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A consistent relationship between local white matter architecture and
functional specialisation in medial frontal cortex
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Functionally significant landmarks in the brain do not necessarily align
with local sulcal and gyral architecture in a manner that is consistent
across individuals. However, the functional specialisation underlying
these landmarks is strongly constrained by the connectional architec-
ture of the region. Here, we explore this relationship in the
supplementary motor area (SMA) and pre-SMA in the medial frontal
cortex of the human brain. Using diffusion tensor, conventional and
functional MR imaging, we find that the location of the functional
boundary between SMA and preSMA is more consistent with respect to
specific features of the local white matter as it approaches neocortex
than with respect to the local gyral and sulcal anatomy in the region.
© 2005 Elsevier Inc. All rights reserved.

Introduction

Our understanding of functional architecture in the brain relies
upon our ability to localise neural responses with respect to
known regions of functional specialisation. It has been convenient
to assume that these functional regions can be identified on the
basis of the gross sulcal and gyral anatomy. However, recent
studies have demonstrated that boundaries between regions of
distinct cyto- and receptor architecture, which have direct
influence on functional specialisation, do not necessarily align
with local landmarks in the gross anatomy (e.g., Amunts et al.,
1999).

Even in the absence of a correspondence between function and
gross anatomy in the brain, a relationship is expected between
regional function and local connectional architecture. Anatomical
connections constrain the nature of information available to a
region and the influence that it can exert over other regions in a
distributed network. Connectional anatomy can be expected to
determine local functional organisation (Passingham et al., 2002).

Magnetic Resonance diffusion tensor imaging (DTI) (Basser et
al., 1994) is a new technique, which allows features of local white
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matter architecture to be inferred from diffusion properties. For
example, the dominant local diffusion orientation is thought to
align well with the mean local fibre orientation (Beaulieu and
Allen, 1994), and the anisotropy of local diffusion (FA) is thought
to reflect factors such as the degree of myelination and cellular
packing density of local white matter (Beaulieu, 2002). Recent
research using DTI has revealed that connectional boundaries in
diffusion data parallel functional boundaries both in subcortical
(Behrens et al., 2003; Wiegel et al., 2003) and cortical (Johansen-
Berg et al., 2004a) grey matter.

In Johansen-Berg et al. (2004a), we used diffusion-based
tractography to find a connectional boundary between two
functionally distinct regions in medial frontal cortex. The
supplementary motor area (SMA) is involved in motor tasks
(Tanji, 2001) and connects to motor regions including precentral
gyrus, ventro-lateral thalamus and cortico-spinal tract (Luppino et
al., 1993; Maier et al., 2002; Matelli and Luppino, 1996). The
preSMA is located proximal but anterior to SMA in medial area
BAG. It is involved in more cognitive tasks, albeit including
cognitive aspects of movement control and motor learning
(Hikosaka et al., 1996; Matsuzaka and Tanji, 1996; Picard and
Strick, 1996) and connects to prefrontal and medial parietal
regions (Johansen-Berg et al., 2004a; Luppino et al., 1993). In
diffusion tractography data from medial frontal cortex, we found
clusters of voxels with markedly different anatomical connectivity
patterns (Johansen-Berg et al., 2004a). These clusters corre-
sponded to areas which, using functional MRI, were found to be
active during motor (SMA) or cognitive (preSMA) tasks. Here,
we test whether there is a relationship between the SMA/preSMA
boundary defined functionally, and the local white matter
architecture in the region. We hypothesise that the local fibre
orientations will predict the boundary between the two regions.
We find that this functional boundary lies in a consistent location
with respect to features of the diffusion tensor data such as the
local fibre orientations but not with respect to the local sulcal and
gyral anatomy. We go on to show that if information about local
fibre orientation is incorporated in the inter-subject alignment
process, the alignment of the functional boundary across subjects
is improved.
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Methods
Data acquisition

We used the same diffusion-weighted data, BOLD fMRI data
and T1-weighted images from 9 healthy subjects (ages 2435, 5
male, 4 female) as described previously (Johansen-Berg et al.,
2004a). Data were acquired on a 1.5 T Siemens Sonata MR
scanner with a maximum gradient strength of 40 mTm~ '. All
subjects gave informed written consent in accordance with ethical
approval from the Oxford Research Ethics Committee.

Diffusion-weighted data

Diffusion-weighted data were acquired using echo planar
imaging (72 x 2 mm thick axial slices, matrix size 128 x 104,
field of view 256 x 208 mm?, giving a voxel size of 2 x 2 x 2 mm?>).
Signal to noise ratio in the raw T2-weighted maps was approx-
imately 14 in brain tissue. The diffusion weighting was isotropically
distributed along 60 directions using a b-value of 1000 s mm 2. For
each set of diffusion-weighted data, 5 volumes with no diffusion-
weighting were acquired at points throughout the acquisition. Three
sets of diffusion-weighted data were acquired for subsequent
averaging to improve signal to noise ratio. The total scan time for
the DWI protocol was 45 min.

BOLD fMRI data

BOLD fMRI data were acquired using echo planar imaging
(20 x 5 mm thick axial slices positioned to cover the top portion of
the brain, matrix size 128 x 128, field of view 256 x 256 mm?,
giving a voxel size of 2 X 2 x 5 mm3, TR = 2.5 s, 341 volumes,
TE = 45 ms, flip angle = 90°). Subjects were given instructions and
practice on the fMRI tasks before entering the scanner. Blocks (30 s
duration) of rest (A) alternated with blocks of finger tapping (B) or
serial subtraction (counting backward in threes) (C) in a 3.5 times
repeated ABACACAB cycle. The current task was indicated by the
word ‘rest’, ‘move’ or ‘count’ displayed on a projection screen at
the foot of the scanner bed viewed via a mirror. During ‘move’
blocks, subjects were trained to press buttons with the fingers of
their right hand in a repeating 1234321 sequence at a frequency of
approximately 4 Hz. During ‘count’ blocks, subjects were
instructed to count covertly backwards in threes from a three digit
reference number that was displayed on the screen for 2 s before the
start of the counting block. To ensure task compliance, at the end of
each counting block, a red screen instructed subjects to report the
number they had reached by pressing buttons with their index figure
to indicate tens and middle finger to indicate units (e.g., if they had
reached 47, they would press the index finger button 4 times and the
middle finger button 7 times). The total scan time for the FMRI
protocol was approximately 15 min.

A Tl-weighted

A Tl1-weighted anatomical image was acquired using a FLASH
sequence (TR =12 ms, TE =5.65 ms, flip angle = 19°, with elliptical
sampling of k-space, giving a voxel size of 1 x 1 x 1 mm® in 5:05
min).

Data analysis
Diffusion-weighted data

Diffusion-weighted data were corrected for eddy currents and
head motion using affine registration to a reference volume

(Jenkinson and Smith, 2001). Data from the three acquisitions
were averaged to improve signal to noise. Diffusion tensors were
reconstructed at each voxel using FDT (FSL, http://www.fmrib.
ox.ac.uk/fsl.).

BOLD fMRI data

BOLD fMRI data were analysed using tools from FSL
(www.fmrib.ox.ac.uk/fsl). The following preprocessing steps were
applied: motion correction using MCFLIRT; removal of nonbrain
structures using BET (Smith et al., 2002); spatial smoothing using a
Gaussian kernel of FWHM 3 mm; mean-based intensity normal-
isation of all volumes by the same factor; temporal high pass
filtering using Gaussian-weighted least squares fitting with a filter of
sigma = 57.5 s. Time series statistical analysis was carried out using
FILM with local autocorrelation correction (Woolrich et al., 2001).

Locating the functional boundary between SMA and preSMA

Considering only a region of interest in medial frontal cortex
which included both SMA and preSMA (Fig. 1), we formed a mask
of all voxels which activated during either ‘count’ or ‘move’ blocks,
when compared to rest, with an uncorrected false positive rate P =
0.05 (z = 2.3). In these voxels, we subtracted the signal change
apportioned to ‘move’ from that apportioned to ‘count’, attaching a
value of zero to voxels which did not activate significantly during
either task (Fig. 2, left). Observing that the functional boundary lay
predominantly in the coronal plane, we summed this signal within
the region of interest along the left—right (x) and inferior—superior
(z) axes leaving a functional profile along the anterior—posterior
axis (), perpendicular to the plane of the boundary (Fig. 2, right).
In each of nine subjects, this functional profile changed from
negative (‘move’ > ‘count’) to positive (‘count’ > ‘move’) when
moving anteriorly along the posterior—anterior axis. We defined the
functional boundary between SMA and preSMA as the point at
which this profile crossed the zero line. The location of this
boundary in the nine subjects was distributed around the vertical
line from the anterior commisure (y =0 mm in MNI space; Evans et
al., 1992), as expected from previous studies of cytoarchitecture in
the region (Zilles et al., 1996).

Alignment of functional, diffusion and TI1-weighted data within
subject

Within each subject, affine transformation matrices were
computed between an example volume from the functional

Fig. 1. Axial section through the region of interest used for the SMA/pre-
SMA analyses. The limits of the ROI in MNI152 space were: x = [—10, 10]
mm, y = [— 20, 18] mm on 3 axial slices: z = [58, 60, 62] mm.
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Fig. 2. Functional boundaries between SMA and preSMA in 9 subjects after
alignment according to global brain shape. Left: contrast between ‘count’
blocks and ‘move’ blocks in a single axial slice through the region of interest
in medial frontal cortex. Blue shows areas in which ‘move’ > ‘count’ (SMA).
Red shows areas in which ‘count’ > ‘move’ (preSMA). Values are shown
only in voxels activated during either ‘count’ or ‘move’ blocks with an un-
corrected false positive rate P = 0.05 (z = 2.3). Right: data taken from within
the black rectangles, summed across slices and along the left—right axis (up—
down in left hand column of figure) leaving a functional profile along the

anterior—posterior axis. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

.

series and the T1-weighted image, and between a T2-weighted
image with no diffusion weighting in the space of the diffusion
images and the Tl1-weighted image (Jenkinson and Smith,
2001). With the exception of areas which suffer from
susceptibility related distortions in EPI data (which do not
include the SMA/preSMA region), the functional, diffusion and
T1-weighted data were assumed to be aligned for the remainder
of the analysis.

Alignment of data across subjects: testing for correspondence
between functional, anatomical and connectional features

We used 3 separate criteria for aligning data between subjects:
global brain shape; local gyral and sulcal anatomy; and local white
matter architecture. For the global alignment, the alignment target
was the MNI152 brain. For the local alignments, the alignment target
was the data from the single subject whose functional boundary was
closest to MNI y = 0. After aligning the subjects on the basis of each
criterion, we computed the variability across the subjects in the
location of the functional boundary.

In each subject, T1-weighted data were first aligned to the
MNI152 average brain (Evans et al., 1992) using affine
registration. This same affine transformation was applied to
the FMRI and DTI data. Diffusion tensors were reoriented to
maintain the orientations of their first eigenvectors (Alexander
et al,, 2001). At the end of this step, data were considered to

be aligned across subjects on the basis of their global brain
shape. We then tested whether the incorporation of local
connectional or anatomical features could further improve
alignment of the functional boundaries: The geometry of
medial area 6 is such that the boundary between SMA and
preSMA lies predominantly in the coronal plane; we therefore
searched for a single translation of the data in the anterior—
posterior axis (y) perpendicular to this plane within a small
region of interest including the SMA and preSMA (Fig. 1).
Two sources of data were considered for performing this
refinement of the initial global result.

® Searching for a translation which best matched the T1-weighted
data within this region was considered to align subjects
according to their local gyral and sulcal anatomy as visible in
the MRI data.

® Searching for a translation which best matched the diffusion
tensor data in this region was considered to align subjects
according to features of their connectional architecture.

In order to find the best translation to match a source and
target image, we shift the source image along the y-axis by an
integer number of voxels. We then compute the value of an
“objective function” (see below) between these candidate aligned
images, in the region of overlap between the ROIs in the two
images. We repeat this for every possible shift that leaves more
than 4 overlapping voxels in the y-direction. The candidate shift
that results in the greatest value of the objective function in
question is taken to be the optimal shift to align the images.
Different choices of objective function, using different data, will
optimise the alignment for different anatomical features (see
below).

Objective functions for local data alignment

For each type of data, we defined two objective functions which
we sought to maximise to find the optimal image alignment. The
different objective functions will aim to match different features
between the images.

T1-weighted data

Local alignment of the T1-weighted images was carried out
using two possible objective functions: normalised correlation,
which considers voxels independently; and mutual information
which considers a statistic on the joint histogram of the two images
to be aligned. For details, see Jenkinson and Smith (2001). These
objective functions are based only on the image intensity values at
each voxel in the T1-weighted scans, and will aim preferentially to
align gross structure in the images such as the sulcal and gyral
anatomy.

Diffusion tensor data

We also considered two objective functions for local alignment
of the diffusion tensor images. First, we used the tensor scalar
product described in Alexander et al. (1999). This function aims to
match the tensors at each voxel for overall volume, for diffusion
anisotropy and for dominant orientation. The similarity between
two images I1 and 12 is considered to be:

S(I.L) =T(I,L)/Z (1)
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where

)
v=1 |i=1,=1

v [3 3
T(h,h)= ¥ [Z Y. Di(v)D;(v)

V is the number of voxels in each image, D,»jl- is the ijth element
of the diffusion tensor at voxel v in image /;, and Z is the
normalisation constant Z = /T (1,,1,) X T(L,hL).

As described above, this objective function considers not only
the anisotropy and orientation of the tensors at each voxel, but also
their absolute diffusivities (which are related to the volume of the
tensor). The diffusivity of water varies very little within brain
parenchyma, but varies by a factor of approximately 3 between
tissue and cerebro-spinal fluid (CSF). Considering absolute
diffusivities will bias the objective function to prefer alignments
which match the boundaries between brain tissue and CSF; i.e., this
objective function will aim to match gyral and sulcal architecture.

The second DTI objective function is identical to the first with
the exception that each tensor is first normalised by the geometric
mean of its eigenvalues. The tensors then have equal volume
(regardless of their original absolute diffusivity). This objective
function will aim to match images such that anisotropic
regions with similar diffusion orientations are well aligned,
implicitly weighting diffusion direction with anisotropy before
performing comparisons, i.e., this second DTI-based objective
function will seek to align images on the basis of their local
white matter architecture.

Results

Testing for functionally relevant features in local diffusion and
anatomical data

Fig. 3 shows DTI data in an axial slice of the medial frontal
region of interest in nine subjects. The functional boundaries are

overlaid as green lines on each subject. Using these data, in each
subject, we formed a separate image of each of the x, y and z
components of the principal diffusion direction modulated by the
fractional anisotropy (Pierpaoli and Basser, 1996) at each voxel.
For example, in the resulting scalar image for the x direction, high
voxel values indicate that the principal diffusion direction is
closely aligned with the x-axis and diffusion in that voxel is
strongly anisotropic.

To test for consistency across subjects in the spatial distribution
of these features when subjects are aligned for global brain shape,
from these images we formed a profile along the anterior—posterior
axis similar to the functional profiles described in the previous
section, but separately for each hemisphere. These profiles
exhibited little consistency across subjects (e.g., for the ROI
considered in the right hemisphere, the means of the correlations of
each of the three profiles between every pair of subjects were 0.06,
—0.01 and 0.05 for x, y and z components of the principal
diffusion direction, respectively. Top left in Fig. 4 shows the x
profiles. y and z profiles were similar). To test whether local
diffusion features are more consistent following functional align-
ment, we then translated the data from each subject in the anterior—
posterior axis such that the functional boundary derived in the
previous section occurred at y = 0. After realignment of the
subjects on the basis of their functional boundaries, the diffusion-
based profiles relating to the x and z components of the principal
diffusion direction exhibited significantly increased consistency
across subjects (P < 0.001 for x, P < 0.05 for z) (the mean
correlations between the functionally aligned diffusion profiles
were 0.21, —0.05 and 0.15 for x, y and z components of the
principal diffusion direction, respectively. Top right in Fig. 4 shows
the functionally aligned x profiles at the axial level chosen in the
right hemisphere. The functionally realigned z profiles also showed
high consistency. No structure was visible in the realigned y
profiles.).

To account for potential asymmetries of the functional
boundaries, and to ensure that effect did not depend on the

Fig. 3. DTI data in nine subjects. For each subject, data are shown from a single axial (xy) slice through the region of interest in medial frontal cortex. Fractional
anisotropy images are shown in grey scale. Projections of the principal diffusion direction into the axial plane are overlaid in red. The positions of the functional
boundaries between SMA and preSMA are shown as green lines through the axial section. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 4. Relationships between structure and function. Profiles are taken
through the DTI (top and middle) and T1-weighted (bottom) data. In each
case, the graph on the left shows the profiles aligned in order to match global
brain shapes and the graph on the right shows the profiles aligned such that
the functional boundaries appear at the same location on the anterior—
posterior axis (y = 0, red line). The DTI profiles shown are the x (top) and z
(middle) profiles in the right hemisphere. Numbers between left and right
columns show the increase in average correlations between profiles from
every pair of subjects after the functional boundaries are aligned. The DTI
profiles exhibit greater consistency between subjects when aligned to match
functional boundaries. No such characteristic profile is visible in the T1-
weighted data (see main text). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

specific geometry of the anatomy at the axial level in question, we
then computed the locations of the functional boundaries separately
within each hemisphere for ROIs two slices thick, taken at three
separate axial levels within the SMA/pre-SMA (z = [52—56,
56—60, 60—64] mm). We computed the diffusion profiles exactly
as above but considering data in these same single-hemisphere
ROIs. We then shifted the diffusion profiles from each hemisphere
at each axial level, according to boundaries defined in the
functional data in that same hemisphere at that axial level.
Consistency across subjects in the x and z diffusion profiles across
subjects was increased after alignment of the functional boundaries
in all cases (this was significant in 3 out of 6 x profiles and 4 out of
6 y profiles). This result suggests that features of the local
connectional architecture visible in the diffusion tensor data
contain information about the location of the functional boundary
between SMA and preSMA.

The same approach was taken with the T1-weighted structural
data. In each subject, an anterior—posterior structural profile was
formed in each hemisphere by summing voxel signal intensities in
the T1-weighted images along the left—right and inferior—superior
axes. Unlike the diffusion data, these structural profiles exhibited
some consistency in their gross features even when aligned only on
the basis of global brain shape (for example, the right hemisphere
profiles are shown bottom left in Fig. 4—mean correlation of 0.34
between profiles). However, the structural profiles showed no
increase in cross-subject consistency after realignment according to
the location of the functional boundaries (right hemisphere profiles
are shown in right hand column in Fig. 4 (b)}—mean correlation of
0.33 between profiles). As with the diffusion data, hemisphere

specific functional shifts were applied at the same three axial
levels. There was no case of a significant increase in the
consistency across subjects, suggesting that the local gyral and
sulcal anatomy does not provide additional information about the
location of the functional boundary.

Functional realignment increased the correlation between
subjects in their connectional, but not structural profiles between
subjects. However, the reader should note that the structural
profiles started with a higher mean correlation (due to a slight trend
in intensity from posterior to anterior that was consistent across
subjects). Also, the original alignment into the MNI reference
frame was performed with affine registration of the structural
images. It is possible therefore, that a subsequent increase in
correlation would have been harder to achieve in the structural
profiles than in the connectional profiles. In the next section, we
address this concern by effectively performing the experiment in
reverse. We search for the translations that best match both the
diffusion, and functional data sets, and compare these translations
with those required to match the functional boundaries.

Structural realignment of functional boundaries

The results from the previous section suggest that functional
boundaries align more consistently with local white matter
architecture than with local gyral and sulcal anatomy. In this
section, we will test whether this same local connectional
architecture predicts the functional boundaries better than position
with respect to global brain shape. If this is the case, then it should
be possible to use information in the local diffusion tensors to align
the data such that the variability across subjects in the location of the
functional boundary is lower than can be achieved using either the
global or local information in the T1-weighted images.

Starting from data which were aligned using affine registration
(Jenkinson and Smith, 2001) to match their global brain shape, we
chose two potential criteria for further aligning the diffusion tensor
data (see Methods). The first aims to match the diffusion tensors at
each voxel for overall volume, shape and orientation. The second is
identical to the first except that before comparison, the tensors are
normalised to unit volume, so that the absolute diffusivity has no
effect on the registration. This is an important distinction. In the
first case, when the absolute diffusivity is considered, the dominant
consideration for matching diffusion tensor images will be the
location of the cerebro-spinal fluid (CSF) whose diffusivity is
approximately a factor of 3 bigger than the diffusivity of brain
tissue. By matching the location of the CSF, this objective function
will match the sulcal and gyral architecture. In the case of the
objective function that does not consider the absolute diffusivity,
images are matched on the orientation and anisotropy of the
diffusion tensors; the dominant consideration will be given to
matching regions of high anisotropy; and in particular to matching
the orientation of the principal axis of diffusion within such
regions. That is, this second objective function will aim to match
local white matter architecture. We used these two objective
functions to compute the shift along the anterior—posterior axis
which best matched subjects according to their diffusion tensor
data in the local region of interest.

We also considered this same region of interest in the T1-
weighted data to see whether local gyral and sulcal anatomy could
predict the location of the functional boundary. We performed this
test using both automatic and manual registration techniques. In the
automatic alignment, looking at the ROI in question, we searched
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for the anterior—posterior shift between subjects which minimised
each of two commonly used objective functions for scalar data (see
Methods and Jenkinson and Smith, 2001). In the manual align-
ment, we showed 2 experienced neuroanatomists the location of
the functional boundary in the structural ROI from one randomly
selected subject. We then asked them to identify a corresponding
anatomical location in each of the 8 other subjects. We then shifted
the data so that these anatomical locations lined up. If either the
automatic or the expert manual registration were to reduce the
variability in the location of the functional boundaries, we would
conclude that gyral and sulcal anatomy exhibited consistency
across subjects with respect to the functional boundary of interest.

In all cases, the alignment process is only able to consider very
local information. Therefore, in each case, if the data did not
contain information pertinent to the location of the functional
boundary, then the alignment process would have less information
about this location than was available to the global affine
alignment. Hence, refining the global alignment according to this
local objective function would increase the between-subject
variability in the boundary location. However, if functionally
relevant local information was represented in the objective
function, then the location of the functional boundary might be
expected to be less variable between locally than globally aligned
subjects.

We measured the variability across subjects in the location of
the functional boundary between SMA and preSMA after
alignment on the basis of global brain shape alone and again
after each of the local realignments. The following realignments
increased this functional variability (Table 1): realignment by
each of the automatic objective functions based on the local T1-
weighted data; manual realignment by each of the experienced
neruoanatomists working with the local T1-weighted data and
automated registration based on the first of the DTI objective
functions (which was dependent on the absolute diffusivity at
cach voxel). In each of these cases, without access to brain
boundary information in the local region of interest, the cost
functions would aim to match subjects based on their local gyral
and sulcal architecture.

The only local realignment that reduced variability between
subjects in the location of the functional boundary was the
automated realignment by the second DTI-based objective function
(which depended only on the orientation and anisotropy of local
diffusion) (P < 0.1, Table 1).

Fig. 5 shows that there is a clear relationship between the
relative shifts which best align the functional boundaries across

Table 1

subjects, and the relative shifts which best align the second DTI-
based cost function “DTI2” (left) (> = 0.6). By contrast, there is
no clear relationship between functional shifts and the shifts which
optimise either of the T1-weighted objective functions (+* = —
0.0003, — 0.0002), or with the shifts defined by either of the
manual alignments (+* = 0.10, 0.08).

Discussion

We have found that the functional boundary between SMA and
preSMA is more easily predicted on the basis of connectional
architecture visible in diffusion-tensor images, than on the basis of
gross anatomy visible in T1-weighted MR images. We have gone
on to show that the existence of functionally relevant features in
DTI data can be used to better align functional landmarks across
individuals.

This finding is consistent with the notion that the function of a
grey matter region is influenced not by its physical location in
cortex but by its connectional position with respect to others in a
distributed network of regions (Passingham et al., 2002). Different
functional regions may therefore be distinguished by features of
their connectivity (Johansen-Berg et al., 2004a,b).

It is not trivial to discern which particular image feature drives
an alignment process, but our pilot studies suggest distinguishable
features in the white matter approaching SMA and preSMA. All of
the white matter approaching the medial superior cortical surface is
oriented such that both medial/lateral and superior/inferior compo-
nents (x and z) in the principal diffusion direction are strong but, at
the superior level of the region of interest considered in this study,
the fibre orientations approaching SMA on average have a larger
medial—lateral component, and those approaching preSMA have a
larger superior/inferior component (see Fig. 4). These local
differences may have a number of different causes. For example,
it is possible that they reflect differences in local cortical geometry
between the two functional regions. We have tried to address this
question by attempting to find the boundary in T1-weighted data,
which might be expected to reveal such geometric differences. The
boundary was not visible. Another possibility is that these local
white matter differences reflect differences in global connectivity.
SMA and preSMA have a variety of cortical and subcortical
connections (Luppino et al., 1993; Maier et al., 2002; Matelli and
Luppino, 1996). However, one notable difference between the two
regions is that preSMA maintains frontal and parietal connections
via the cigulum bundle (directly inferior to the preSMA)

Local alignment of functional boundaries on the basis of different features of the local anatomy: functional variability is measured as the standard deviation
across subjects of the location along the anterior/posterior MNI-space axis of the functionally defined border between SMA and preSMA

Modality Scope Objective function Features Functional variability (mm) Functional variability (relative)
Tlw Global Correlation ratio Brain boundary 4.2 1

Tlw Local Normalised correlation Gyral/Sulcal anatomy 9.5 23

Tlw Local Mutual information (MI) Gyral/Sulcal anatomy 9.3 2.2

Tlw Local Manual expert 1 Gyral/Sulcal anatomy 6.4 1.5

Tlw Local Manual expert 2 Gyral/Sulcal anatomy 5.8 1.4

DTI Local DTI1 Gyral/Sulcal anatomy 6.3 1.5

DTI Local DTI2 White matter arch. 2.6 0.6

Relative functional variability is expressed as a fraction of the functional variability computed before any local realignment is applied. Subjects were first
aligned on the basis of global brain shape. The functional variability after this stage was 4.2 mm. The alignment was then refined using objective functions
based either on the local gyral/sulcal anatomy or the on local white matter architecture. Only refinement on the basis of the local white matter architecture
reduced the variability between subjects in the location of the white matter boundary (P < 0.1 by variance ratio F test).
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Fig. 5. Correspondence between the alignment which best matches the
functional boundaries, and the best alignment achievable with DTI and
structural data sets. In each plot, the x-axis shows the translation required to
each subject’s data to align the functional boundaries across subjects. The y-
axis shows the resulting shifts after alignment to a common reference on the
basis of DTI data (left) and T1-weighted data (right). Left: the results shown
for the DTI data were obtained using “DTI2” objective function which is
normalised for overall diffusivity. Right: the results shown for the T1-
weighted data aligned both automatically and manually. Automated
registration used mutual information (green circles) and normalised
correlation (red circles) objective functions. Manual registrations are shown
for expert 1 (cyan triangles) and expert 2 (magenta triangles). Black lines
show y = x. In each case, a perfect functional alignment would lie along the
black line. The distance between ticks is 5 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

(Johansen-Berg et al., 2004a), whereas the fibres from SMA must
first circumvent the cingulum bundle before, for example, forming
connections with cortico-spinal tract and lateral precentral sulcus.”

Divisions in local diffusion tensor data, which are not visible in
data relating to gross anatomy, have previously been reported in
thalamus (Wiegel et al., 2003) but have not previously been
related directly to local grey matter function. This relationship, if it
proves to be generalisable to different functional regions, has
important implications for future neuroimaging studies. Differ-
ences between groups in local white matter architecture may relate
not to white matter integrity, but to differences in local functional
organisation. Perhaps most significantly, the locations of func-
tional activations should be compared across different subjects
with respect to the local white matter architecture as well as the
gross brain anatomy. Previous studies have found that cytoarch-
itectonic boundaries exhibit variability with respect to the gross
anatomy in the normal population (Amunts et al., 1999;
Rajkowska and Goldman-Rakic, 1995a,b). Information from
diffusion tensor MRI could prove crucial when comparing
functional responses across individuals.

We have demonstrated this concept explicitly by showing that
subjects exhibit greater consistency in the location of a functional
landmark after realignment according to their diffusion tensor data
than after realignment according to their T1-weighted (anatomical)

data but more research is required before we can assume a general
correspondence between local white matter and functional archi-
tectures, and before we can use this correspondence for the
alignment of functional data. The boundary between SMA and
preSMA s a particularly convenient functional example: we knew
from prior data that the boundary lies predominantly in the coronal
plane (Zilles et al., 1996), so it was sufficient to search for only a
single translation parameter to align subjects; the superior medial
frontal cortex lies in a location which does not suffer from the
anatomical distortions that can affect many regions in both
functional and diffusion-weighted MRI scans; aligning subjects
on the basis of global brain shape alone matched the functional
boundary sufficiently that a very local refinement was appropriate.
In order to test for this relationship in general, we would require a
highly nonlinear alignment strategy and, even with such a strategy,
it is likely that not every functional division would have a clear
marker in the diffusion tensor data. However, even if only a few
divisions were visible in general, this information has the potential
to improve substantially the functional accuracy of structural brain
alignments. It is also important to note that the topology of the
local gyral/sulcal anatomy may confound the information available
in the diffusion tensor images. The orientation of white matter
fibres as they approach cortex is influenced by the orientation of
the particular cortical fold.

Despite these caveats, we have demonstrated a pattern in
anatomical diffusion tensor data which consistently predicts the
location of a functional boundary independent of local anatomical
landmarks. This finding suggests that nonlinear strategies for
warping diffusion tensor images could have a great impact in future
neuroimaging studies, and lends weight to the argument relating
connectional architecture directly to regional brain function.
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