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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is the
most common surgical therapy for Parkinson’ s disease (PD). DBS of
the pedunculopontine nucleus (PPN) is emerging as a promising
surgical therapy for PD as well. In order to better characterize these
nuclei in humans, we determined the anatomical connections of the PPN
and STN and the topography of these connections using probabilistic
diffusion tractography. Diffusion tractography was carried out in eight
healthy adult subjects using diffusion data acquired at 1.5 T MRIL (60
directions, 5=1000 s/mm?, 2x2%2 mm?® voxels). The major connec-
tions that we identified from single seed voxels within STN or PPN were
present in at least half the subjects and the topography of these
connections within a 36-voxel region surrounding the initial seed voxel
was then examined. Both the PPN and STN showed connections with
the cortex, basal ganglia, cerebellum, and down the spinal cord, largely
matching connections demonstrated in primates. The topography of
motor and associative brain areas in the human STN was strikingly
similar to that shown in animals. PPN Topography has not been
extensively demonstrated in animals, but we showed significant
topography of cortical and subcortical connections in the human
PPN. In addition to demonstrating the usefulness of PDT in determining
the connections and topography of small grey matter structures irn vivo,
these results allow for inference of optimal DBS target locations and add
to our understanding of the role of these nuclei in PD.

© 2007 Elsevier Inc. All rights reserved.

Introduction

Deep brain stimulation (DBS) of specific nuclei can alleviate
intractable Parkinson’s disease (PD) symptoms. The subthalamic
nucleus (STN) is currently the most common target and stimulation
of this structure is particularly successful in reducing tremor and

* Corresponding author. Department of Physiology, Anatomy, and
Genetics, Sherrington Building, University of Oxford, Parks Road, Oxford,
OX1 3PT, UK. Fax: +44 1865272469.

E-mail address: bhooma.aravamuthan@dpag.ox.ac.uk.
Available online on ScienceDirect (www.sciencedirect.com).

1053-8119/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2007.05.050

bradykinesia (Limousin-et al., 1995; Krack et al., 1997; Limousin et
al.,1998; Yokoyama et al., 1999; Bejjani et al., 2000; Stolze et al.,
2001; Kleiner-Fisman et al., 2003; Rodriguez-Oroz et al., 2005).
Recent evidence suggests that stimulation of the pedunculopontine
nucleus (PPN) in the upper brainstem can be effective in
ameliorating medically intractable akinesia (Jenkinson et al., 2004;
Plaha and Gill, 2005; Mazzone et al., 2005; Galati et al., 2006). In
both cases, the effects of stimulation are not limited to the targeted
structure but will affect the distributed anatomical networks to which
the target structure belongs. Therefore, understanding the anatomi-
cal connections of these deep brain structures will help elucidate
treatment effects. In particular, establishing the topography of
cortical and subcortical connections of STN and PPN in the human
brain could help with accurate targeting of critical pathways in DBS.

The PPN plays an important role in controlling movement,
particularly of the axial and proximal limb muscles employed in the
maintenance of posture and locomotion (Masdeu et al., 1994; Lee
et al., 2000; Pahapill and Lozano, 2000). While lesions to the PPN
cause akinesia (Kojima et al., 1997; Munro-Davies et al., 1999;
Matsumura and Kojima, 2001), stimulation (Jenkinson et al., 2004)
or disinhibition (Nandi et al., 2002) of the PPN can dramatically
improve motor behavior in monkeys made parkinsonian with
MPTP, suggesting that the PPN is over inhibited by the basal
ganglia in Parkinson’s disease. Hence, deep brain stimulation of the
PPN has been tested in Parkinsonian patients and early results show
promising outcomes particularly in reducing akinesia and gait
abnormalities (Plaha and Gill, 2005; Mazzone et al., 2005).

The need for accurate surgical targeting of the PPN for DBS
procedures necessitates better anatomical characterization of the
PPN. Currently, PPN connections have been best characterized using
tracing and evoked-potential studies in rodents (Garcia-Rill et al.,
1987; Rye et al., 1987; Garcia-Rill and Skinner, 1987a; Garcia-Rill
and Skinner, 1987b; Spann and Grofova, 1989; Spann and Grofova,
1991; Spann and Grofova, 1992), but these connections differ
greatly from those shown in primate tracing studies (Lavoie and
Parent, 1994a,b,c; Pahapill and Lozano, 2000). Though both the
rodent and primate PPN have strong connections with the
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subthalamic nucleus (STN), substantia nigra (SN), and globus
pallidus (GP) (Lee et al., 2000), connections between the PPN and
motor cortex have only been shown in primates, and projections
from the PPN to the deep cerebellar nuclei and projections extending
down the spinal cord have only been shown in rodents, though sparse
projections from the deep cerebellar nuclei to the PPN have been
shown in primates (Hazrati and Parent, 1992) and spinal cord
connections are also suspected to exist in primates (Lee et al., 2000;
Pahapill and Lozano, 2000; Matsumura et al., 2000). Recently, we
have used probabilistic diffusion tractography (PDT) to trace
connections of the PPN in humans (Muthusamy et al., in press).
These results show that PPN connections in humans largely match
those in primates, but also include descending cerebellar connec-
tions. These differing results illustrate the importance of verifying
the existence of PPN connections across different species using the
same methodological techniques.

In contrast to the PPN, the connections of the STN have been well
characterized in both rodents and primates and there is little
difference between the species (Hamani et al., 2004). The major
connections of the STN are with the globus pallidus (GP) and
substantia nigra pars reticula (SNpr). The STN also receives
excitatory input from various parts of the cerebral cortex, including
the motor cortex, SMA, and the dorsal and ventral PMC (dPMC and
vPMC, respectively) (Hamani et al., 2004).

The current study investigated the topography of STN and PPN
connections. Until now, PPN topography has been explored only in
primates and has only been demonstrated for cortical connections in
one study (Matsumura et al., 2000). However, PPN topography ‘has
not been demonstrated in humans or in other species. Distinct
topography has also been demonstrated in the STN, separating STN
regions connected to motor, associative, and limbic brain areas
(Hamani et al., 2004) but has not previously been studied in humans.

We used diffusion tensor imaging (DTI) to test for topographic
organization in the cortical and subcortical connections of human
STN and PPN. DTI can be used to estimate anatomical connections in
the human brain in vivo. Probabilistic methods. for tractography
(Parker et al., 2003; Behrens et al., 2003b) allow for tracking of
probable fiber pathways between cortical and subcortical grey matter
structures (Behrens et al., 2003a; Johansen-Berg et al., 2005; Sillery et
al., 2005; Muthusamy et al., in press). For the purposes of this study,
connections refer to the estimated anatomical pathways between brain
regions (e.g., a fiber path estimated between the STN and a cortical
brain region) while topography refers to the size and spatial
distribution of the specific parts of a given grey matter structure that
connect to other brain regions (e.g:, the anterior—medial part of the
STN connects with cortical areas). Note that here we are using the
terms “connections” and “topography” in a purely anatomical sense.
Although tractography cannot determine the direction or sign of
functional projections between regions, it does allow for the
estimation of the connections and topography of a given brain
region, in vivo. Therefore, in order to further anatomically characterize
human PPN and STN, we have employed PDT to determine the
anatomical connections and topography of cortical and subcortical
connections of the PPN and STN in healthy human subjects.

Methods
Subjects and image acquisition

Magnetic resonance data were acquired from eight healthy
right-handed adult subjects (4 men, 4 women, age range 21—

34 years) with no history of psychiatric or neurological disease. All
subjects provided written informed consent in accordance with
ethical approval from the Central Office for Research Ethics
Committees. A 1.5-T Siemens Sonata MR scanner with maximum
gradient strength of 40 mT m ™' was used. Diffusion-weighted data
were acquired using echo planar imaging (72*2 mm thick axial
slices, matrix 128 %104, field of view 256x208 mm, giving a
voxel size of 2x2x2 mm). The diffusion weighting was
isotropically distributed along 60 directions using a b value of
1000 s mm™ . A T1-weighted anatomical image was also acquired
using a 3D flash sequence (repetition time=12 ms, echo
time=>5.65 ms, and flip angle=19°, with elliptical sampling of k&
space, giving a voxel size of 1 x1x1 mm in 5 min and 5 s).

Image pre-processing

Tools from the FMRIB Software library (FSL, www.fmrib.ox.ac.
uk/fsl; Smith et al, 2004) were used for image processing and
analysis. Diffusion-weighted, T1-weighted structural, and MNI
standard brain template images (Evans et al., 2003) were skull-
stripped using the FSL Brain Extraction Tool. Affine registration was
then performed to derive transformation matrices among the three
spaces (diffusion, structural, and standard space). Lastly, probability
distributions of fiber direction at each voxel were calculated using
previously described methods (Behrens et al., 2003b).

Determining regions strongly interconnected to the PPN or STN
with probabilistic tractography

We first wished to define the major anatomical connections of
PPN and STN in the human brain. It is difficult to visualize the
boundaries of PPN and STN on diffusion images, and therefore
for this initial analysis, we identified only single seed voxels that
we could be confident were located within the PPN or STN.
These seeds were selected bilaterally for each subject from
transverse slices in diffusion space. The voxel used as the PPN
seed was located at the level of the superior cerebellar peduncle,
in between the medial lemniscus and the superior cerebellar
decussation (SCD) (Figs. 1 and 4A). The SCD is clearly visible
on the RGB representation of the principle diffusion estimate at
each voxel (Stieltjes et al., 2001) and so this representation was
used to ensure that fibers of the SCD did not overlap with the
PPN seed voxel (Fig. 1). The STN single voxel seed was located
at the level of the superior-most slice showing the red nucleus,
medial to the substantia nigra, in the middle of the cerebellar
peduncle (Fig. 6A). These seed voxel locations were indepen-
dently confirmed to be within the PPN and STN by two licensed
neurologists (KA, TZ).

Using FMRIB’s Diffusion Toolbox (FDT, www.fmrib.ox.ac.uk/
fsl), fiber tracking was initiated from the single voxel seeds (5000
streamline samples, step length of 0.5 mm, curvature threshold of
0.2, excluding connections crossing into the contralateral hemi-
sphere). Areas displaying connections with the single voxel seed in
at least half of all subjects were determined to be regions with high
probability of connection to the PPN or STN.

Creating anatomical ROIs of interconnected regions
In further analyses, we wished to characterize the topography of

STN and PPN connections with cortical and subcortical regions we
had defined as being strongly interconnected with STN and PPN.
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Fig. 1. Localization of PPN seed voxels. A transverse brain slice from one subject is shown as DTI images in diffusion space. In the bottom images, the cross
hairs and orange square indicate the location of a PPN seed voxel. The images on the right are the RGB representations of the principle diffusion estimate at each
voxel. In the RGB images, the superior cerebellar decussation is clearly visible as a green area in the center of the brainstem. In the bottom right RGB image, the
superior cerebellar decussation is delineated by a white outline (Stieltjes et al., 2001). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Masks were therefore drawn of these cortical and subcortical target
regions bilaterally on the T1-weighted structural images for each
subject based on visible anatomical landmarks and with reference
to the Atlas of Neuroanatomy and Neurophysiology (Netter et al.,
2002). Somatotopic divisions of the motor cortex were estimated as
percentages of the precentral gyrus based on the motor
homunculus. These divisions, from medial to lateral, are legs and
hips (M1-hind), 7.5%; trunk region (M1-trunk), 17.5%; arm-and
forearm (M1-fore-U), 15%; wrist and hand (M1-fore-L), 30%; and
neck and orofacial region, 30% (Fig. 2). The SMA and the dPMC
were located just anterior to the precentral sulcus on the medial and
lateral brain surface, respectively. The border between the' SMA
and dPMC was set at the same position, mediolaterally, as the
border between MI-trunk and MI-fore-U. The lateral/inferior
border of the dPMC was at the same position, mediolaterally; as a
transverse plane through the midpoint of M1-fore-L (Fig. 2). The
masks were registered to the diffusion data of the same subject
using FMRIB’s Linear Image Registration Tool (FLIRT, www.
fmrib.ox.ac.uk/fsl). Mask size did not significantly differ between
hemispheres or across subjects when normalized to each subject’s
brain size (paired #-test, p>0.05).

Determination of the topography of STN and PPN connections

To investigate the topography of anatomical connections from
each nucleus, we created seed masks, surrounding the PPN and
STN single voxel seeds described above, that aimed to include the
entire nucleus of interest (Figs. SA and 7A). Both the PPN and
STN masks were 36 voxels (288 mm?) in size. The generous size
of the seed mask allowed sufficient space for topography to be
inferred for the PPN and STN and allowed for clear discernment
between areas that preferentially connect with different brain
regions. Tractography was run from every voxel inside these seed
masks and the coordinates of the voxel within each seed mask with
the highest probability of connection to a given brain region was
determined. The locations of these voxels relative to the mid-point
of the seed mask were calculated and these coordinates were
averaged across all 8 patients (16 voxels). The average voxel
location was graphed in the coronal, transverse, and sagittal planes
along with error bars indicating the 95% confidence interval of the
average location. The areas designated by the error bars indicated
the areas of the PPN and STN with highest probability of
connection to other brain structures. An example of topography

Fig. 2. Segmentation of cortical regions. Masks of cortical regions are drawn on the T1-weighted structural image from one subject. Left: the motor cortex
(shades of red), SMA (dark blue), and dPMC (light blue) are shown on a transverse slice. From medial to lateral, the motor cortex is subdivided into the hindlimb,
trunk, upper forelimb, lower forelimb, and orofacial regions. Right: the motor cortex is also visible on a sagittal slice. (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. 3. Example of topography determination. The PPN voxels with highest probability of connection to the thalamus (Fig. 5) are shown in the coronal,
transverse, and sagittal planes. The axes show distance in millimeters relative to the midpoint of the PPN seed mask, located at 0 mm on each axis. The two bold
dashed lines in each plot intersect at the midpoint of the seed mask. Voxels that have the same coordinates in a given plane are plotted offset from their actual
location (indicated by a “+”). The average voxel location is also shown with error bars indicating the 95% confidence interval for each coordinate. This 95%
confidence range is shaded grey and indicates the area of the PPN with highest probability of connection to the thalamus.

determination is shown in Fig. 3. In addition to comparing the
locations of these PPN and STN regions of connectivity, paired
t-tests were performed on the x, y, and z coordinates of the PPN
and STN voxels to infer existence of topography.

Results
Connections and topography of the PPN

The PPN exhibited connections with the cerebral cortex; basal
ganglia, cerebellum, and spinal cord (Table 1, Fig. 4). The cortical
regions with high probability of connection to the PPN were the
dPMC, SMA, MIl-hind, M1-trunk, MIl-fore-U, and M]1-fore-L
(Fig. 4B). Subcortical connections of PPN included the thalamus,
GP, and STN (Fig. 4C). In addition, PPN connections were also
observed throughout the declive and folium regions of the
cerebellum (mid-cerebellum) and extending down the spinal cord
(Fig. 4D).

Significant (p<0.05) topography in the PPN was present in the
coronal (Fig. 5B), transverse (Fig. 5C), and sagittal (Fig. 5D)
planes. The anterior and superior portions of the PPN tended to be
connected with more anterior and superior brain regions,

respectively. In addition, PPN regions connected to the cortex
tended to be located closely together and were generally more
laterally located than were PPN regions connected to other brain
regions. PPN regions connected to the thalamus, mid-cerebellum,
and STN were also located closely together (within the same
quadrant of the PPN mask within a given plane). However, the
PPN region connected to the GP was distinctly segregated from the
regions connecting to other subcortical regions (generally located
in the opposite quadrant) (Fig. 5).

Connections and topography of the subthalamic nucleus

The STN also showed high probability of connection to
several brain regions (Table 2). In the cortex, connections were
found between the STN and the dPMC, SMA, M1-hind, MI-
trunk, and M1-fore-U (Fig. 6B). In the basal ganglia, the STN
exhibited connections with the thalamus, GP, and SN (Fig. 6C).
In addition, STN connections were observed with the PPN,
throughout the mid-cerebellum, and extending down the spinal
cord (Fig. 6D).

Significant (p<0.05) topography was again shown in the STN
in the coronal (Fig. 7B), transverse (Fig. 7C), and sagittal (Fig. 7D)

Table 1

PPN connections across all subjects

Brain regions IL. IR 2L 2R 3L 3R 4L 4R SL SR 6L o6R 7L 7R 8L S8R # %

Cortex PFC X X X X X 5 31.25
dPMC X X X X X X X X 8 50
SMA X X X X X X X X 8 50
M1-Hind X X X X X X X X 8 50
MI-Trunk X X X X X X X X X X X X X X X 15 93.75
Ml-Fore-U X X X X X X X X X X X X X 13 81.25
M1-Fore-L X X X X X X X X X X X X X 13 81.25
M1-Orof X X X X 4 25

Basal ganglia ~ Thalamus X X X X X X X X X X X X X X X X 16 100
GP X X X X X X X X X X X X X 13 81.25
STN X X X X X X X X X X X X X X 14 87.5
SN X X X X 4 25

Cerebellum X X X X X X X X X X X X X X X X 16 100

Spinal cord X X X X X X X X X X X X X X X X 16 100

1L/1R: subject ID left/right PPN; X: regions connected to the indicated PPN as determined from a single PPN seed voxel; #: number of PPNs that are connected
to the indicated brain region; %: percentage of PPNs, out of the 16 PPNs examined, that are connected to the indicated brain region.

Neurolmage (2007), doi:10.1016/j.neuroimage.2007.05.050
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Fig. 4. Regions with highest connectivity to the PPN as determined from a single seed voxel located within the PPN in each hemisphere. (A) Localization of PPN
seed voxel (2x2x2 mm, selected in diffusion space) is indicated bilaterally by blue squares on a T1-weighted structural image. (B—D) Tracts are thresholded to
include projections present in only 4 or more of the 8 subjects. The color of the tract indicates the number of subjects with PPN projections running via a given
tract (as shown in the color scale in the upper right corner of each row). Each row shows slices that intersect at the voxel location indicated by the green cross
hairs. The MNI coordinate of each slice is also shown in the upper left corner of each brain image. White bars at the lower right hand corner of each row show a
1-cm scale for the figures in that row. (B) Connectivity between the PPN and the motor cortex, SMA, and PMC. (C) Connectivity between the PPN and the
pallidum, thalamus, and. STN. (D) Connectivity between PPN and the mid-cerebellum and spinal cord. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

a- The general
trends in STN topographical organization in the x- and y-directions
matched those in the PPN. STN regions connected to the cortex
were generally more laterally located than STN regions connected
to other brain regions and more anterior portions of the STN tended
to be connected with more anterior brain regions. However, in the
superior—inferior (z-axis) direction, unlike the general trend in the
PPN, the STN regions connected to the cortex tended to be more
superiorly located than regions connecting to other brain areas.
When examining topography trends across planes, STN regions
connected to the dPMC and SMA tended to be segregated from the
STN regions connected to the motor cortex. STN regions

connected to the GP, mid-cerebellum, SN, and PPN were located
closely together (within the same half of the seed mask in a given
plane) in the inferior and medial STN. However, the STN region
connected to the thalamus was distinctly segregated, located
superior and posterior to the STN regions connecting to other
subcortical regions (Fig. 7).

Discussion

Human PPN and STN connections largely match connections
previously shown in primates

Table 3 shows a comparison of the connections of the PPN and
STN in humans we determined using PDT with the connections of

Neurolmage (2007), doi:10.1016/j.neuroimage.2007.05.050
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Fig. 5. Topography within the PPN. (A) Schematic of the 36-voxel PPN seed mask. The light blue cube shows the location of the single seed voxel used for the
determination of the regions of highest connectivity to the PPN (Fig. 1). (B—D) Seed mask location and topography in the coronal, transverse, and sagittal planes.
The left half of each row shows the location of the seed mask in a DTI image in diffusion space (top), a schematic of the seed mask in the given plane (bottom far
left), and the topography in that plane (bottom right). Areas of cortical connection are shown in blue and the locations of non-cortical connections are in red. The
intersection of the two bold dashed lines in the image showing topography indicates the midpoint of the seed mask. The image on the right of each row zooms in
on the areas of highest connectivity as shown in the smaller topography image on the left side of each row. The axes show distance in mm relative to the midpoint
of the PPN seed mask, located at 0 mm on each axis. Each red or blue-shaded box is centered at the location of the PPN voxel with the highest probably of
connection to the indicated brain region, as determined from the average location across all 8 subjects. The width and height of each box show a 95% confidence
interval range, across all 8 subjects, for the location of this PPN voxel (Fig. 3). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

296 the PPN and STN in animals previously determined using tracing
297 techniques. In humans, both the STN and PPN exhibit connections

we did not find strong connections between human PPN and the
substantia nigra. This may represent a key difference between PPN

298 with the cortex, basal ganglia, cerebellum, and descending con- anatomy in humans and lower primates or may reflect limitations
299 nections via the brainstem to the spinal cord. in our tractography approach. We have also shown a PPN con-
300 The major connections of the human PPN determined using nection in humans that extends down the spinal cord, a connection
301 PDT seem to be similar to those seen in lower primates, except that that has been demonstrated in rodents but only suspected in
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Table 2

STN connections across all subjects

Brain regions 1L IR 2L 2R 3L 3R 4L 4R 5L SR 6L 6R 7L 7R 8L S8R # %

Cortex PFC X X X X X 5 31.25
dPMC X X X X X X X X X X 10 62.5
SMA X X X X X X X X 8 50
M1-Hind X X X X X X X X 9 56.25
M1-Trunk X X X X X X X X X X X 12 75
Ml-Fore-U X X X X X X X X X X X X X 14 87.5
M1-Fore-L X X X X X X 6 37.5
M1-Orof X X X X X 5 31.25

Basal ganglia ~ Thalamus X X X X X X X X X X X X X X X X 16 100
GP X X X X X X X X X X X X X X X 15 93.75
SN X X X X X X X X X X X X X X X 15 93.75

PPN X X X X X X X X X X X X X X 14 87.5

Cerebellum X X X X X X X X X X X 12 75

Spinal cord X X X X X X X X X X 10 62.5

1L/1R: subject ID left/right STN; X: regions connected to the indicated STN as determined from a single STN seed voxel; #: number of STNs that are connected
to the indicated brain region; %: percentage of STNs, out of the 16 STNs examined, that are connected to the indicated brain region.

primates. In addition to largely matching the PPN connections in
primates, these results also replicate those of our previous study
describing PPN connections in humans using PDT (Muthusamy
et al., in press).

The major connections of the human STN are also very similar
to those shown in animal studies except for the presence of mid-
cerebellum and spinal cord connections with the human STN
(Table 3). However, as a strong interconnection between the STN
and PPN has been shown both here and previously (Muthusamy et
al., in press), it is possible that the cerebellar and spinal cord
connections observed with the human STN are actually collaterals
from a strong projection between the human STN and PPN.

Human STN topography matches topography previously shown in
animals

The topography of STN connections with motor and associative
brain regions determined in this study exhibits strikingly similar
organization to previous reports of STN topography from rodent
and primate studies (Parent and Hazrati, 1995; Shink et al., 1996;
Joel and Weiner, 1997; Hamani et al., 2004). In all these species,
motor cortical regions (M1, SMA, and dPMC) all connect to the
most superior portion of the STN, while associative regions are
connected to the inferior and medial portions of the STN.

It is possible that thalamic fibers running along the superior
border of STN may have been included in the tractography seed
mask, and this may explain why the STN area connected to the
thalamus appears to be segregated from the STN areas connected
to other associative regions. Nevertheless, the use of PDT
demonstrates that the connections and topography of the human
STN largely matches that shown in animal studies. This further
validates the technique and demonstrates its sensitivity.

Demonstration of the existence of PPN topography in humans

We found a clear topography in human PPN connections with
cortical and subcortical areas. Previously, one study in non-human
primates had reported that PPN connections with the orofacial,
forelimb, and hindlimb regions of the primate motor cortex extend,
in that order, from the medial to lateral areas of the nucleus, while
projections to the PMC and SMA are restricted to the middle of the

nucleus (Matsumura et al., 2000). In contrast to the monkey
anatomy, the topography we found in human subjects displayed
little medial to lateral distinction between the different areas of the
human PPN projecting to the cortex. However, we did find a
separation of motor and associative areas of the human PPN, with
connections to motor cortical areas located in the most anterior
portion of the superior PPN.

In addition to the cortical PPN topography, we provided the
first demonstration that PPN connections with subcortical brain
regions are topographically organized. The PPN connections with
the thalamus, mid-cerebellum, and STN were primarily located in
the medial, posterior, and superior eighth of the PPN. Interestingly,
the pallidal connections were located in the opposite corner of the
PPN, in the lateral, anterior, and inferior eighth. This is a part of the
PPN seed mask relatively far away from the GP itself, suggesting
that this segregation of pallidal connections is probably not due to
the inclusion of pallidal fibers in the PPN seed mask but is an
accurate depiction of PPN topography.

Functional and therapeutic implications in humans

Strong pallidal connections are observed in both the human
PPN and STN. This supports the idea that the PPN is underactive
in PD patients because it is over inhibited by descending
GABAergic input from the GPi, whereas STN hyperactivity is
due to decreased inhibitory drive from the GPe. Although it has
also been suggested that PPN underactivity in PD could be due to
excessive inhibitory drive from the SN (Lee et al., 2000), the lack
of a strong connection between the PPN and the SN in humans
makes this possibility unlikely.

The results showing topography in the STN and PPN have
distinct implications for targeting in functional neurosurgery. For
example, it has been previously suggested that the optimal site for
targeting in the STN should be the area most connected to
sensorimotor brain regions (Romanelli et al., 2004). Our work
shows that this target site should be in the superior portion of the
STN, which has, in fact, been shown to be the optimal target site
(Voges et al., 2002; Lanotte et al., 2002; Hamel et al., 2003;
Godinho et al., 2006; Caire et al., 2006). In addition, as several
studies still dispute that DBS of the STN is more effective than
DBS of GPi for PD (Burchiel et al., 1999; Volkmann, 2004;

Neurolmage (2007), doi:10.1016/j.neuroimage.2007.05.050
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Fig. 6. Regions with highest connectivity to the STN as determined from a single seed voxel located within the STN in each hemisphere. (A) Localization of PPN
seed voxel (2 x2x2 mm, selected in diffusion space) is indicated bilaterally by blue squares on a T1-weighted structural image. (B—D) Tracts are thresholded to
include projections present in only 4 or more of the 8 subjects. The color of the tract indicates the number of patients with STN projections running via a given
voxel (as shown in the color scale in the upper right corner of each row). Each row shows slices that intersect at the voxel location indicated by the green cross
hairs. The MNI coordinate.of each slice is also shown in the upper left corner of each figure. White bars at the lower right hand corner of each row show a 1-cm
scale for the figures in that row. (B) Connectivity between the STN and the motor cortex, SMA, and PMC. (C) Connectivity between the STN and the pallidum,
thalamus, and SN. (D) Connectivity between STN and the PPN, mid-cerebellum, and spinal cord. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Rodriguez-Oroz et al., 2005; Anderson et al., 2005), stimulation of
the portion of the PPN connected with the GP, in addition to STN
stimulation, may be beneficial for PD patients. Though the
directionality of the connection between the GP and PPN cannot
be determined using PDT, it is known that the GPi sends an
inhibitory projection to the PPN in primates. Low frequency
stimulation of the portion of the PPN connected with the GP may
help counter the excessive inhibitory drive from the GPi observed
in PD (Albin et al., 1989; Bergman et al., 1998).

Our work shows that sensorimotor brain regions connect with
the lateral half of the PPN and that the GP also connects in the
lateral portion of the PPN, but specifically with the lateral, anterior,
and inferior eighth of the nucleus. Therefore, our PPN topography
results suggest that DBS of the PPN will achieve maximum

therapeutic benefit by specifically targeting this portion of the PPN
for stimulation. This targeting suggestion is especially interesting
when considering preliminary evidence that the beneficial effects
of DBS of the STN and DBS of the PPN in PD patients is additive
(Galati et al., 2006). Perhaps by targeting a portion of the PPN that
does not already connect with the STN, this additive benefit will be
maximized.

Methodological considerations

There are several methodological issues that should be
considered in interpreting the tractography results presented here.
First, diffusion tractography does not allow us to differentiate
between anterograde and retrograde pathways, inhibitory and

Neurolmage (2007), doi:10.1016/j.neuroimage.2007.05.050
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Fig. 7. Topography within the STN. (A) Schematic of the 36-voxel STN seed mask. The light blue cube shows the location of the single seed voxel used for the
determination of the regions of highest connectivity to the STN (Fig. 6). (B—D) Seed mask location and topography in the coronal, transverse, and sagittal planes.
An outline of the STN is shown overlaid on the seed mask in the coronal view (A). The left half of each row shows the location of the seed mask in a DTI image in
diffusion space (top), a schematic of the seed mask in the given plane (bottom far left), and the topography in that plane (bottom right). Locations of cortical
connections are shown in blue and non-cortical connections are in red. The intersection of the two bold dashed lines in the image showing topography indicates
the midpoint of the seed mask. The image on the right zooms in on the areas of highest connectivity as shown in the smaller topography image on the left side of
each row. The axes show distance in mm relative to the midpoint of the STN seed mask, located at 0 mm on each axis. Each red or blue-shaded box is centered at
the location of the STN voxel with the highest probably of connection to the indicated brain region, as determined from the average location across all 8 subjects.
The width and height of each box show a 95% confidence interval range, across all 8 subjects, for the location of this STN voxel (Fig. 3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

excitatory connections, and direct versus indirect routes. Second, modelling of multifiber populations (Hosey et al., 2005; Parker and
the tractography is sensitive primarily to large fiber pathways— Alexander, 2005; Behrens et al., 2007) may improve tracing to
smaller pathways, or those through regions of fiber crossing or these areas and could be used to interrogate these connections in
complexity may not be detected with the methods used here. This the future. Third, the brainstem can suffer from distortions due to
may have reduced our sensitivity to pathways traveling to lateral susceptibility gradients; in our data acquired at 1.5 T, however,
parts of the motor strip. Recently developed models that allow for such distortions were not substantial and it should be noted that
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Table 3

Comparison of human and animal PPN and STN connectivity

Connected brain regions Animal PPN Human Animal STN Human STN

Rat Primate PPN

Cortical areas Motor cortex X X X X
PMC X X X X X
SMA X X X X X

Basal ganglia Thalamus X X X X X
Pallidum X X X X X
SN X X X X
STN X X X X X

Cerebellum and brainstem PPN X X X
Mid-cerebellum X X X X X
Spinal cord X X X

X: regions showing strong connections to the PPN or STN as determined in humans in this DTI study or as determined previously in animals using tracing
techniques. Connections in animals characterized as “sparse” or “scant” in the review literature were not included (Lee et al., 2000; Pahapill and Lozano, 2000;

Hamani et al., 2004; Matsumura et al., 2000).

previous diffusion studies have successfully traced pathways from
nearby brainstem regions (Stieltjes et al., 2001; Sillery et al., 2005;
Muthusamy et al., in press). Finally, the probability of tracing a
pathway between two points will be influenced by factors other
than the true existence of an anatomical connection—for example,
longer or more tortuous paths are less likely to be traced, although
the topographic distribution of connections is less likely to be
influenced by factors such as distance to the target.

Summary and concluding remarks

We have provided the first demonstration of topographic
organization of cortical and subcortical connections of STN and
PPN in the human brain. Our data confirm that the STN
topography found in animals is also present in humans. This
provides validation of the accuracy of PDT in determining the
topography of small grey matter structures, such as the STN and
PPN. We have also demonstrated that topography exists in the
human PPN and that there is a distinction between PPN areas
connected to cortical and subcortical structures. Furthermore, the
existence of strong pallidal connections and the absence of strong
nigral connections with the PPN in humans suggests that pallidal
inhibition, rather than inhibitory drive from the SN, may be an
important factor in PPN underactivity in PD. Finally, we use the
PPN topography results to suggest an optimal target site for DBS
of the PPN in PD patients.

As aforementioned, it isimportant to confirm that PDT results
in humans can be reproduced in other species. This is especially
true in the case of the PPN, a structure whose connections differ
greatly across species. Studies examining the connections and
topography of the STN and PPN in primates can be compared
directly to the results of primate anatomical tracing studies. This
could further validate the use of PDT to non-invasively determine
the connections and topography of small grey matter structures as
we have done here for the human PPN and STN.
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