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The striatum, the primary site of degeneration in Huntington's disease (HD), connects to the cerebral cortex
via topographically organized circuits subserving unique motor, associative and limbic functions. Currently, it
is not known whether all cortico-striatal circuits are equally affected in HD. We aimed to study the selective
vulnerability of individual cortico-striatal circuits within the striatum in HD, and hypothesized that motor
cortico-striatal pathways would be most affected, consistent with HD being a primarily motor disorder.
Diffusion Tensor Imaging (DTI) tractography was used to identify connections between the striatum and
seven major cortical regions in 12 HD patients and 14 matched controls. The striatum of both groups was
parcellated into subregions based on connectivity with the cerebral cortex. Volumetric and DTI
microstructural measures of Fractional Anisotropy (FA) and Mean Diffusivity (MD) were obtained within
each subregion and compared statistically between groups. Tractography demonstrated the topographic
organization of cortical connections in the striatum of both controls and HD patients. In HD patients, the
greatest difference from controls in volume, FA and MD was observed in M1 and S1 subregions of the caudate
and putamen. Motor symptoms correlated with volume and MD in sensorimotor striatal subregions,
suggesting that sensorimotor striatal degeneration is closely related to motor dysfunction. DTI tractography
provides a novel approach to sensitively examine circuit-specific abnormalities in HD and has identified that
the motor cortico-striatal circuit is selectively vulnerable in HD.
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Introduction

Degeneration of medium spiny neurons in the striatum is the
principal neuropathological feature of Huntington's disease (HD)
(Hersch and Ferrante, 1997). Neurons of the striatum receive
topographically organized inputs from the cerebral cortex, with
distinct cortical regions projecting to similarly discrete areas of the
striatum (Alexander et al., 1986; Draganski et al., 2008; Lehericy et al.,
2004; Lehéricy et al., 2004). These largely segregated circuits are
understood to subserve unique motor, associative and limbic func-
tions. Two of the circuits most relevant to HD include the motor and
dorsolateral prefrontal cognitive loop. The motor loop, which
regulates movement preparation and execution, connects the puta-
men with premotor, supplementary motor and primary sensorimotor
cortical regions. The cognitive loop, on the other hand, connects the
caudate with the frontal and posterior parietal cortices and functions
in working memory, attention and cognitive flexibility (Alexander
et al., 1986; Postuma and Dagher, 2006). Currently, it is not clear if all
cortico-striatal circuits are affected equally in HD, or if there is some
selective vulnerability.

Until recently, the in vivo examination of individual cortico-striatal
circuits has not been possible. Diffusion Tensor Imaging (DTI)
tractography enables tracing of white matter pathways in vivo
(Jones, 2008) and has recently been used to demonstrate individual
cortico-striatal circuits in humans. Draganski et al. (2008) used DTI to
reveal, for the first time in humans, topographically organized and
partially segregated cortical connections within the striatum. Another
study recently used tractography to provide insight into the
relationship between structure and function, demonstrating that the
number of fibers connecting the striatumwith subcortical limbic areas
predicted novelty seeking, while fibers between the striatum and
prefrontal cortex predicted reward dependence differences (Cohen
et al., 2008). DTI tractography-based approaches have previously been
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Table 1
Demographic and clinical characteristics of control and HD groups.

Control HD

Mean (range) Mean (range) P valuea

Age (years) 50 (38–59) 49.75 (37–64) NS
Gender (m:f) 13:1 11:1
IQb 115.7 (111–126) 114.4 (108–124) NS
UHDRS motor NA 27.6 (14–44)
YSD NA 6.3 (2–13)
CAG repeat lengthc NA 42.1 (36–46)

UHDRS, Unified Huntington's Disease Rating Scale; YSD, years since diagnosis; CAG,
cytosine–adenine–guanine.

a Obtained by nonparametric Mann Whitney U test for independent samples. NS =
not significant at the Pb0.05 level.

b Estimated full scale IQ calculated from National Adult Reading Test error score.
c 2 participants did not contribute CAG repeat information.
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used to parcellate subcortical grey matter nuclei into connectivity-
based subregions with distinct cortical connectivity profiles (Behrens
et al., 2003; Draganski et al., 2008), and remarkable consistency in
connectivity profiles has been observed across a range of grey and
white matter regions (Behrens et al., 2003; Chao et al., 2009; Doron
and Gazzaniga, 2008; Hofer and Frahm, 2006; Park et al., 2008;
Ramnani et al., 2006; Zarei et al., 2007, 2006). The precise knowledge
of human cortico-striatal connectivity elicited by these recent studies
now presents the exciting possibility of studying individual cortico-
striatal circuits in HD.

In addition to enabling cortico-striatal circuits to be examined, DTI
also provides measures of microstructure that may provide insight
into circuit-specific degeneration. DTI measures water movement,
which is constrained by structural features such as axonal membranes
and myelin, as well as architectural factors such as axonal density and
fiber crossings. Two measures, Fractional Anisotropy (FA) and Mean
Diffusivity (MD) have shown particular utility for examining striatal
microstructure in HD (Basser and Pierpaoli, 1996). FA measures the
degree to which structures in a voxel are coherently oriented. In WM,
high FA indicatesmore coherent fiber organization, with degeneration
associated with a decrease in FA. In striatal grey matter in HD how-
ever, degeneration has been shown to increase FA, particularly in the
putamen (Douaud et al., 2009; Kloppel et al., 2008; Magnotta et al.,
2009; Rosas et al., 2006), possibly due to the selective loss of efferent
pathways leading to an overall increase in coherence (Douaud et al.,
2009). MD, a measure of overall water diffusion, is increased in grey
and white matter where cell membrane structure is compromised or
cell density reduced, consistent with findings of increased MD in the
striatum in HD (Douaud et al., 2009; Magnotta et al., 2009; Mascalchi
et al., 2004; Rosas et al., 2006; Seppi et al., 2006; Sritharan et al., 2010;
Vandenberghe et al., 2009). Several studies have demonstrated
associations between striatal DTI metrics and measures of motor
and neuropsychological function, disease duration, and proximity to
diagnosis in HD, which suggests a relationship between microstruc-
tural damage and functional decline (Magnotta et al., 2009; Mascalchi
et al., 2004; Seppi et al., 2006). Although no studies have so far utilized
such an approach, examination of DTI measures in individual cortico-
striatal circuits could provide significant insights into circuit-specific
or selective degeneration in HD.

Given that HD is a primarily motor disorder, we hypothesized that
the putamen motor loop (Alexander et al., 1986) would be selectively
vulnerable. Interestingly, recent neuroimaging findings demonstrate
that sensory and motor cerebral cortices show themost severe atrophy
in HD, which suggests that the motor cortico-striatal circuit is
particularly affected (Douaud et al., 2009; Rosas et al., 2005, 2002,
2008). To directly examine selective vulnerability, we aimed to
parcellate the caudate and putamen in HD patients and matched
controls based on connectivity with the cerebral cortex using DTI
tractography, then to subsequently examine volume, FA andMDwithin
individual striatal subregions. Finally we aimed to determine if striatal
subregion measures of volume and microstructure were related to the
severity of motor symptoms. We hypothesized that if the motor circuit
was most affected in HD, volume and microstructural abnormalities
would be most severe in motor regions of the striatum, and that these
abnormalities would correlate with motor symptoms.

Materials and methods

Participant characterisation and image acquisition

This study was approved by the ethics committees of the Howard
Florey Institute and Monash University, and written informed consent
was obtained from all participants. Data for 12 genetically tested and
clinically diagnosedHDpatients and 14healthy controlswas used in the
study. All individuals were right-handed, and controls had no history of
neurological disorder. Clinical and demographic characteristics are
shown in Table 1. Based on judgment of the assessingneurologist, all HD
participants were in Total Functional Capacity Stage 1, 2 or 3 (Shoulson
and Fahn, 1979), indicating an overall low to moderate degree of global
impairment. Participants were scanned using a 3 T scanner (General
Electric, Milwaukee, WI, USA). T1 anatomical images were acquired
using a fast spoiled gradient echo sequence (TR=500 ms, TE=15 ms,
88 sagittal slices, slice thickness=1 mm, acquisition matrix=
256×256). Diffusion weighted images were acquired using a double
spin echo diffusion weighted EPI sequence (TR=5800 ms, TE=
82.3 ms, 50 axial slices, slice thickness=2.5 mm, acquisition ma-
trix=128×128, field of view=24 cm2, voxel size=1.88 mm2). Diffu-
sion-sensitizing encoding gradients were applied in 28 directions
(b=1200 s/mm2) and five volumes without diffusion weighting
(b=0 s/mm2) were also acquired.
Image preprocessing and region-of-interest preparation

Image processing and analysis were performed using the FMRIB
Software Library (FSL) version 4.0 (Smith et al., 2004). The FMRIB
Integrated Registration and Segmentation Tool (FIRST), a model-
based segmentation/registration tool, was used to generate region-of-
interest (ROI) masks of the caudate and putamen from each
participant's T1 anatomical image. The FMRIB Diffusion Toolbox
(FDT) was used to correct the DTI data for head movement and eddy
currents, for tensor model fitting and generation of FA and MD maps.
To register each individual's caudate, putamen and cortical ROIs with
the DTI data, each participant's T1 and FA images were co-registered
using the FMRIB Non-linear Image Registration Tool (FNIRT), with the
MNI standard template used as an intermediate registration step
(details provided in Supplementary Fig. 1). This enabled registration
of each participant's caudate, putamen and cortical ROIs with their DTI
data to complete tractography. Cortical target masks defining the
prefrontal (PF), premotor/supplementary motor (PM/SM), primary
motor (M1), primary/secondary somatosensory (S1), posterior
parietal (PP), temporal (TEM) and occipital (OCC) cortices were
used, as previously described (Behrens et al., 2003) (Fig. 1).
Tractography

FDT was used to generate probabilistic tracts from seed ROIs of the
caudate and putamen to each of the cortical target masks, using
previously described methods (Behrens et al., 2007). Connection
probability between the seed (initiation) and target (termination) ROI
was determined for the left and right striatum separately with the
ipsilateral cerebral cortical regions. 10,000 streamlines were initiated
for each seed and target ROI combination since a pilot study indicated
that convergence was reached at approximately 7000 streamlines.



Fig. 1. Seed and target ROIs used for tractography. (A) Caudate (top) and putamen
(bottom) ROIs were generated from each participant's T1 image. (B) Targets for
tractography were the PF (blue), PM/SM (orange), M1 (red), S1 (green), PP (yellow),
TEM (pink) and OCC (copper) cortices. ROIs are shown for the left hemisphere only,
however tractography was conducted in both left and right hemispheres separately.
ROIs are displayed on the MNI152 T1 1 mm structural template brain.
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Group connectivity maps

For each hemisphere, the outputs of tractography for each
participant were seven probability maps of cortical connectivity to
the caudate (one for each cortical target) and seven equivalent
putamen maps. The value of each voxel in the probability map
represented the probability of connection with the cortical target ROI.
Caudate and putamen maps were thresholded to exclude voxels with
a connection probability of b10% (see Supplementary Fig. 2 that
shows the effect of varying this threshold between 5 and 50%). Most
voxels were connected at either a very low (i.e. b5% of the maximum
connectivity value) or a very high level (i.e. N50%), we therefore chose
a threshold (10%) that excluded voxels with a very low probability of
connectivity, resulting in all voxels being classified as connected to at
least one of the target cortices. To generate group maps, thresholded
and binarized connectivity maps for each participant were registered
to standard MNI152 space, and combined to create a group map for
each seed ROI-cortical target combination.

Volume and microstructure measures

For investigations of volume and microstructure, mean values
were obtained for the PF and PP subregions, forming part of the
cognitive loop, and the PM/SM, M1 and S1 subregions, which form
Table 2
Group differences in volume, FA and MD.

Percent of total volume

Mean (SEM) Me

Control HD P value Control

Caudate
PF 45.04 (5.91) 30.68 (3.93) 0.055 0.230 (0.009)
PP 12.55 (1.63) 7.79 (0.91) 0.019 0.288 (0.014)
PM/SM 8.81 (0.93) 6.93 (1.04) 0.190 0.230 (0.012)
M1 10.31 (1.10) 6.50 (0.94) 0.015 0.233 (0.012)
S1 11.27 (1.11) 6.57 (0.83) 0.003 0.260 (0.015)

Putamen
PF 56.54 (3.13) 46.70 (4.47) 0.086 0.212 (0.007)
PP 24.05 (2.37) 20.74 (1.97) 0.293 0.297 (0.009)
PM/SM 24.76 (1.71) 22.83 (1.95) 0.466 0.284 (0.012)
M1 20.01 (1.34) 14.89 (0.94) 0.004 0.301 (0.010)
S1 19.65 (1.31) 13.49 (1.53) 0.006 0.294 (0.008)

FA, Fractional Anisotropy; MD, Mean Diffusivity; PF, prefrontal; PM/SM, premotor; M1, prim
part of the motor cortico-striatal loop (Postuma and Dagher, 2006).
These subregions were chosen since they form part of the cognitive
and motor cortico-striatal pathways, which are highly relevant to HD.
Because we were interested in selective vulnerability of circuits, we
determined the subregion normalized volume as a percentage of total
caudate/putamen volume. This measure takes into account overall
atrophy of the caudate or putamen and is thus sensitive to any
disproportionate volumetric reductions in some striatal subregions
compared to others. Mean FA and MD values were also measured
within each subregion. To determine if striatal atrophy and cortical
atrophywere equivalent, subregion volume as a percentage of cortical
volume was also calculated.

Statistical testing

A repeated measures analysis of variance (ANOVA) was conducted
for the dependent variables of volume, FA and MD separately, with
hemisphere (left, right), cortical target (PF, PP, PM/SM, M1, S1) and
striatal structure (caudate, putamen) specified as within group factors,
and group specified as a between group factor. Where the ANOVA
revealed a significant effect, paired comparisons were conducted by
t-test comparing the same subregion between controls and patients.
No correction was made for multiple comparisons due to the small
sample size used, however a stringent statistical threshold of Pb0.01
was used, with P values provided for all comparisons (Table 2).

Correlations

To investigate the relationship between clinical symptoms and
subregion measures, correlations were performed between UHDRS
motor score and volume, FA andMDwithin striatal PM/SM,M1 and S1
subregions of the motor cortico-striatal circuit, after controlling for
variation of the measurements with age. Results were considered
significant at Pb0.05.

Results

Cortical connectivity pattern of the striatum in controls and HD patients

The caudate showed connectivity with all cerebral cortical regions
(Fig. 2A). The entire caudate showed connectivity with PF, and
moreover, the anterior caudate was connected almost exclusively to
PF. PM/SM, M1, S1 and PP connections overlapped significantly and
were observed primarily in the posterior half of the caudate (Fig. 3A).
TEM connections were variably located, primarily in the lateral anterior
caudate, and overlapping with PF connections. OCC connections were
FA MD

an (SEM) Mean (SEM)×10−3

HD P value Control HD P value

0.262 (0.013) 0.054 1.011 (0.016) 1.129 (0.032) 0.005
0.296 (0.011) 0.658 1.036 (0.050) 1.310 (0.073) 0.006
0.248 (0.021) 0.465 1.172 (0.073) 1.409 (0.075) 0.033
0.232 (0.012) 0.940 1.093 (0.061) 1.658 (0.129) 0.001
0.238 (0.024) 0.441 1.055 (0.059) 1.478 (0.094) 0.001

0.288 (0.018) 0.002 0.901 (0.011) 1.040 (0.026) b0.001
0.342 (0.021) 0.065 0.922 (0.018) 1.096 (0.027) b0.001
0.426 (0.026) b0.001 0.884 (0.017) 0.973 (0.023) 0.004
0.459 (0.023) b0.001 0.888 (0.017) 0.949 (0.021) 0.033
0.407 (0.021) b0.001 0.899 (0.018) 0.996 (0.017) 0.001

ary motor; S1; somatosensory; PP, posterior parietal.



Fig. 2. Three-dimensional connectivity-based segmentation of the human striatum. The first images in each row indicate the field of view shown in subsequent images. Both the (A)
caudate and (B) putamen demonstrate extensive connectivity with PF, primarily in the anterior region, with connections to other cortices located more posterior. Connections with
OCC and TEM cortices are less consistently located than connections with the other cortices. Subregions comprise voxels present in at least 5/14 control participants (35%), and are
overlaid on the standard space MNI152 T1 1 mm structural image.
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interspersed throughout themedial and posterior caudate. Resultswere
comparable for the left and right caudate. Cortical connections within
the putamen were similarly topographically organized along the
anterior–posterior axis (Fig. 2B). Surprisingly, the anterior putamen
was connected exclusively to PF. Posterior to PF connections, PM/SM,
M1, S1 and PP connections were arranged in the anterior–posterior
direction and showed partial segregation, but also overlap, between
Fig. 3. Partial segregation as well as overlap of cortical connections in the human striatum. Th
segmentations in the following rows. The final image in (A) indicates the cortical connectiv
seen in the (B) caudate and (C) putamen. Subregions comprise voxels present in at least 5/1
structural image.
adjacently connected circuits (Fig. 3B). As in the caudate, both OCC and
TEM connectivity were scattered mainly in the posterior putamen.
Within the putamen, OCC and TEM connections were located more
laterally than connections with other cortices. Striatal connectivity
patterns were highly reproducible across participants (Supplementary
Fig. 3), and the topography of connections in the caudate and putamen
of HD patients was similar to controls (not shown).
e first three images in (A) show the caudate and putamen ROIs in the same view as the
ity colour scheme applied in (B–C). Both segregation and overlap of connections can be
4 control participants (35%), and are overlaid on the standard space MNI152 T1 1 mm

image of Fig.�2
image of Fig.�3


Fig. 4. Magnitude of volume, FA and MD abnormalities in connectivity-based subregions of the striatum in HD patients. Images in the first and third columns indicate the three-
dimensional location of the connectivity-based subregions of the (A) caudate and (B) putamen. The graphs in the second and fourth columns indicate the percent change from the
control mean in HD patients. *Significant (P b 0.05) difference between HD and control (values provided in Table 2). PF, Prefrontal; PP, Posterior parietal, PM/SM, Premotor;
M1, Primary motor; S1, Somatosensory.
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Comparison of volume and microstructure between HD patients and
controls

Table 2 provides volume, FA and MD values, while Fig. 4 presents a
comparison of volume, FA and MD measures between structures and
subregions. For normalized volume, repeated measures ANOVA
revealed no significant effect of hemisphere, but a significant effect
of striatal structure (Pb0.001), cortical target (Pb0.001) and group
(Pb0.01). T-tests revealed that normalized volume was significantly
(Pb0.01) decreased in HD patients compared to controls in the PP, M1
and S1 subregions of the caudate, and in the putamen in the M1 and
S1 subregions (refer to Table 2 for P values). The magnitude of
normalized volume loss (percentage change from the control mean)
was greatest in caudate S1 (51.9%), followed by caudate M1 (41.8%),

image of Fig.�4
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putamen M1 (31.6%) and putamen S1 (17.2%) subregions (Fig. 4).
Overall, atrophy was greatest in the M1 and S1 regions of the caudate
and putamen in HD patients. Volume loss was similar across all
cortices in HD, however subregion volume relative to cortical volume
in HD was lowest in M1 and S1 subregions (Supplementary Table 1).

For DTI microstructural measures, repeated measure ANOVA
revealed no significant effect of hemisphere, but a significant effect
of striatal structure (Pb0.001 for FA and MD) subregion (Pb0.001 for
FA andMD) and group (Pb0.001 for FA andMD). T-tests revealed that
FA was not significantly (Pb0.01) increased in any caudate subregion
in HD patients compared to controls, however FA was significantly
increased in HD in all putamen subregions except PP. The largest
increases in FA in HD patients were in putamen M1 (52.8%), PM/SM
(50.2%), S1 (38.2%) and PF (35.4%) subregions (Fig. 4). Unlike FA
changes, which were restricted to the putamen, MD was significantly
increased in HD patients in every caudate and putamen subregion
(Table 2), with the greatest increases found in caudate M1 subregion
(51.7%), followed by caudate S1 (40.08%), caudate PP (26.5%) and
caudate PM/SM (20.2%) subregions, putamen PP (18.9%) and puta-
men PF (15.5%) subregions, caudate PF (11.7%) and finally the
putamen S1 (10.8%), PM/SM (10.2%) and M1 (6.9%) subregions
(Fig. 4).

Correlation between UHDRS motor score and sensorimotor measures in
HD patients

As shown in Fig. 5, investigation of the relationship betweenmotor
symptoms and sensorimotor subregion measures revealed significant
correlation between volume and UHDRS in caudate PM/SM (R=
−0.68, P=0.02) and M1 (R=−0.64, P=0.04) subregions. MD and
UHDRS were correlated in putamen M1 (R=0.68, P=0.02) and S1
(R=0.72, P=0.01) subregions. FA was not significantly correlated
with UHDRS in any subregion.

Discussion

We hypothesized that the motor cortico-striatal circuit would be
most affected in clinical HD patients. Using tractography, we
successfully identified individual cortico-striatal circuits within the
striatum, performed connectivity-based parcellation of the striatum
into subregions, and compared subregion normalized volume and
microstructural measures between HD patients and controls.

Motor circuit vulnerability in HD

Regional striatal volume and microstructural measures suggest
that the motor cortico-striatal circuit is most prominently affected in
HD. Considering that HD is a motor disorder, the suggestion that the
motor circuit is most prominently affected may be intuitive, however
Fig. 5. Significant correlations between UHDRS motor score and sensorimotor subregion me
PM/SM and M1 of the right caudate. (B) Motor score correlated significantly with MD in th
no imaging studies have yet demonstrated the specificity of striatal
changes to the motor striatal circuit. Volume and microstructure
abnormalities in HD patients were most severe in the sensorimotor
striatum, with the greatest changes in volume, FA and MD most
consistently observed in S1 or M1 subregions. The suggestion of
selective vulnerability of the motor pathway in HD is consistent with
recent evidence of regional selectivity in cortical atrophy, with the
most severe degeneration occurring in sensorimotor regions (Rosas
et al., 2005, 2002, 2008; Thu et al., 2009), and evidence that
microstructural degeneration is most prominent in projections from
sensorimotor cortex to putamen and from putamen to pallidum
(Douaud et al., 2009).

We found significantly increased striatal FA in the putamen, in
agreement with recent HD studies (Douaud et al., 2009; Kloppel et al.,
2008; Rosas et al., 2006). Interestingly, some HD studies have
reported FA increases in the caudate (Douaud et al., 2009) while
others have not (Kloppel et al., 2008; Rosas et al., 2006). The caudate
FA changes we measured were less significant than those observed in
the putamen. This difference may be explained by the fact that
afferent and efferent pathways are less coherently organized in the
caudate than in the putamen (Douaud et al., 2009), with selective loss
of neurons in the putamen therefore more likely to increase FA.
Importantly, MD was increased in both the caudate and putamen,
which indicates that microstructural changes are present throughout
the entire striatum and are not limited to the putamen, as the FA
results alone might suggest.

Relationship between motor symptoms and sensorimotor subregion
measures

We observed strong correlations between motor symptoms and
subregion-specific volume and MD, suggesting that motor dysfunc-
tion is closely related to degeneration in the motor cortico-striatal
pathway. These findings suggest that further studies using more
specific sensory and motor function tests may be useful in
determining if sensory and motor deficits are associated with distinct
patterns of subregion degeneration. One of the potential applications
of this technique would be to examine how changes in subregion-
specific measures are related to different symptom profiles in HD
(Bohanna et al., 2008). Unique neuropathological features have
recently been shown post mortem to be associated with different
symptom profiles (Tippett et al., 2007; Thu et al., 2009), suggesting
that our approach could be further extended for in vivo investigations.

Topographic organization of connections

DTI tractography revealed topographically organized connections
within the striatum, in an arrangement reflecting the arrangement of
the cerebral cortex. Our findings extend those of earlier studies in
asures. (A) Motor score anticorrelated significantly with percent of total volume in (A)
e M1 and S1 subregions of the putamen.

image of Fig.�5
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humans using DTI tractography (Draganski et al., 2008; Leh et al., 2007;
Lehericy et al., 2004; Lehéricy et al., 2004), and support the model of
parallel cortico-striatal connections as proposed by Alexander et al.
(1986).We also observed substantial overlap between adjacent circuits,
in accordance with a recent study by Draganski et al. (2008).
Remarkable similarity in connectivity patterns is evident from DTI
connectivity-based studies of the human thalamus (Behrens et al.,
2003), internal capsule (Zarei et al., 2007), corpus callosum (Hofer and
Frahm, 2006; Park et al., 2008; Zarei et al., 2006) and cerebral peduncle
(Ramnani et al., 2006). This suggests that the topographical organization
of connections is typical in both grey andwhitematter regions receiving
cortical input, and furthermore, that DTI can be used to discern
individual circuits. We identified extensive putamen-prefrontal cortical
connections, further confirming the findings of recent DTI studies in
humans (Draganski et al., 2008; Kloppel et al., 2008). Compared to the
caudate, there is a relative paucity of work investigating the functional
anatomy of putamen-prefrontal connections, however an improved
understanding of this connectionmay provide insight into the nature of
deficits associated with putamen degeneration in HD.

Limitations of the study

The findings of this study are limited by a number of factors. Firstly,
a technical limitation of probabilistic tractography is the inability to
resolve the direction of connections, precluding determination of
whether the observed connections were afferent or efferent striatal
pathways. Nevertheless, the connectivity profiles revealed here are
highly consistent with the cortico-striatal circuits identified previ-
ously in lower primates and humans (Alexander et al., 1986; Behrens
et al., 2003; Draganski et al., 2008). Secondly, while we demonstrate a
relationship between motor symptom severity and sensorimotor
subregion measures, we were unable to examine whether there is a
relationship between circuit-specific measures and cognition, since
participants in this study were not assessed on HD-specific tests of
cognitive function. Investigation of the behavioral and cognitive
correlates of circuit-specific degeneration may assist in further
understanding whether selective vulnerability of individual circuits
predicts changes in function.

Conclusions

DTI connectivity-based parcellation represents a novel approach to
study specificity of neurodegenerative mechanisms in the HD brain.
Previous efforts tounderstand striatal degeneration inHDhaveexamined
volume and microstructural measures in the complete anatomical
structure of interest, or in arbitrarily delineated segments (e.g. anterior/
posterior). Accumulating in vivo evidence presented here and elsewhere
of the topographic organization of cortico-striatal connections strongly
suggests that a cortical connectivity-based approach is a more function-
ally specific method for segmenting the striatum, and for investigating
diseases involving the striatum.We have demonstrated that HD patients
showdegenerationprimarily in themotor regionof the striatum, and that
motor symptoms are related to sensorimotor subregion measures.
Connectivity-based segmentation could be useful for detecting subtle
and circuit-specific abnormalities that may begin during the pre-
symptomatic stage of HD, when changes may be limited to only the
most vulnerable circuits.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.nbd.2011.02.010.
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