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Diffusion-Weighted Imaging Tractography-Based
Parcellation of the Human Lateral Premotor Cortex
Identifies Dorsal and Ventral Subregions with Anatomical
and Functional Specializations
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Lateral premotor cortex (PM) in the macaque monkey can be segregated into structurally and functionally distinct subregions, including
a major division between dorsal (PMd) and ventral (PMv) parts, which have distinct cytoarchitecture, function, and patterns of connec-
tivity with both frontal and parietal cortical areas. The borders of their subregions are less well defined in the human brain. Here we use
diffusion tractography to identify a reproducible border between dorsal and ventral subregions of human precentral gyrus. We derive
connectivity fingerprints for the two subregions and demonstrate that each has a distinctive pattern of connectivity with frontal cortex
and lateral parietal cortex, suggesting that these areas correspond to human PMd and PMv. Although putative human PMd has a high
probability of connection with the superior parietal lobule, dorsal prefrontal cortex, and cingulate cortex, human PMv has a higher
probability of connection with the anterior inferior parietal lobule and ventral prefrontal cortex. Finally, we assess the correspondence
between our PMd/PMyv border and local sulcal and functional anatomy. The location of the border falls at the level of the gyral branch that
divides the inferior precentral sulcus from the superior precentral sulcus and corresponded closely to the location of a functional border

defined using previous functional magnetic resonance imaging studies.
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Introduction
In both Old and New World monkeys and prosimian species, the
lateral premotor cortex (PM) is separated into distinct functional
fields. Two main subdivisions are dorsal PM (PMd) and ventral
PM (PMv) (Dum and Strick, 1991; He et al., 1993; Stepniewska et
al., 1993; Wu et al., 2000). PMd is critical for learned, nonstand-
ard stimulus—response mappings (Petrides, 1985; Passingham,
1993; Wise et al., 1996), whereas PMv transforms the geometrical
properties and spatial location of an object into motor com-
mands (Kurata, 1994; Jeannerod et al., 1995; Hoshi and Tanyji,
2006).

The functional specialization is reflected in structural organi-
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zation: PMd and PMv have distinct cytoarchitecture (Matelli et
al.,, 1985; Barbas and Pandya, 1987), receptor distributions
(Geyer et al., 1998), and anatomical connectivity. Tracer studies
in several nonhuman primate species indicate that they form part
of mostly segregated parietal (Matelli et al., 1986, 1998; Tanne-
Gariepy et al., 2002; Stepniewska et al., 2006) and prefrontal
(Luppino et al., 2003; Dum and Strick, 2005) circuits.

Despite parallels with other primates (Geyer et al., 2000), less
is known about structural organization of human PM. Although
there have been reports of further divisions (Vogt and Vogt, 1919;
Braitenberg, 1962; Zilles et al., 2004), many descriptions of hu-
man PM use Brodmann’s map (Brodmann, 1909). Neuroimag-
ing of human PM suggests functional divisions previously de-
scribed in macaque (Tonietal., 2001; Amiez et al., 2006; Beurze et
al., 2007), although some have argued for three ventrodorsally
organized regions (Schubotz and von Cramon, 2003). There may
be a consistent relationship between the location of functional
regions and morphology of adjacent sulci such as the precentral
sulcus (Germann et al., 2005; Amiez et al., 2006). Whether func-
tional regions in human PM relate to specific parietal and pre-
frontal anatomical networks, however, is unknown.

Given that connectional anatomy both reflects and deter-
mines regional functional organization, patterns of anatomical
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connectivity can inform the segregation of functionally distinct
areas (Passingham et al., 2002; Behrens and Johansen-Berg,
2005). Diffusion-weighted magnetic resonance imaging (MRI)
and tractography can quantify long-range connectivity in vivo
(Catani et al., 2002; Mori and Zhang, 2006; Aron et al., 2007).
Tractography techniques subdivided brain structures according
to their connectivity patterns in medial frontal cortex [supple-
mentary motor area (SMA)/pre-SMA (Johansen-Berg et al.,
2004)], the geniculate bodies [medial vs lateral (Devlin et al.,
2006)], and lateral frontal cortex [area 44/area 45/deep frontal
operculum (Anwander et al., 2007; Klein et al., 2007)].

Here we used multiple-fiber diffusion tractography (Behrens
et al., 2007) to examine the connectivity of human precentral
cortex in vivo. A connectivity-defined border separating dorsal
and ventral subregions was identified, and its variability and re-
producibility were examined. We derived connectivity finger-
prints for the two regions and demonstrated that their distinct
patterns of parietal and prefrontal connectivity are reminiscent of
monkey PMd and PMyv. Finally, we examined the relationship
between the location of our anatomically defined boundary and
both local sulcal landmarks and the functional border reported in
previous functional MRI studies (Mayka et al., 2006).

Materials and Methods

Data acquisition

Diffusion-weighted and T1-weighted images were acquired in 17 healthy
subjects (6 women and 11 men; mean * SD age, 26.18 = 4.81; range,
20-38) on a 1.5T Siemens (Erlangen, Germany) Sonata MR scanner,
with maximum gradient strength of 40 mT - m ~'. All subjects gave in-
formed written consent in accordance with ethical approval from the
Oxford Research Ethics Committee.

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). Diffusion weighting was
isotropically distributed along 60 directions using a b value of 1000
s+ mm 2. For each set of diffusion-weighted data, five volumes with no
diffusion weighting were acquired at points throughout the acquisition.
Three sets of diffusion-weighted data were acquired for subsequent av-
eraging to improve the signal-to-noise ratio. The total scan time for the
diffusion-weighted imaging protocol was 45 min.

A T1-weighted anatomical image was acquired using a three-
dimensional FLASH (fast low-angle shot) sequence (repetition time, 12
ms; echo time, 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 min and 5 s).

Image analysis
Analysis was performed using tools from the FMRIB Software Library
(FSL) (www.fmrib.ox.ac.uk/fsl) and in-house software.

Preprocessing. We skull-stripped (Smith, 2002) the diffusion-weighted
and T1-weighted data and performed affine registration to align diffu-
sion data, T1-weighted scans, and Montreal Neurological Institute
(MNI) standard proportional stereotaxic space (Jenkinson and Smith,
2001; Jenkinson et al., 2002). For each subject, T1-weighted scans were
processed using FAST (FMRIB’s Automated Segmentation Tool) tissue-
type segmentation (Zhang et al., 2001) within FSL (www.fmrib.ox.ac.uk/
fsl) to derive partial volume estimates for gray matter (GM) and white
matter (WM). These partial volume maps were thresholded at >0.2 and
dilated by a 1 X 1 X 1 mm voxel. The overlap between the thresholded
and dilated GM and WM maps was then used to define a GM/WM
boundary region of interest (ROI). Diffusion data were transformed us-
ing affine registration to a reference volume to correct for eddy currents
and head motion. The data from the three acquisitions were subse-
quently averaged to improve the signal-to-noise ratio. We calculated
probability distributions on multiple fiber directions at each voxel in the
diffusion data using a multiple-fiber extension (Behrens et al., 2007) of a
previously described diffusion modeling approach (Behrens et al.,
2003a,b).
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PM ROI We defined an initial ROI of the PM by hand in each subject’s
left hemisphere as the cortex and underlying WM in or around the pre-
central sulcus on the individual T1-weighted images registered to the
MNI standard space using FLIRT (Jenkinson and Smith, 2001) within
FSL (www.fmrib.ox.ac.uk/fsl). The posterior border was approximately
two-thirds of the way across the precentral gyrus (Alkadhi et al.,
2002a,b), the inferior border was the ventral limit (Zhang et al., 2001) of
the precentral gyrus, and the medial border was ~5 mm from the medial
surface of the brain. The anterior border was located ~5 mm in front of
the precentral sulcus. The decision to place the anterior border of the
region considered for parcellation at this position reflected the need for a
consistency of the approach and the fact that although functional neuro-
imaging studies have suggested that human PMd lies posterior to the
superior precentral sulcus (Amiez et al., 2006), it has been proposed that
a part of human PMv might lie anterior to the inferior precentral sulcus
(Geyer et al., 2000). Moreover, in some cases, the dorsal inferior precen-
tral sulcus can be situated anterior to the superior precentral sulcus (Ger-
mann et al., 2005). In practice, however, the area that was consistently
defined in the initial PM ROI includes the tissue on the precentral gyrus.

To create a starting ROI of equal volume across subjects and hemi-
spheres, manually defined PM ROIs were overlapped across all subjects
to create a group overlap PM ROL. This group ROI was mirrored about
the midline to create a right-hemisphere PM ROI. The group PM ROIs
were then refined for each individual subject by including only those
voxels that fell within the GM/WM boundary in that subject. Thus, the
final PM ROI for each subject and each hemisphere consisted of the
GM/WM boundary within the PM region.

Note that our group PM ROI, defined using sulcal and gyral land-
marks, does not overlap precisely with definitions of Brodmann’s area 6
(BA6) based on group postmortem data (Geyer, 2004; Eickhoff et al.,
2006). For example, the overlap between our ROI and the Juelich Atlas
probabilistic map of lateral BA6 (thresholded at 10%) is 66% in the left
hemisphere and 50% on the right hemisphere. This is a consequence of
the particular care we took to exclude regions from the premotor mask
that could fall within primary motor cortex. Note that there is consider-
able overlap between the probabilistic locations of the Juelich premotor
and primary motor areas because of interindividual anatomical variabil-
ity. Our ROL is shifted anteriorly with respect to the Juelich Atlas defini-
tion of BA6 because it avoids overlap with the primary motor cortex.

Probabilistic multifiber diffusion tractography. For each subject, proba-
bilistic tractography was run from voxels at the GM/WM boundary
within the PM seed area to assess connectivity with every brain voxel,
using a model accounting for multiple fiber orientations in each voxel
(Behrens et al., 2007). The approach draws a sample from each fiber
orientation distribution at the current voxel and chooses the sample
closest to the orientation of its previous step. The connection probability
between a PM voxel and another voxel in the brain is defined as the sum
of sample fiber lengths connecting these two voxels. This value corre-
sponds approximately to the connection probability multiplied by the
average connection length. It corrects for the fact that distant regions
appear less connected than close regions when using the probability
alone and is appropriate for parcellation based-studies in which distant
connections are the principle focus, and quantitative probability values
are not required. For each subject, we drew 1000 samples from the con-
nectivity distribution from each seed voxel. The algorithm was limited to
estimating two fiber orientations at each voxel, because of the b value and
number of gradient orientations in the diffusion data (Behrens et al.,
2007).

Connectivity-based parcellation. A connectivity matrix, A, between PM
seed voxels and each other brain voxel was derived as described previ-
ously (Johansen-Berg et al., 2004; Klein et al., 2007) and used to generate
a symmetric cross-correlation matrix, B = AAT, of dimensions (number
of seeds X number of seeds) in which the (i,j)th element value is the
correlation between the connectivity profile of seed i and the connectivity
profile of seed j. The rows in B were permuted using k-means segmenta-
tion for automated clustering to define two regions (Anwander et al.,
2007; Klein et al., 2007). The goal of clustering the cross-correlation
matrix B is to group together regions that share the same connectivity
with the rest of the brain. However, it is possible for two regions to be
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grouped together because they are strongly connected to each other
(even if their connections to other cortical regions are very different).
The connection they share is a connection between them, rather than
connections with the rest of the brain. To correct for that, we included a
distance constraint, by adding a (scaled) Euclidean distance matrix to the
cross-correlation matrix. The resulting clusters are then constrained to
consist of voxels that are spatially contiguous, although the border be-
tween clusters is still guided by remote connectivity information.

The automated classification using k-means clustering produced indi-
vidual parcellation of the left and right PM into dorsal and ventral sub-
regions (PMd and PMy, respectively) as groups of elements that were
strongly correlated with each other and weakly correlated with the rest of
the matrix. Results from clustering are mapped back onto the brain. The
two PM subregions were used as masks for assessing variability in PM
parcellation and defining connectional fingerprints.

Intersubject variability and intersession reproducibility. A subcohort of
the subjects (eight subjects, four women; age range, 21-34 years) under-
went a reproducibility study. Each of them was scanned three times on
different days, using the same scanner and settings. The general issue of
between-session reproducibility and between-subject variability of diffu-
sion MR, tractography, and parcellation measures has been addressed
previously in the same cohort of subjects (Heiervang et al., 2006; Klein et
al.,2007). In the present study, we test specifically for the variability of the
PM parcellation and the location of the boundaries between its subre-
gions in each hemisphere. First, we tested for agreement of segmented
volumes between sessions by calculating the conditional probability that
a voxel classified as belonging to a particular region in session A would
receive the same classification in session B. This was calculated separately
for PMd and PMv as P,(B) = (number of overlapping voxels between
segmentation for session A and session B)/(number of voxels in segmen-
tation for session B). For each subject and each pair of acquisitions, we
then calculated the average of P,(B) and Py(A). Second, we tested for
reproducibility of boundary location by automatically computing a
plane dividing the PMd and the PMv using a linear support vector ma-
chine (SVM). We used SVM-light software (Joachim, 1999) to compute
the support vectors from the data. Group results of the connectivity-
defined PMd/PMyv boundary were mapped to (three-dimensional) sur-
face reconstruction using one of the individual structural images as a
template, which is registered to the MNI standard space (Brett et al.,
2002).

Prefronto-parietal connectional fingerprints. To further investigate the
differences in the anatomical networks involving PMv and PMd, and to
compare them to results from animal models, we evaluated the connec-
tivity patterns from PMd and PMyv to ipsilateral parietal and prefrontal
cortical areas. We used hand-drawn masks of subregions of left prefron-
tal and parietal cortical areas, the connectivity profiles of which were
originally described previously in a subgroup of our population (Crox-
son et al., 2005; Rushworth et al., 2006) (see Fig. 3). Prefrontal ROIs
included the following: ventrolateral prefrontal cortex (PFvl), dorsolat-
eral prefrontal cortex (PFdl), dorsomedial prefrontal cortex (PFdm),
cingulate sulcus, cingulate gyrus, medial orbital cortex, central orbital
cortex, and lateral orbital cortex. Parietal ROIs included the following:
medial intraparietal sulcus (IPS), anterior inferior parietal lobule and
adjacent anterior intraparietal sulcus (AIPL), angular gyrus (ANG), su-
perior parietal lobule (SPL), medial bank of the descending IPS, and
lateral bank of the descending IPS. The AIPL mask was centered on the
AIPL-IP2 mask from the Juelich cytoarchitectonic probabilistic atlas
(Choi et al., 2006). Previously defined population maps of manually
defined ROIs were thresholded to include only those voxels present in
>50% of the population for each ROI and then dilated bya1 X 1 X 1
mm voxel. To refine these ROIs for each of the subjects in the current
study, we masked the population ROIs by individually defined GM/WM
boundaries. To create right-hemisphere ROIs, the left dilated population
masks were mirrored about the midline and masked by individual-
subject GM/WM boundaries. For each subject, we drew 5000 samples
from the connectivity distribution from each seed voxel (connectivity-
defined PMv or PMd) and computed the probability of connection to
each cortical target mask (parietal and prefrontal ROIs). For each subject,
the mean probability of connection between the seed region
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(connectivity-defined PMv or PMd) and each target region (parietal and
prefrontal ROIs) was computed. We then normalized these values by
dividing by the total sum of probability to any target mask and multiply-
ing by 100 so that these values represent connection probability as a
percentage of total connections (Croxson et al., 2005). Any target mask
with a normalized connectivity probability that was <0.2% of the sum of
all target probabilities for both premotor seed regions was excluded from
additional analyses. Connection probabilities of those regions, which
survived thresholding, were divided by the size of the target ROIs, com-
puted on an individual-subject basis, to produce connection probabili-
ties adjusted for the size of the seed regions as well as for the volume of the
targets. These normalized values were then used to generate connectivity
fingerprints.

Statistical analysis

Statistical analysis on connection probability was performed using SPSS
11 (SPSS, Chicago, IL). Repeated-measures ANOVAs of connection
probability values were used to test for the influence of within-subject
factors of hemispheres (left vs right), PM subregions (PMd vs PMv), and
target ROI (nine prefronto-parietal ROIs). Paired ¢ tests were used to
compare volumes of connectivity-defined PM subregions and to
follow-up on ANOVAs of connection probabilities.

Results

Connectivity-based parcellation of the PM

Parcellation of left and right PM on the basis of sharp changes in
the connectivity profiles identified two clusters in the reordered
connectivity cross-correlation matrices, which represent a group
of seed voxels with a similar pattern of connectivity (Fig. 1).
When mapped back onto the brain, the voxels in the two clusters
corresponded to discrete, spatially contiguous subregions along
the lateral surface of PM (Fig. 1). The boundary between PMd
and PMv was located at an average of z coordinate of 48 in both
the left (range in individual subjects, z = 42 to z = 56) and the
right (range, z = 40 to z = 56) hemisphere.

We compared the volumes of connectivity-defined dorsal and
ventral subregions in each hemisphere. The volume of the PM
ROI was greater in the right than the left hemisphere (1409.18 +
137.30 vs 1316.24 * 197.22 mean £ SD number of voxels; t =
3.248; p < 0.005). Note that because the starting volume was
identical for all subjects and for both hemispheres, this size asym-
metry must reflect hemisphere differences in the relative size of
the GM/WM boundary (an index of apparent neocortical thick-
ness). After parcellation of the PM ROI into dorsal and ventral
subregions, repeated-measures ANOVA found a main effect of
hemisphere (F = 10.6; df = 1.00,16.00; p < 0.05) and PM subre-
gion (F = 34.8; df = 1.00,16.00; p < 0.001) and a trend toward an
interaction between the two (F = 3.6; df = 1.00,16.00; p = 0.086).
The main effect of PM subregion reflected the finding that the
dorsal region was significantly larger than the ventral region in
both hemispheres (left: 749.41 = 79.80 vs 566.65 * 131.16 voxels,
t = 8.3, p < 0.001; right: 763.18 £ 90.51 vs 646.00 * 116.35
voxels, t = 3.1, p < 0.01). The trend toward an interaction be-
tween hemisphere and subregion reflected the finding that the
ventral region was significantly larger in the right hemisphere
(646.00 = 116.35) compared with the left hemisphere (566.65 =
131.16;t = 3.7; p < 0.005), whereas no significant difference was
found between the volumes of the dorsal subregions in the left
(749.41 = 79.80) and right (763.18 £ 90.51; t = —0.6; p = NS)
hemispheres.

To assess the reproducibility of the PM parcellation, eight
subjects were scanned on 3 separate days. Average intersession
reproducibility of the segmented volumes across scanning days
was 98.6% (*1.1) for the dorsal subregion and 99.1% (*2.1) for
the ventral subregion (Fig. 2a). Similarly, the angles between
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a, Summary of the steps leading to the PMd/PMv clustering in an example subject (Sbj). Top, PM region (green) and the resulting tracts. Middle, Cross-correlation matrix (and its

reorganized counterpart) indicating the degree of similarity in connectivity pattern between the voxels in PMd and PMv, respectively. Bottom, The two resulting clusters on a coronal ( y = 63) and
a sagittal (x = 63) slice. b, Results of the connectivity-based clustering for the other 16 subjects. Note the recurrent presence of a sharp border between the two clusters.

planes identifying PMd/PMv boundaries were consistent within
a subject, as well as across subjects, varying much less within a
subject than across subjects (Fig. 2b).

Parieto-frontal connectivity fingerprints of PM subregions

If the subregions we identified correspond to PMd and PMy, then
tracer studies on PM connections in nonhuman primates provide
strong previous hypotheses regarding expected differences in
parieto-frontal connectivity patterns for the two regions (Rizzo-
latti et al., 1998). We therefore quantified the probabilities of
connection from our connectivity-defined dorsal and ventral
subregions to a number of parietal and prefrontal ROIs to test for
these anatomical relationships in the human brain (Fig. 3). Of the
13 target ROIs tested, 9 had a >0.2% probability of connection to
both of the premotor seed regions (Table 1). The connection
probabilities for these nine regions were normalized for the size
of individual target ROIs (Table 2). Normalized connection
probabilities were entered into a repeated-measures ANOVA that
revealed a main effect of PM subregions (F = 46.6; df =
1.00,16.00; p < 0.001) and target ROI (F = 245.9; df =
2.26,36.20; p < 0.001) and a significant interaction between PM
subregions and target ROI (F = 89.7; df = 2.98,47.67; p < 0.001),
a reflection of the difference in the patterns of parieto-frontal
connectivity between the dorsal and ventral subregions (Fig. 3).

Significant interactions with hemisphere were also found and are
discussed below.

Our anatomically defined dorsal region had particularly high
probabilities of connection with cingulate sulcus, cingulate gyrus,
SPL, and the IPS, whereas the ventral subregion showed particu-
larly high probabilities of connection with the ventrolateral pre-
frontal cortex, anterior inferior parietal lobe (supramarginal gy-
rus), as well as connectivity with the posterior ANG and lateral
parts of the orbital prefrontal cortex. Direct comparison of con-
nectivity probabilities between dorsal and ventral subregions re-
vealed higher probabilities of connection for dorsal compared
with ventral in both hemispheres for the cingulate gyrus (left: t =
4.3, p <0.001; right: ¢ = 3.2, p < 0.01), cingulate sulcus (left: r =
3.4,p < 0.005; right: t = 4.5, p < 0.001),and SPL (left: t = 3.1,p <
0.01; right: = 3.3, p < 0.01) and in the left hemisphere only for
dorsolateral prefrontal cortex (left: + = 2.9, p < 0.05) and IPS
(left: + = 3.3, p < 0.01). The ventral region had significantly
higher connection probability than the dorsal region in both
hemispheres for ventrolateral prefrontal cortex (left: + = 13.4,
p <0.001; right: t = 14.2, p < 0.001), anterior intraparietal lobule
(left: t = 3.7, p < 0.01; right: t = 4.2, p < 0.01), lateral orbito-
frontal cortex (left: t = 2.9, p < 0.05; right: = 4.2, p < 0.01), and
in the right hemisphere only for ANG (right: = 3.2, p < 0.01).

Repeated-measures ANOVA of connection probabilities also
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p < 0.05). Note that the connection prob-
ability values are normalized for both seed
and target volume, so that these hemi-
spheric asymmetries in the connection
probabilities between seed regions and tar-
get ROIs exist over and above differences
in mask volumes reported previously.
One potential confound for hemispheric
asymmetries in connection probabilities
would be ease of tracking parietal-frontal
pathways past the corticospinal tract. To test
whether this could be influencing our re-
sults, we defined two pairs of ROIs in each

Inter-subject ¢
variability Sbj 1

Sbj 3

angle in degrees

Scan 1

hemisphere within the second and third
branches of the superior longitudinal fascic-
ulus, which connect parietal and frontal cor-
tical areas. By positioning ROIs within each
tract ~2 cm anterior and posterior to the
corticospinal tract, we were able to test ease
of tracking within the tract in each hemi-
sphere. We did not find any significant

i .
: : hemispheric asymmetries in tracking
! performance.
a. b. g 1 2 quo]e-:zs 6 7 8
Comparison with sulcal and
Figure 2. Results of the reproducibility study. a, Schematic representation of the intersession reproducibility (same subject, ~ functional anatomy
different scanning sessions) and the intersubject variability (different subjects, same session). Sbj, Subject. b, Top, Planesdividing To compare the location of our

PMd and PMv automatically calculated by the SVM classifier for subject 1 (red; three sessions) and subjects 2— 8 for session 1 (blue)
on the left hemisphere. Bottom, For each subject, the ordinate represents the angle in degrees between the plane identified from
session Tand the other sessions (red; intrasubject variability) or the other subjects for all sessions (blue; intersubject variability).
The figure illustrates that there is little variability between subjects and even less variability within subjects.

found a significant two-way interaction between hemisphere and
parieto-frontal target ROIs (F = 4.17; df = 3.77,60.28; p <
0.001), as well as a three-way interaction between hemisphere,
PM subregions, and target ROIs (F = 3.46; df = 2.66,42.55; p <
0.05). Follow-up ANOVAs considering each PM subregion sep-
arately showed that although the ventral region connection prob-
abilities (pooled across all target ROIs) were roughly symmetrical
(left ventral, 0.367 = 0.014 vs right ventral, 0.366 = 0.014), con-
nection probabilities for the dorsal subregion showed a trend to
be higher in the left hemisphere (left dorsal, 0.282 *+ 0.017 vs right
dorsal, 0.254 * 0.018; F = 3.63; df = 1.00,16.00; p < 0.1).
Follow-up ANOVAs considering each target ROI separately
showed that although most targets did not show any hemispheric
asymmetry in connection probability, others were significantly
lateralized. Specifically, we found a greater connection probabil-
ity in the left hemisphere than the right for PFvl (F = 4.26; df =
1.00,16.00; p = 0.056) and PFdl (F = 10.39; df = 1.00,16.00; p <
0.01), whereas we found greater connection probabilities in the
right hemisphere for the ANG (F = 5.21; df = 1.00,16.00; p <
0.05) and IPS (F = 8.05; df = 1.00,16.00; p < 0.05). Some of these
hemispheric asymmetries varied between PM subregions: for
PFdl, we also found an interaction between hemisphere and PM
subregion (F = 5.51; df = 1.00,16.00; p < 0.05), reflecting the fact
that the left lateralization of PFdl connection probabilities was
significant for the dorsal subregion (t = 4.7; p < 0.001) but not
for the ventral region (¢ = 0.07; NS). For ANG, we also found an
interaction between hemisphere and subregion (F = 9.15; df =
1.00,16.00; p < 0.01), now reflecting the finding that, although
connection probabilities of the dorsal region were roughly sym-
metrical ( = —0.62; NS), connection probabilities of the ventral
region were greater in the right hemisphere than the left (t = 2.92;

connectivity-defined border to local sulcal
anatomy, a plane dividing the dorsal and
the ventral subregions was automatically
computed in each subject and projected
onto individual, as well as onto group, cor-
tical surfaces (Fig. 4). In both hemispheres, the projection of this
boundary tended to lie dorsal to the horizontal extension of the
inferior precentral sulcus and adjacent to the most ventral part of
the superior precentral sulcus, locating the boundary between the
levels of the inferior and superior frontal sulci, consistent with the
hypothesized location of the PMd/PMv border in the human
brain.

To compare our connectivity-defined border to local func-
tional anatomy, we overlaid our results onto data from a meta-
analysis of functional studies (Mayka et al., 2006), which recon-
structed spatial probability maps based on the location of the
activations in regions designated as PMd and PMyv in >100 dif-
ferent functional imaging studies. The functional border between
PMd and PMv colocalized extremely well with our connectivity-
based border (Fig. 5), confirming the hypothesis that subregions
identified by differences in their connectivity profiles have differ-
ent functional specializations and that they correspond to phys-
iologically defined PMd and PMv. Some of the strongest evidence
for functional localization in PM comes from studies of standard
and nonstandard stimulus response mappings, found to activate
PMv and PMd, respectively. To test whether our connectivity-
based mapping is consistent with these established roles for PMd
and PMv, we compared locations of functional activation from
three studies of conditional motor selection (Toni et al., 2001;
Amiez et al., 2006; Grol et al., 2006) and three studies of reaching
and grasping (Binkofski et al., 1999b; de Jong et al., 2001; Ehrsson
et al., 2003). When projecting these activations onto our
connectivity-based map at y = 0, activations for conditional mo-
tor selection (i.e., nonstandard mappings) fell within putative
PMd, whereas those for reaching and grasping (i.e., standard
mappings) fell within putative PMyv.
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Connectivity fingerprints in the left hemisphere (top left) and the right hemisphere (top right). The values indicate the relative connection probability between PMd (blue) or PMv (red)

and the prefronto-parietal targets, the masks of which are shown in the bottom row. Abbreviations as in Table 1.

Table 1. Average (across subjects) connection strength between each seed region (left and right PMv or PMd) and each target region (parietal and prefrontal ROIs)

G S PFom PFoc PFol PRVl PFdl AIPL ANG IPS IPS_dI IPS_dm SPL
IPMd 1.94 2.77 0.04 0.04 0.08 2.07 40.39 0.31 0.35 0.51 0.12 0.09 0.50
[PMv 0.26 0.09 0.05 0.1 0.24 42.19 50.37 157 0.94 0.40 0.05 0.04 0.15
rPMd 1.56 2.83 0.04 0.05 0.08 2.30 39.28 0.19 0.39 0.70 0.05 0.06 0.30
rPMv 0.20 0.06 0.03 0.12 0.38 38.61 51.61 1.82 1.48 1.07 0.06 0.04 0.17

Data are percentages. Each value s divided by the sum of connections to all the targets, so as to be expressed as a percentage of its contribution to the total connections to all the targets. Any target mask with a contribution that was <<0.2%
for both PMv and PMd was excluded from further analyses. Note that the target region volumes are different for left and right seeds. IPMd, Left PMd; IPMv, left PMv; rPMd, right PMd; rPMv, right PMv; CG, cingulate gyrus; CS, cingulate sulcus;
PFom, medial orbital prefrontal cortex (PF); PFoc, central orbital PF; PFol, lateral orbital PF; PFvl, ventrolateral PF; IPS_dI, lateral bank of the descending IPS; IPS_dm, medial bank of the descending IPS.

Table 2. Average (across subjects) normalized connection strength between each seed region (left and right PMv or PMd) and each target region (parietal and prefrontal

ROIs)

G e PFol PFvI PFdI AIPL ANG IPS SPL
IPMd 0.44 0.18 0.02 0.12 1.47 0.06 0.07 0.08 0.16
IPMv 0.04 0.00 0.03 1.73 1.16 0.20 0.12 0.04 0.03
rPMd 0.41 0.20 0.02 0.12 1.25 0.03 0.08 0.12 0.09
PMv 0.03 0.00 0.05 1.49 1.15 0.21 0.23 0.13 0.03

Connection probabilities have been normalized dividing by individual target ROI volumes. Abbreviations are as for Table 1.

Discussion

Our results allow us to draw three main conclusions. First, we can
differentiate reproducible dorsal and ventral subregions of hu-
man PM on the basis of their anatomical connection patterns.
Second, as in macaque monkey, the two human subregions have
distinct connections with parietal and prefrontal areas, suggest-
ing that they correspond to functional areas PMd and PMv. Fi-

nally, the boundary between the two subregions based on ana-
tomical connectivity lies in a consistent location with respect to
local sulci and to local functionally-defined areas, providing ad-
ditional support that our regions correspond to PMd and PMv.
Our finding that tractography defines reproducible and func-
tionally relevant subregions and borders in PM supports the gen-
erality of an approach previously used in other brain regions
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Figure4.
surface from one individual structuralimage. The color scale indicates the number of subjects sharing a given location (top, left hemisphere; bottom, right hemisphere). SP, Superior precentral sulcus;
IPd, dorsal part of the inferior precentral sulcus; IPv, ventral part of the inferior precentral sulcus; IF, inferior frontal sulcus; SF, superior frontal sulcus; HE, horizontal extension of inferior frontal sulcus.
b, Overlay of the left and right PMd/PMv borders on the individual three-dimensional cortical surfaces. In the majority of cases, the border lies between the superior and the inferior parts of the
precentral sulcus. Sbj, Subject.

(Johansen-Berg et al., 2004; Anwander et al., 2007; Klein et al.,
2007).

The parcellation procedure provides a measure of the distinc-
tiveness of connections of the areas, but it does not reveal which
connections are critical determinants of the difference. Based on
tracer studies on PMd and PMv in nonhuman primates (Matelli
etal., 1986, 1998; Tanne-Gariepy et al., 2002; Luppino et al., 2003;
Dum and Strick, 2005), we hypothesized that connectivity differ-
ences would reflect variation in connections with parietal and
frontal brain regions. Probabilistic tractography was therefore
used to assess connectivity for all voxels within each subject’s PM
subregions and a set of masks dividing the prefrontal and parietal
cortical regions into component regions investigated in previous
studies (Croxson et al., 2005; Rushworth et al., 2006).

Within parietal cortex, human PMd was most strongly con-
nected with the superior parietal lobule and adjacent IPS (Fig. 5,
SPL), in line with previous studies in Old and New World mon-
keys and prosimians reporting strong PMd inputs from superior
parietal areas, particularly medial intraparietal sulcal divisions
MIP and PEip, and posterior SPL, medial SPL, and parieto-
occipital areas PEc, PGm, and V6A (Tanne et al., 1995; Johnson et
al., 1996; Wise et al., 1997; Matelli et al., 1998; Fang et al., 2005;
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a, Top, Hypothesized subdivision of human PM (modified from Geyer etal., 2000). Bottom, Group map of the border between PMd and PMv displayed on the three-dimensional cortical

Stepniewska et al., 2006). In contrast, our results suggest human
PMyv is mainly interconnected with the inferior parietal lobule
(IPL). Although there were some connections with the ANG,
many were with its more anterior parts, and the highest connec-
tion probability was with the AIPL mask, which included the
supramarginal gyrus and adjacent anterior lateral IPS. This is
consistent with reports of strong inputs to macaque PMv from
anterior intraparietal region AIP and the anterior IPL convexity
areas PF and PFG (Matelli et al., 1986; Cavada and Goldman-
Rakic, 1989; Luppino et al., 1999; Lewis and Van Essen, 2000;
Rozzi et al., 2006). There was also evidence for more limited PMv
and PMd connections with a more posterior IPS region (Fig. 5,
IPS). This region has high connection probability with superior
colliculus and functional similarities with macaque LIP (Silver et
al., 2005; Rushworth et al., 2006). There is evidence for limited
connections between LIP and both premotor areas in macaque
(Luppino et al., 1999; Lewis and Van Essen, 2000).

As for prefrontal connections, human PMd had a high prob-
ability of connection to dorsal prefrontal areas, but there was little
evidence of connectivity with ventral and orbital prefrontal cor-
tex. The findings are consistent with reports that macaque rostral
PMd, including area F7, is strongly connected with dorsolateral
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Figure 5.  Overlay of the group PMd/PMv parcellation (foreground) on the functional MRI
mapping given by the meta-analysis of Mayka et al. (2006) (background). It shows a very close
correspondence between the functional and the connectivity-based borders of the two premo-
tor subregions. Open symbols represent the x,z coordinates of functional activations from spe-
cificindividual studies projected onto our connectivity-based map aty = 0. Triangles represent
activations from three studies of conditional motor selection (Toni et al., 2001; Amiez et al.,
2006; Grol etal., 2006) that fall within putative PMd (blue), and open circles represent locations
of functional activations from three studies of reaching and grasping (Binkofski et al., 1999b; de
Jong etal., 2001; Ehrsson et al., 2003) that fall within putative PMv (red).

prefrontal cortex but not ventrolateral and orbitofrontal cortex
(Barbas and Pandya, 1987; Lu et al., 1994; Takada et al., 2004).
Human PMd was also found to be connected to the cingulate
sulcus and adjacent gyrus, and again similar connections have
been reported in the monkey (Van Hoesen et al., 1993; Hatanaka
et al., 2003; Luppino et al., 2003; Takada et al., 2004; Dum and
Strick, 2005). In contrast, we found that the most probable con-
nections of human PMv were with ventrolateral and orbital pre-
frontal areas. In Old and New World monkeys, both anterior
PMyv and posterior PMv are connected with prefrontal cortex.
There is little evidence for connections with dorsal prefrontal
cortex, but the ventral part of the sulcus principalis and the ven-
tral convexity are connected with PMyv, as is a region including
frontal opercular cortex and gustatory insula that extends toward
the lateral orbital surface (Barbas and Pandya, 1987; Preuss and
Goldman-Rakic, 1989; Carmichael and Price, 1995; Cipolloni
and Pandya, 1999; Takada et al., 2004; Dum and Strick, 2005).
Not only were the recorded connection probabilities consistent
with what is known of connections in other primates, but ab-
sences of connections were also notable. For example, as in ma-
caque, we did not find evidence of significant connectivity be-
tween either premotor region and medial orbital prefrontal areas.

In summary, despite some overlap in PMd and PMv connec-
tion probabilities with prefrontal and parietal regions, our results
confirm that each PM subregion participates in distinct
prefronto-parietal circuits, providing an anatomical substrate for
their functional specializations. A connection between PMv and

Tomassini et al. ® Parcellation of Human Premotor Cortex

human AIP could underlie the involvement of both regions in
reaching, grasping, manual exploration, and the representation
of body position and ownership (Binkofski et al., 1999a; Grefkes
et al., 2002; Ehrsson et al., 2005). Macaque AIP and PMv have
been associated with similar functional roles (Gallese et al., 1994;
Graziano, 1999; Fogassi et al., 2001). AIP may be one source of
visual information used to guide movements (Nakamura et al.,
2001). Connections between SPL and medial IPS areas and PMd
are thought to be important during reaching (Caminiti et al.,
1996; Pesaran et al., 2006) and learning arbitrary stimulus—re-
sponse rules (Wise et al., 1997). Similarly, human SPL is active
when subjects reach and when conditional action selection rules
are used (Astafiev et al., 2003; Grol et al., 2006). Connection
patterns with frontal regions are also likely to determine the func-
tional roles of PM areas (e.g., ventral prefrontal and cingulate
regions in the macaque exert distinct influences over action se-
lection) (Rushworth et al., 2005; Kennerley et al., 2006).

We tested the functional significance of our connectivity-
defined boundary by comparing our results with independent
spatial probability maps of regions designated as PMd and PMv
in functional imaging studies (Mayka et al., 2006). The function-
ally defined border colocalized with our connectivity-defined
boundaries (Fig. 5), confirming the general hypothesis that sub-
regions identified by differences in connectivity profiles have dif-
ferent functional specializations (Passingham et al., 2002;
Johansen-Berg et al., 2004, 2005; Friederici et al., 2006).

By projecting the PMd/PMv boundary onto individual brain
surfaces, we tested the correspondence between connectional
anatomy and local sulci. This is an issue of general interest in
neuroanatomy (Amiez et al., 2006). Indeed, some hypotheses
propose that sulcal folding is a direct consequence of connec-
tional architecture (Van Essen, 1997). In most subjects, the PMv/
PMd border was located dorsal to the horizontal extension of the
inferior precentral sulcus and adjacent to the most ventral part of
the superior precentral sulcus, corresponding to a mean location
of z = 48, supporting predictions from macaque (Rizzolatti et al.,
1998) and human (Rizzolatti et al., 2002) studies.

There was evidence for differing patterns of hemispheric
asymmetry in PMv and PMd, because the PMv volume was larger
in the right hemisphere. Watkins et al. (2001) reported higher
GM density in a right ventral frontal region, including the PMv
region defined here. They argued that this was one of the regions
underlying the right frontal petalia. The right inferior frontal
region that is particularly active when movements are inhibited is
centered on PMv and the pars opercularis region immediately
anterior (Aron and Poldrack, 2006).

When testing for asymmetries in connection patterns (after
normalizing for volumetric differences), we found that although
PMd showed a trend for higher connection probabilities in the
left hemisphere, PMv showed symmetrical connection probabil-
ities. The apparent left-hemisphere lateralization of PMd con-
nectivity provides a potential anatomical substrate for previous
reports of left-hemisphere dominance, particularly in PMd, for
action selection using learned conditional rules (Rushworth et
al., 1998; Schluter et al., 1998, 2001). We also found asymmetries
that were specific to particular PM—parieto-frontal pathways. For
example, left lateralization of PFdl connections was present for
PMd but not PMv, whereas right lateralization of ANG connec-
tions was present for PMv but not for PMd. All these apparent
asymmetries should be interpreted with caution, because results
will be influenced not only by asymmetries in underlying ana-
tomical pathways but also by morphological asymmetries that
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might differentially influence ease of tracking in the two
hemispheres.

There are limitations to the information provided by tractog-
raphy particularly, compared with conventional tract tracing in
animal models. As with any imaging modality, results will be
limited by data quality and analysis approaches. Here we used
high angular resolution diffusion data and a multifiber probabi-
listic tractography algorithm that can track through regions of
fiber crossing or complexity (Behrens et al., 2007). Nevertheless,
tractography results are insensitive to small pathways and cannot
differentiate anterograde from retrograde connections. Impor-
tantly, however, tractography allows us to demonstrate that
much of what has been learned of connectional anatomy in the
monkey is of relevance for understanding the human brain.
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