −5
 8

70
 29
 −5
 8

71
 −24
 13
 8

72
 22
 13
 8

73
 −8
 33
 8

74
 6
 33
 8
(continued on next page)
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#
 xa
 y
 z
Axial

75
 −19
 27
 8

76
 17
 27
 8

77
 −35
 −48
 8

78
 32
 −48
 8

79
 −31
 −65
 8

80
 29
 −65
 8

81
 −24
 −79
 8

82
 22
 −79
 8

83
 −12
 −55
 14

84
 9
 −55
 14

85
 −24
 −40
 14

86
 22
 −40
 14

87
 −29
 −24
 14

88
 27
 −24
 14

89
 −11
 −3
 14

90
 10
 −3
 14

91
 −29
 −3
 14

92
 27
 −3
 14

93
 −25
 9
 14

94
 23
 9
 14

95
 −8
 32
 14

96
 6
 32
 14

97
 −19
 25
 14

98
 18
 25
 14

99
 −37
 −46
 14

100
 35
 −46
 14

101
 −30
 −62
 14

102
 28
 −62
 14

103
 −22
 −76
 14

104
 20
 −76
 14

105
 −10
 −55
 20

106
 8
 −55
 20

107
 −26
 −50
 20

108
 24
 −50
 20

109
 −8
 27
 20

110
 6
 27
 20

111
 −19
 21
 20

112
 18
 20
 20

113
 −27
 11
 20

114
 25
 11
 20

115
 −15
 −7
 20

116
 14
 −7
 20

117
 −30
 −36
 20

118
 28
 −36
 20

119
 −35
 −47
 20

120
 33
 −47
 20

121
 −26
 −67
 20

122
 24
 −67
 20

123
 −10
 −52
 27

124
 9
 −52
 27

125
 −8
 17
 27

126
 6
 17
 27

127
 −27
 20
 27

128
 25
 20
 27

129
 −29
 1
 27

130
 28
 1
 27

131
 −32
 −19
 27

132
 31
 −19
 27

133
 −32
 −47
 27

134
 29
 −47
 27

135
 −23
 18
 33
(continued on next page)
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#
 xa
 y
 z
Axial

136
 22
 18
 33

137
 −30
 0
 33

138
 28
 0
 33

139
 −32
 −26
 33

140
 30
 −26
 33

141
 −28
 −51
 33

142
 26
 −51
 33

143
 −20
 19
 39

144
 19
 19
 39

145
 −23
 2
 39

146
 23
 2
 39

147
 −28
 −24
 39

148
 27
 −24
 39

149
 −25
 −46
 39

150
 24
 −46
 39

151
 −18
 16
 46

152
 17
 16
 46

153
 −21
 −7
 46

154
 20
 −7
 46

155
 −24
 −30
 46

156
 22
 −30
 46

157
 −24
 −53
 46

158
 22
 −53
 46
Sagittal

1
 0
 0
 0

2
 0
 −34
 0

3
 0
 −34
 −16

4
 0
 −27
 −17

5
 0
 −38
 −40

6
 0
 −32
 −45

7
 0
 22
 2

8
 0
 29
 9

9
 0
 17
 9

10
 0
 −44
 7

11
 0
 −37
 16

12
 0
 −49
 16

13
 0
 0
 24

14
 0
 −34
 20

15
 0
 −20
 −21
Coronal

1
 −8
 12
 30

2
 6
 12
 30

3
 −24
 12
 35

4
 23
 12
 35

5
 −22
 12
 26

6
 21
 12
 26

7
 −14
 12
 −4

8
 13
 12
 −4

9
 −8
 −2
 36

10
 6
 −2
 36

11
 −28
 −2
 35

12
 27
 −2
 35

13
 −20
 −2
 30

14
 19
 −2
 30

15
 −29
 −2
 19

16
 27
 −2
 19

17
 −33
 −2
 4

18
 31
 −2
 4

19
 −11
 −2
 1

20
 9
 −2
 1

21
 −33
 −2
 −6

22
 31
 −2
 −6
Appendix A (continued )
#
 xa
 y
 z
Coronal

23
 −8
 −15
 38

24
 6
 −15
 38

25
 −30
 −15
 38

26
 28
 −15
 38

27
 −21
 −15
 32

28
 20
 −15
 32

29
 −31
 −15
 27

30
 30
 −15
 28

31
 −36
 −15
 5

32
 34
 −15
 5

33
 −33
 −15
 −11

34
 31
 −15
 −11

35
 −44
 −15
 −19

36
 42
 −15
 −19

37
 −24
 −15
 −27

38
 22
 −15
 −26

39
 −9
 −29
 36

40
 7
 −29
 36

41
 −27
 −29
 45

42
 26
 −29
 45

43
 −32
 −29
 37

44
 30
 −29
 37

45
 −32
 −29
 26

46
 31
 −29
 26

47
 −32
 −29
 9

48
 30
 −29
 9

49
 −40
 −29
 −10

50
 38
 −29
 −10

51
 −30
 −29
 −5

52
 28
 −29
 −5

53
 −26
 −29
 −18

54
 24
 −29
 −18

55
 −27
 −46
 36

56
 25
 −46
 36

57
 −35
 −46
 20

58
 33
 −46
 20

59
 −41
 −46
 6

60
 39
 −46
 6

61
 −25
 −61
 15

62
 23
 −61
 15

63
 −34
 −61
 1

64
 32
 −61
 1
a x, y, and z represent right–left, anterior–posterior, and superior–inferior
axes, respectively.
b Coordinates in millimeters with respect to the anterior commissure at

the mid-sagittal slice.
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