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Abstract

Anatomical studies in animals have described multiple striatal circuits and suggested that sub-components of the striatum, although functionally
related, project to distinct cortical areas. To date, anatomical investigations in humans have been limited by methodological constraints such
that most of our knowledge of fronto-striatal networks relies on nonhuman primate studies. To better identify the fronto-striatal pathways in the
human brain, we used Diffusion Tensor Imaging (DTI) tractography to reconstruct neural connections between the frontal cortex and the caudate
nucleus and putamen in vivo. We demonstrate that the human caudate nucleus is interconnected with the prefrontal cortex, inferior and middle
temporal gyrus, frontal eye fields, cerebellum and thalamus; the putamen is interconnected with the prefrontal cortex, primary motor area, primary
somatosensory cortex, supplementary motor area, premotor area, cerebellum and thalamus. A connectivity-based seed classification analysis
identified connections between the dorsolateral prefrontal areas (DLPFC) and the dorsal-posterior caudate nucleus and between the ventrolateral
prefrontal areas (VLPFC) and the ventral-anterior caudate nucleus. For the putamen, connections exist between the supplementary motor area
(SMA) and dorsal-posterior putamen while the premotor area projects to medial putamen, and the primary motor area to the lateral putamen.
Identifying the anatomical organization of the fronto-striatal network has important implications for understanding basal ganglia function and

associated disease processes.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Caudate; Putamen; Frontal connectivity; Motor connectivity; Diffusion tensor imaging (DTI) tractography; Humans

The striatum is the main entry point of cortical information to
the basal ganglia and it receives afferents from anatomically and
functionally different areas of the cerebral cortex.

According to the current model of basal ganglia function,
cortical information is processed in the basal ganglia nuclei,
which in turn send projections back via the thalamus to the
cortex (‘cortico-basal ganglia loop’) [2,1]. To date, there are
two opposing views regarding the organization of this loop.
The “information-funneling” hypothesis emphasizes the con-
vergent nature of cortico-striatal projections and subsequent
striato-pallidal and striato-nigral projections [28]. In contrast,
the “parallel-processing” hypothesis proposes that signals orig-
inating from functionally distinct cortical areas are processed in
separate striatal territories and remain segregated in the striato-
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pallidal/nigral projection [2,1,45]. At present, our knowledge
of the functional organization of cortico-striatal networks orig-
inates largely from animal experiments [20,21,40,46]. Possibly
because of evolutionary anatomical differences, these animal
models do not fully describe the human fronto-striatal networks;
yet, these differences may have important functional and clinical
implications [20,21,37,40,46].

In the present study, we used Diffusion Tensor Imaging (DTI)
tractography and a connectivity-based seed classification anal-
ysis to investigate the anatomical distribution of cortico-striatal
pathways. This robust technique has been successful in the inves-
tigation of subcortical [13] and cortical connections [14,38] in
humans.

We acquired DTI data from six healthy subjects in whom the
putamen and caudate were defined three-dimensionally on each
subject’s T1-weighted image using atlas warping techniques. In
the first part of this study, carried out to investigate the segre-
gation of different striatal circuits, probabilistic fiber tracking
was initiated from both structures and displayed in a population
map, in MNI standard stereotaxic space. This analysis permitted
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reconstruction of the connectivity of the caudate and putamen
and allowed tracking of all subcortical and cortical fiber con-
nections from every voxel predefined in a seed mask prior to
analysis. In the second part of the study, a connectivity-based
seed classification analysis on the putamen and caudate was
carried out to examine the cortical segregation of striatal path-
ways, in particular putamen pathways linked to motor areas, and
caudate pathways linked to prefrontal areas. With this analysis,
functionally distinct subunits of the caudate and putamen were
identified. By generating connectivity distributions from every
voxel within the caudate and putamen, the probability of con-
nection from every voxel within these structures to each of the
predefined cortical areas was computed.

Six healthy control subjects (age range: 24-36 years) who
had no history of neurological or psychiatric disorders were
recruited. All gave informed written consent in accordance with
ethical approval from the Montreal Neurological Hospital and
Institute Research Ethics Board.

A 1.5T Siemens Sonata scanner at the Brain Imaging Cen-
tre of the Montreal Neurological Institute (MNI) was used
to obtain T1—weighted anatomical MRI images and diffusion-
weighted images. Diffusion-weighted images were acquired
by using echo-planar imaging (EPI) with a standard head
coil (repetition time 9300ms, echo time 94ms, flip angle
90°, slice thickness=2.2 mm, number of slices 60, in-plane
resolution 2.1875 mm x 2.1875 mm, acquisition time approx-
imately 9:30 min). Diffusion weighting was performed along
60 independent directions, with a b-value of 1000 s/mm?
and a reference image with no diffusion weighting was also
obtained.

Diffusion-weighted raw data were first corrected for eddy cur-
rent distortions and motion artefacts. We then skull-stripped the
T —images and fit diffusion tensors at each voxel independently
of the data and co-registered diffusion-weighted images to the
anatomical image using a six-parameter transform. Diffusion
modelling, probabilistic tractography and a connectivity-based
seed classification analysis were carried out using the FMRIB
Diffusion Toolbox (FDT, version 1.0), which allows for an esti-
mation of the most probable location of a pathway from a
seed point using Bayesian techniques (FMRIB Software Library
(FSL); www.fmrib.ox.ac.uk/fsl).

A digital atlas of the basal ganglia and thalamus was used [4]
to create a seed mask of the caudate and putamen on each sub-
ject’s left and right hemisphere T1-weighted image (Fig. 11I).
This atlas was developed from a set of high-resolution histol-
ogy sliced coronally. The reconstructed data set has an in plane
voxel-to-voxel spacing of 0.034 mm while the original slice-to-
slice thickness is 0.7 mm. It comes in multiple representations
and was reconstructed using optimized nonlinear slice-by-slice
morphological and intensity correction techniques.

The final atlas exists in multiple representations: The origi-
nal reconstructed histological volume, a voxel-label-atlas where
each structure is assigned a unique label to properly identify
it, and a 3D geometric atlas. The atlas was warped onto a
high-resolution, high signal-to-noise ratio template known as
the Colin27-MRI-average using a pseudo-MRI derived from
the voxel-label-atlas. The atlas-to-template nonlinear transfor-

mation was estimated using the ANIMAL algorithm [6]. The
ANIMAL algorithm matches a source volume to a target volume
by estimating a deformation field of local translations defined
on a set of equally spaced nodes which maximizes the similar-
ity between the source and target volumes. The accuracy of this
warp and the anatomical definitions on the Colin27 template was
compared against manual segmentations [5].

The right and left caudate and putamen of each subject (target
volume) were defined as a volume of interest on the atlas (source
volume). A high-resolution nonlinear transformation was esti-
mated from the atlas to fit each subject using the parameters
identified in Fig. 11. The transformation is estimated in a hierar-
chical fashion where large deformations are estimated first and
used as the input for the estimation of smaller, more refined trans-
formations. All transformations are estimated on unblurred data
(as an effective blurring is done in the subsampling methods used
within ANIMAL). The stiffness, weight, and similarity parame-
ters used were those identified in an optimization by Robbins et
al. [35]. The final transformation, defined on a grid where local
translations have a 1 mm isotropic spacing, was then applied to
the mask of the caudate and putamen for the DTI tractography
of each subject.

Fibre tracking was initiated from all voxels within the seed
masks to generate 5000 streamline samples, with a steplength
of 0.5 mm and a curvature threshold of 0.2. Anatomical images
were transformed to standard space using the MNI coordinates
with a 12-point transformation (MNI 152 brain). Out of the 5000
samples generated from each seed voxel, raw tracts were thresh-
olded at least at 20 samples in order to remove voxels with very
low connectivity probability [13]. The results were then bina-
rised and summed across subject. The results are displayed as
a population map, showing only reconstructed tracts that were
present in at least 50% of the subjects (Fig. 2).

Two separate analyses were performed: (1) a connectivity-
based seed qualification analysis of the caudate with the
dorsolateral prefrontal cortex (DLPFC) and ventrolateral pre-
frontal cortex (VLPFC); and, (2) a connectivity-based seed
qualification analysis of the putamen with supplementary motor
area (SMA), premotor area and primary motor area. The regions
of interest (seed masks) were identical in size across subjects
(150 voxels). A connectivity-based seed qualification analysis
and a hard segmentation on the outputs of the seed to targets
were performed to generate segmentation.

The VLPFC, DLPFC, SMA, premotor area and the hand-
knob area of the primary motor area were defined on each of
the subject’s T1-weighted image of the left and right hemi-
sphere by using previously described landmark localizations
(VLPEC: [31]; DLPFC: [30]; SMA: [27,47,48]; premotor: [3];
primary motor area: [53]. Within these areas, 150 voxels were
hand-painted and included to create the seed mask.

Seed masks for the putamen and caudate were defined on
each of the subject’s T1-weighted image using the atlas warp-
ing techniques described above. Fibre tracking was initiated
from all voxels within the seed masks. Reconstructed caudate
(Fig. 2A-F) and putamen tracts (Fig. 2G-N) are displayed as a
population map. Only tracts that were present in at least 50%
of the subjects are shown in order to permit visualization of
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I Step | Step Size | Sub-Lattice Sub- Iterations
(mm) Diameter Lattice
(mm)
1 4 8 8 15
2 2 6 8 15
3 1 6 6 15

Fig. 1. (I) Atlas-to-subject warping parameters. (II) Caudate and putamen seed mask. Atlas was warped to a high resolution, high signal-to-noise ratio template. The
caudate and putamen were extracted from the atlas and the atlas-to-subject transformation estimated (ANIMAL) for each subject was applied to the mask of the
caudate and putamen to fit it properly to each subject (caudate, (A) red; putamen, (B) blue).

inter-subject variability. The reconstructed tracts of Fig. 2 show
very low across-subject variability and were present in all of the
subjects as indicated by the color yellow. Tractography of the
right and left caudate showed nearly identical ipsilateral connec-
tions (e.g. Fig. 2F). Similarly, all of the reconstructed right and
left putamen tracts projected to identical ipsilateral areas (e.g.
Fig. 2N). For simplicity we decided to present only left putamen
and caudate tracts, although the coordinates of the right and left
putamen/caudate tracts are given below.

Reconstructed tracts of the left and right caudate projected
ipsilaterally to the prefrontal cortex (A; x==£20, y=54, z=6,
area 10; x==+20, y=28, z=20, area 9/46), middle and infe-
rior temporal gyrus (B; for example x==+40, y=—10, z=-22;
x=%440, y=—6, z=—46), frontal eye fields (FEF, [26]; C;
x=%£24, y=—6 to 1, z=44 to 51), cerebellum (D; x==6,
y=-—52, z=—-30) and thalamus (E; x=44, y=—-22, z=8).

Reconstructed tracts of the left and right putamen projected
ipsilaterally to the prefrontal cortex (G; x==434, y=46, z=-
2, area 10; x==34, y=28, =20, area 9/46; x=428, y=20,
z7=24, area8), primary motor area (H; x==£24, y=—16, z=64),

primary somatosensory area (I; x=£28, y=—32, z=606, area
1), supplementary motor area (SMA, J; x==£16, y=16, z=58),
premotor area (K; x=428, y=—10, z=—22), cerebellum (L;
x==%18, y=—56, z=—36) and thalamus (M; x==44, y=—19,
z=2).

A connectivity-based seed qualification analysis of the
caudate showed connections between the DLPFC and the dorsal-
posterior caudate and between the VLPFC and the ventral
anterior caudate (Fig. 3A).

The connectivity-based seed qualification of the putamen
revealed connections between the SMA and dorsal-posterior
putamen; premotor areas and medial putamen; and primary
motor areas and lateral putamen (Fig. 3B).

Previous anatomical studies in animals have described
multiple striatal circuits and suggested that anatomical sub-
components of the striatum, although functionally related,
project to distinct cortical areas [7]. In accordance with these
studies, we demonstrate several striatal pathways in humans and
provide evidence of an anatomical organization between frontal
cortex and the caudate nucleus and putamen. More specifically,
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Fig. 2. Illustration of reconstructed left caudate (A-F) and putamen (G—N) tracts. Reconstructed tracts of the left caudate project ipsilaterally to the prefrontal cortex
(A), middle and inferior temporal gyrus (B), FEF (C), cerebellum (D), and thalamus (E). The reconstructed tracts of the left putamen project ipsilaterally to the
prefrontal cortex (G), primary motor area (H), primary somatosensory area (I), SMA (J), premotor area (K), cerebellum (L) and thalamus (M). Connections of the

right caudate and putamen are practically identical (e.g. F, N).

the DLPFC is strongly linked to the dorsal-posterior caudate
while the VLPFC is mainly interconnected with the ventral
caudate. These results are in keeping with earlier anatomical
reports by Yeterian and Pandya [52] suggesting that prefrontal
connections are organized topographically.

The confirmation of dorsolateral prefrontal connections to
the dorsal-posterior caudate is also consistent with previous
functional imaging studies proposing the existence of a ‘dorso-
lateral prefrontal loop’ [11]. A similar observation was made in a
repetitive transcranial magnetic stimulation (rTMS) study of the
DLPFC that revealed changes in dopamine release specifically
in the ipsilateral dorsal caudate nucleus [42].

With regard to the connection between VLPFC and ventral
caudate nucleus, corroboration can be found from functional
MRI studies during set-shifting tasks [18,19] as well as from
anatomical studies in monkeys [40,52].

This organization along a dorsal-ventral axis may be
explained by the different functional contributions of these two
loops. Several studies have shown that whereas the DLPFC
seems to play a part in divided attention and monitoring of
information within working memory [12,16,29,32,34,50], the

VLPFC appears to have a specific role in spatial processing [34]
and memory retrieval [12,29].

We identified connections between the FEF [26] and the
caudate nucleus, in accordance with earlier studies in animals
[25,41] and in keeping with the possible involvement of the
caudate in oculomotor and saccadic functions [25].

These prefrontal connections may represent the anatomical
substrate underlying some of the symptoms associated with
neurological (e.g. Parkinson’s disease) and psychiatric (e.g.
schizoprenia) conditions involving basal ganglia and prefrontal
cortex where executive dysfunctions as well as visuospatial dis-
orientation have been associated with an impairment of these
pathways [18,23,24,33,36].

We also found that reconstructed putamen and caudate fibre
tracts projected to the thalamus. Caudate fibre tracts additionally
projected to the middle and inferior temporal gyrus, in keep-
ing with anatomical studies in animals (e.g. [17]). Middleton
and Strick [17] have described striatal-temporal connections and
suggested an involvement of the basal ganglia in visual percep-
tion where dysfunctional basal ganglia connections may lead to
visual hallucinations.
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A

primary motor

Fig. 3. Connectivity-based seed qualification of the caudate (A) and putamen (B) in all subjects (S1-S6). (A) Connections between DLPFC and dorsal-posterior
caudate; VLPFC and ventral anterior caudate. (B) Connections between SMA and dorsal-posterior putamen, premotor area and medial putamen, primary motor area

and lateral putamen.

Caudate and putamen pathways to the cerebellum were found
to be in accordance with previous anatomical studies in nonhu-
man primates [8]. Hoshi et al. [8] have suggested that these
pathways may modulate basal ganglia activation for adjusting
voluntary movements.

With regard to the human putamen, tractography revealed
projections to the primary motor area, primary somatosensory
area and premotor cortex, all previously described in animal
tracing studies and used to explain the involvement of the puta-
men in motor functions (‘sensorimotor circuit’, [11]; hyper- and
hypokinetic movement disorders, [21,39,46]. More specifically,
in keeping with previous observations in nonhuman primates
[46], we demonstrate the presence of projections between pre-
motor areas and medial putamen as well as between primary
motor area and the lateral putamen in humans. This last obser-
vation is in line with a repetitive TMS study of primary motor
cortex showing changes in dopamine release in the lateral part of
the putamen [43,44]. Furthermore, as is the case in primates [46],
we observed connections between dorsal-posterior putamen and
SMA.

DTI does not allow differentiating between anterograde
and/or retrograde connections. Therefore, we cannot establish
whether the delineated pathways are travelling to or from the
caudate and putamen. Notwithstanding this limitation, it is our
belief that DTI offers great promise to define the organization of
anatomical pathway in the human brain and to identify structural
abnormalities in various neurological conditions.

In conclusion, reconstructed fiber tracts of the caudate
nucleus and putamen appear to project to distinct cortical areas,
confirming previous observations in animal studies. The advan-
tage offered by DTI is that it enables the investigation of the
prefrontal-basal ganglia loops in humans, a benefit that holds the
potential to improve the understanding of the pathophysiology
of neurological and psychiatric conditions.
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