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Abstract: Neuropathological studies in Huntington disease (HD) have demonstrated neuronal loss in the
striatum, as well as in other brain regions including the cortex. With diffusion tensor MRI we evaluated
the hypothesis that the clinical dysfunction in HD is related to regionally specific lesions of circuit-specific
cortico-basal ganglia networks rather than to the striatum only. We included 27 HD and 24 controls from
the TRACK-HD Paris cohort. The following assessments were used: self-paced tapping tasks, trail
B making test (TMT), University of Pennsylvania smell identification test (UPSIT), and apathy scores
from the problem behaviors assessment. Group comparisons of fractional anisotropy and mean diffusiv-
ity and correlations were performed using voxel-based analysis. In the cortex, HD patients showed signif-
icant correlations between: (i) self paced tapping and mean diffusivity in the parietal lobe at 1.8 Hz and
prefrontal areas at 3 Hz, (ii) UPSIT and mean diffusivity in the parietal, and median temporal lobes, the
cingulum and the insula, and fractional anisotropy in the insula and the external capsule, (iii) TMT B and
mean diffusivity in the white matter of the superior frontal, orbital, temporal, superior parietal and post
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central areas, and (iv) apathy and fractional anisotropy in the white matter of the rectus gyrus. In the
basal ganglia, we found correlations between the self paced tapping, UPSIT, TMT tests, and mean
diffusivity in the anterior part of the putamen and the caudate nucleus. In conclusion, disruption of
motor, associative and limbic cortico-striatal circuits differentially contribute to the clinical signs of the

disease. Hum Brain Mapp 34:2141-2153, 2013.

© 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Huntington disease (HD) is an inherited neurodegenera-
tive disorder, which is caused by a CAG repeat expansion
in the gene encoding huntingtin on chromosome 4. The
clinical characteristics of the disease include progressive
motor dysfunction, cognitive decline, and psychiatric dis-
turbances. Onset of symptoms occur between the ages of
30 and 50 and is defined by the presence of movement dis-
orders mostly chorea [Huntington’s Disease Study Group,
1996], but psychiatric or behavioral symptoms are usually
present prior to motor signs.

Neuropathological studies in HD have demonstrated
neuronal loss in the striatum [Vonsattel, 2008], as well as
in other brain regions including the cortex [Halliday et al.,
1998]. Several neuropathological studies indicated degen-
eration of pyramidal neurons projecting to the basal gan-
glia. This degeneration of pyramidal neurons is region
specific predominating in Brodmann areas 8, 9, and 10
[Heinsen et al., 1994; Macdonald and Halliday, 2002;
Mann et al., 1993; Selemon et al., 2004] and appeared less
pronounced in adjacent area 46 [Selemon et al., 2004]. Den-
dritic pruning and synaptic loss may precede this cell
death [Sapp et al., 1997].

Structural magnetic resonance imaging (MRI) provides
markers of the macroscopic effects of neuronal damage and
loss including striatal volume loss [Aylward et al., 1997;
Hobbs et al., 2009], cortical thinning [Rosas et al., 2002],
and global brain volume loss [Henley et al., 2009; Squitieri
et al., 2009]. As both cortex and striatum are affected it is
likely that fibers connecting these structures are also dis-
rupted. Evidence for such a disruption has been reported
previously using diffusion imaging [Douaud et al., 2009;
Kloppel et al., 2008; Mascalchi et al., 2004; Rosas et al.,
2006]. Disruption of cortico-striatal white matter circuits
are therefore likely to contribute to the clinical signs of the
disease and to play a role in symptom development. Diffu-
sion tensor imaging (DTI) is an MRI technique that is sensi-
tive to the Brownian motion of water molecules in
biological tissues [Basser and Pierpaoli, 1996; Le Bihan
et al., 1995] and can demonstrate the orientation and integ-
rity of white matter fibers in vivo. Within cerebral white
matter, water molecules diffuse more freely along the
direction of axonal fascicles than across them, arising from
the restriction of free water diffusion by the axonal mem-
brane, microtubuli, and myelin sheath [Moseley et al., 1990;
Pierpaoli and Basser, 1996]. Such directional dependence of

diffusivity is termed anisotropy. An integrated MR mea-
sure of water diffusion is used to calculate the diffusion
tensor, from which fractional anisotropy (FA-the amount of
anisotropy) and the mean diffusivity (the global amount of
diffusion) can be derived [Basser and Pierpaoli, 1998]. The
aim of this study was to determine the structural correlates
of selected psychomotor, cognitive and neuropsychiatric
deficits using 3 T MRI and diffusion imaging in early HD
patients included in the TRACK-HD study [Tabrizi et al.,
2009]. We evaluated the hypothesis that these deficits are
related to circuit-specific lesions within the brain implicat-
ing not only the basal ganglia but also cortical regions.

METHODS
Subjects

We included 24 controls and 27 early HD subjects from
the Paris part of the TRACK-HD study [Tabrizi et al.,
2009]. Clinical assessment was performed according to the
TRACK-HD standards. Clinical assessment included the
unified Huntington disease rating scale UHDRS-99 [1996],
medical and psychiatric history, current medications, HD
history, clinical motor scores, portions of the cognitive
component (Symbol Digit Modalities [Smith, 1991], Stroop
Word condition [Stroop, 1935]), and functional capacity.
The study was approved by the local ethics committee
and written informed consent was obtained from each
subject according to the Declaration of Helsinki.

Clinical Assessments

We selected the self-paced tapping task for the psycho-
motor function, the trail making tests (Parts A and B) and
an abbreviated (20-item) version of the University of Penn-
sylvania smell identification test (UPSIT) for cognitive
functions, and apathy scores from the problem behaviors
assessment for behavioral function. These tests were
selected because they showed significant cross-sectional
differences compared with healthy subjects at baseline in
the TRACK-HD cohort [Tabrizi et al., 2009].

Motor functions

In the self-paced tapping task, isometric force during
finger taps was recorded using a force transducer [Tabrizi
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et al.,, 2009]. Larger standard deviations are indicative of
poorer performance.

Cognitive functions

We used the trail making tests Parts A and B and an
abbreviated (20-item) version of the UPSIT (Sensonics,
Haddon Heights, NJ).

In the TMT B test, correlations were performed with the
timing. Trail A making test was evaluated to calculate the
mental flexibility index [Stuss et al., 2001]. The mental flex-
ibility index was defined as follows: log (Timing B - Tim-
ing A)/Timing A [Stuss et al., 2001]. This index reduces
intergroup variability due to nonnormally distributed raw
data [Stuss et al., 2001].

The UPSIT test was used to assess recognition of com-
mon odors, as described previously [Tabrizi et al., 2009].
Briefly, subjects were presented with a “scratch and smell”
panel. They were asked to identify the smell from four
options. This task was not timed.

Neuropsychiatric functions

We used apathy item of the short version of the problem
behaviors assessment for HD (PBA-s). Apathy was scored
using a five-point scale for severity and for frequency dur-
ing the 4 weeks preceding the examination. An apathy
score was calculated by multiplying the severity and fre-
quency scores over the past month. Higher scores indicate
more severe apathy.

Disease burden score

The disease burden score is a measure which indicates
the severity of disease. The disease burden score is based
on CAG-repeat length and age and is calculated with the
following equation: ([number of CAG repeats — 35.5] x
age) [Penney et al., 1997].

Image Acquisition

Images were acquired using a 3 Tesla system (Siemens
TRIO 32-channel TIM system) and a 12-channel head coil
for signal reception. The protocol included high resolution
anatomical T;- and T,-weighted images and diffusion ten-
sor imaging (DTI). Anatomical scans were acquired using
an axial three-dimensional (3D) inversion recovery MP-
RAGE acquisition (voxel size, 1.1 x 1.1 x 1.1 mm>®). DTI
was performed using echo-planar imaging (EPI). DTI axial
slices were obtained using the following parameters: TR/
TE/flip angle = 12 s/86 ms/90°, matrix 128 x 128, field of
view 256 x 256 mm?, slice thickness 2 mm, no gap, 1 aver-
age. Diffusion weighting was performed along 50 inde-
pendent directions, with b value of 1,000 s mm 2, and a
reference image with no diffusion weighting was also
obtained.

Image Processing
Diffusion image processing

Raw diffusion-weighted data were corrected for motion
and geometric distortions secondary to eddy currents using a
registration technique based upon the geometric model of
distortions [Mangin et al., 2002]. Maps of fractional anisot-
ropy (FA) and mean diffusivity (MD), which corresponds to
one third the trace of the diffusion tensor [Trace (D)/3], were
calculated from the diffusion-weighted images using the FSL
software (http:/ /www.fmrib.ox.ac.uk/fsl/fdt/index html).

SPM data analysis

To allow voxel-by-voxel statistical comparisons, the T»-
weighted EPI images obtained for b = 0 and the diffusion
maps of all subjects were normalized to the standard MNI
space using SPM5 software and resliced to a voxel size of 2
x 2 x 2 mm°. Diffusion maps were first coregistered to the
T,-weighted images and then spatially normalized using
the parameters determined from the normalization of the
T,-weighted images obtained in VBM procedure and using
linear steps with 12° of freedom and 16 nonlinear iterations.
The normalized FA and ADC maps were smoothed with
an 8-mm isotropic Gaussian kernel. This filter size corre-
sponded to the spatial extent of the expected patient-control
differences in the basal ganglia and midbrain and allowed
the anisotropy data to conform more closely to a Gaussian
field model by reducing the proportion of voxels with non-
normally distributed residuals [Jones et al., 2005].

Statistical Analysis
Clinical analysis

Comparisons of means were performed using a non-
parametric test (Mann-Whitney U test). Values are pre-
sented as means + standard deviation.

VB-DTI analyses

Group comparisons and correlations were performed
using analysis of covariance (ANCOVA). Age and burden
scores were incorporated in the design matrix to remove
regional differences between groups due to age or disease
severity. For group analyses, we used a voxel-wise thresh-
old at P < 0.05 corrected for family wise error (FWE) for
multiple comparisons.

For correlation analyses, we increased sensitivity of cor-
relations by restricting the analysis within a priori selected
anatomical areas (small volume correction—SVC) [Friston,
1997; Worsley et al., 1996]. For gray matter analysis, these
areas included fronto-parietal, medial temporal, insula, ba-
sal ganglia, and thalamic areas. Regions were defined by
using an anatomical atlas [Tzourio-Mazoyer et al., 2002].
For white matter analysis, regions included the basal gan-
glia/external/internal capsule area, the centrum ovale, the
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TABLE I. Clinical characteristics of patients with
Huntington disease and controls

HD Controls
(n =27) (n = 24) P
Gender (M/F) 10/17 12/12 0.578
Age (mean years + SD) 494 £ 82 453 £ 12 0.156
CAG 43+ 2 NA
Burden 354.1 £ 745 NA
Motor tasks
UHDRS motor 20.6 + 11.2 1.1+15 <0.001**
assessment
(max value 124)
Self paced taping test 189 + 221 58.0 +30.3  <0.001**
(1.8 Hz), (mean + SD)
Self paced taping test 289 £ 422 53.7 £ 38.8  <0.001**
(3 Hz), standard
deviation
Cognitive tasks
UPSIT (number correct) 13.6 + 34 170 £ 25 <0.001**
TRAIL A timing 57.3 + 258 31 +12
TRAIL A error 0.07 £ 0.3 0.04 +£0.2
TRAIL B timing 165.8 + 86.4 71.2 £ 35.2 0.036*
TRAIL B error 13 +21 02+05 <0.001**
Mental flexibility index 0.0399 + 0.0154 0.055 + 0.0155  0.002*
Neuropsychiatric tasks
PBA apathy 39+47 0.8+ 23 0.004*

Abbreviations: HD: Huntington disease; UHDRS: unified Hun-
tington disease rating scale; UPSIT, University of Pennsylvania
Smell Identification Test; NA: not applicable.

cingulate bundle, the superior longitudinal fasciculus, and
the corpus callosum. White matter regions were defined
using an anatomical atlas of white matter (FSL tool,
http:/ /www.fmrib.ox.ac.uk/fsl). Within these regions, we
used a threshold of P < 0.05 FWE corrected for multiple
comparisons as for group analysis. No further correction
was applied between these regions, and thus the possibil-
ity of false positives at this level cannot be completely dis-
carded. Positive and negative correlations were tested for
each clinical score.

Previous imaging studies have demonstrated that
changes in brain structure were strongly correlated with
pathological disease burden score [Tabrizi et al., 2009].
Therefore, to assess associations between clinical measures
and specific brain changes, we calculated correlations after
controlling for disease burden score. This allowed study-
ing the specific associations between brain and clinical
measure changes for participants who had similar levels
of disease progression.

RESULTS
Clinical Data and Behavioral Performances

The clinical characteristics of HD patients and controls
are shown in Table I. Gender distribution and age at ex-
amination was similar in both groups. In HD patients, the

motor assessment of the UHDRS scale ranged from 5 to 40
(worst possible score of 124).

All assessments showed significant impairment in early
HD compared with the control subjects (Table I).

Self-paced tapping at 1.8 Hz and 3 Hz

HD patients compared to control subjects showed
reduced precision, i.e., increased tap deviation.

Figure I.

Statistical parametric maps (SPMs) in group’s comparisons (P <
0.05 FWE). (A) FA maps in controls compared to patients: Sig-
nificant clusters of lower FA in patients group were observed in
the white matter of the frontal and temporal lobes, the external
capsule, the corpus callosum and the corona radiata. (B) FA
maps in patients compared to controls: higher FA was found
bilaterally in the anterior putamen of patients. (C) MD maps in
Patients compared to Controls: Diffuse higher MD was found in
patients with relative preservation of the prefrontal lobe. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE Il. MNI coordinates of significant difference
between groups in FA

MNI coordinates

Brodmann T
area Side x y Z score

Controls vs. HD

Orbitofrontal L —-18 4-187.35
Ventrolateral frontal L -38 0 20 6.8
White matter anterior thalamus/ L —12 -2 10 9.30
head caudate nucleus
R 12 0 8777
External capsule L -34 2 6816
R 34 6 6817
Corpus callosum L —12 30 10 5.98
Corpus callosum/corona L -16 2 34674
radiata
R 18-16 36 6.63
Posterior corona radiata L —18-28 34 6.95
R 20-28 34 6.32
Temporal WM L —-38-12-14 6.89
HD vs. controls
Anterior putamen R 24 8 0885
L -18 0 —-2796

MNI: Montreal national institute coordinate; WM: white matter,
clusters were considered significant at P < 0.05 FWE corrected for
multiple comparisons.

UPSIT

HD patients identified 3.4 fewer smells out of 20 on
average compared to controls (P < 0.0001).

Trail making test part B

HD patients showed higher errors (range: 0-6) compared
with control subjects (range: 0-1). HD patients were slower
at the TMT A and B tests but changes did not reach signifi-
cance for the TMT A test. The mental flexibility index was
significantly lower in patients compared to control subjects.

Apathy Score

Apathy scores were greater by 3.1 points (range 1.8-3.0)
in HD compared with controls.

Diffusion Changes
Between group voxel-based comparisons

Changes in early HD. Voxel-based analysis revealed signifi-
cant FA decrease compared to controls in several white
matter association pathways including the corpus callosum,
the external capsule, the white matter between the anterior
thalamus and the head of the caudate nucleus, and the white
matter of the posterior corona radiata bilaterally, and the left
ventrolateral, orbitofrontal, and temporal areas (Fig. 1a;

Tables II and III). FA was increased in the anterior putamen
bilaterally in patients compared to controls (Fig. 1b).

Voxel-based MD analysis showed diffuse higher values
in cortical gray and white matter. Increased MD values
were also found in the basal ganglia (Fig. 1c).

Correlations With Clinical Variables
Motor tests

There was a positive correlation between self paced tap-
ping standard deviation at 1.8 Hz and MD in the medial
prefrontal gyrus (BA 10) and the superior temporal gyrus
(BA 22) in the right hemisphere, the superior parietal
gyrus (BA 7), the middle temporal gyrus (BA 22), and the
anterior cingulate gyrus in the left hemisphere (BA 32), the

TABLE Ill. MNI coordinates of significant between
group differences in MD

MNI coordinates

Brodmann T

area Side x y Z  score

MD HD vs. controls
Precentral gyrus 4 L -3 -16 52 719
R 30 -18 48 733
Superior frontal gyrus 9 L -10 44 30 644
Middle frontal gyrus 8 R 26 20 42 583
Inferior frontal gyrus 46 L -3 28 12 11.09
Inferior frontal gyrus 47 R 38 3 -6 988
Anterior cingular 32 L -20 6 48 818
Middle cingular 31 L -2 34 26 999
R 4 -22 36 10.17
Post central gyrus 1-3 L -28 -32 62 748
R 26 -32 60 7.92
Precuneus 31 L 22 -72 24 1049
Inferior parietal gyrus 39 R 52 —66 32 6.14
Middle temporal gyrus 39 L —-46 -70 36 6.67
Middle temporal gyrus 21 L —-40 -24 —4 1259
R 46 —24 4 1236
Lingual gyrus 19 L -18 —62 —4 1023
Lingual gyrus 18 R 8 —76 4 10.39
Fusiforme gyrus 38 R 26 —46 —12 10.11
Parahippocampal gyrus L -26 -30 -18 10.10
Insula L -3 -18 -8 1263
R 32 8 14 1258
Internal capsule R -14 4 8 1594
External capsule L -28 10 6 13.12

Caudate nucleus

Head R 12 8 4 1287
L -12 4 8 15.90
Body R 14 6 6 1296
L -14 0 14 1279
Putamen anterior L =30 4 2 14.01
R 28 6 —2 1495
Putamen posterior L -32 -16 0 11.79
R 30 14 12 718

Clusters were considered significant at P < 0.05 FWE corrected
for multiple comparisons.
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Self tapping SD 1.8 Hz

Figure 2.

Positive correlation between MD maps and self tapping task
(standard deviation) at 1.8 Hz (A) and 3 Hz (B). (A) 1.8 Hz
Correlations were found in the right medial prefrontal and the
right superior temporal gyrus, the superior parietal gyrus, the
middle and superior temporal gyri, and the anterior cingulate
gyrus in the left hemisphere, the putamen and caudate nucleus

anterior part of the putamen and the caudate nucleus
bilaterally (Fig. 2a; Table IV).

There was a positive correlation between self paced tap-
ping standard deviation at 3 Hz and MD in the right pre-
frontal cortex (BA 8 and 46), the left orbital (BA 11) and
superior temporal gyri (BA 22) and bilaterally in the para-
central gyri (BA 11), (Fig. 2b). At subcortical level, there
was a positive correlation in the anterior part of the puta-
men and the caudate nucleus bilaterally. There was no
correlation between FA and motor performances.

Cognitive Tests

UPSIT

There was a negative correlation between UPSIT scores
and MD in olfactory areas (BA 11), the insula, the limbic

bilaterally. (B) 3 Hz: Correlations was found in the right prefron-
tal cortex, the left orbital and left superior temporal gyri and
bilaterally in the paracentral gyri, the putamen, and caudate nu-
cleus bilaterally. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

temporal lobe including the amygdala and hippocam-
pus—parahippocampal area, the precentral (BA 4), the in-
ferior parietal (BA 39-40), superior temporal (BA 22), and
superior occipital gyri (BA 19) bilaterally, the precuneus
(BA7), the postcentral gyrus (BA 1-3), the superior fontal
(BA 6), the cingulate (BA 29), and inferior temporal gyri
(BA 37) in the right hemisphere, the paracentral area (BA
5), the superior parietal (BA 7), middle temporal (BA 21),
and orbital gyri (BA 11) in the left hemisphere (Fig. 3a). In
subcortical areas, MD correlated negatively with UPSIT
scores in the caudate nucleus, the anterior part of the puta-
men, and the globus pallidus in the left hemisphere and
the right thalamus.

There was a positive correlation between UPSIT scores
and FA in the white matter of the insular area and the left
external capsule (Table V, Fig. 3b).
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TABLE IV. Anatomical regions of correlations between
MD and motor tasks

MNI coordinates

Brodmann T
area Side «x Y z  score

MD Self SD 1.8 Hz positive correlation
Medial prefrontal gyrus 10 R 6 58 0 525
Anterior cingulate gyrus 32 L -6 38 6 4.60
Superior parietal gyrus 7 L 26 —-48 50 5.24
Superior temporal gyrus 22 R 68 —20 4 571
Middle temporal gyrus 22 L -60 —60 -2 695
Putamen anterior L -10 8§ —6 523
R 20 6 —4 483
Caudate nucleus L -8 8 —6 454
R 10 8§ —6 413
Self SD 3 Hz positive correlation
Superior frontal gyrus 6/8 R 22 18 48 5.11
Middle frontal gyrus 46 R 34 44 12 6.04
Orbital gyrus 11 L -6 60 —6 4.68
Paracentral gyrus 5 L -14 —40 62 441
R 14 34 48 4.06
Superior temporal gyrus L 52 -2 -12 48
Putamen anterior L -22 2 -8 459
R 30 16 6 4.17
Caudate nucleus R 14 14 -6 422

Prwe < 0.05 corrected after SVC correction.

Trail B timing

There was a positive correlation between MD and TMT
B timing scores in the parahippocampal gyrus and the
superior longitudinal fasciculus in the right hemisphere,
the superior parietal gyrus (BA 7), the globus pallidus,
and the anterior putamen in the left hemisphere (Fig. 4a).
There was a negative correlation between FA and TMT B
timing scores in the white matter of the left anterior co-
rona radiata and the anterior limb of the internal capsule
(Fig. 4b; Table VI).

Mental flexibility index

There was a positive correlation between this score and
MD in the left prefrontal region (BA 46), the left superior
temporal gyrus (BA 22), the left globus pallidus, the right
parahippocampus, and the right lingual gyrus (BA 18),
(Fig. 4c; Table VI).

Neuropsychiatric Test
Apathy

There was a negative correlation between scores of apa-
thy and FA in the white matter of the gyrus rectus bilater-
ally (MNI coordinates: -2, 22, -30, T score: 4.65 in the left
hemisphere, and 10, 22, -28, T score 6.53 in the right hemi-
sphere, Fig. 5).

Figure 3.

(A) Negative correlation between UPSIT scores and MD: corre-
lations were found bilaterally in the central areas, the superior
and inferior parietal gyri, the temporal and superior occipital
gyri, the right superior frontal gyrus, and in olfactory areas (ol-
factory areas, insula and limbic temporal lobe). In subcortical
areas, MD correlated negatively with UPSIT scores in the cau-

date nucleus, the anterior part of the putamen and the globus
pallidus in the left hemisphere and the right thalamus. (B) Posi-
tive correlation between UPSIT scores and FA in the white mat-
ter of the insular area and the left external capsule. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE V. Anatomical regions of correlations between
MD and FA and the UPSIT test

MNI coordinates

Brodmann T
area Side «x y Z score

MD UPSIT negative correlation
Superior frontal gyrus 6 L -20 2 66 5.10
6 R 10 6 60 720
Olfactory gyrus 11 L 26 6 —18 3.86
11 R 30 10 —20 4.18
Orbital gyrus 11 L 24 46 -8 476
Precentral gyrus 4 L 52 -2 44 577
R 22 -32 68 485
Paracentral gyrus 5 L 12 -34 52 416
Post central 123 R 22 34 66 548
Precuneus 7 R 10 —60 44 6.80
Superior parietal gyrus 7 L -3¢ —62 52 5.09
Inferior parietal gyrus 40 L -3¢ -62 52 5.09
39 R 42 —62 34 5.00
Posterior cingulate gyrus 29 R 12 -36 6 3.67
Superior temporal gyrus 22 L -62 -38 22 511
R 60 —54 4 495
Middle temporal gyrus 21 L 54 -54 22 494
Inferior temporal gyrus 37 R 50 —62 —4 473
Amygdala L -30 2 -18 4.73
R 20 0 —12 465
Hippocampus L -32 -16 -20 3.94
R 18 —4 —12 439
Parahippocampus L —-26 -32 8 425
R 18 —42 -6 454
Superior occipital gyrus 19 L —-26 -58 34 587
19 R 30 =74 38 479
Insula L -36 8 -8 6.21
R 30 12 —20 4.25
External capsule L -2 12 -12 535
Caudate nucleus L -16 12 8 417
Putamen anterior L -20 12 10 439
Thalamus R 16 —34 2 407
Pallidum L -12 0 —6 422
FA UPSIT positive correlation
Insula L -38 10 —-10 635
R 34 10 -14 492
External capsule L -30 2 10 541

Prwe < 0.05 corrected after SVC correction.

DISCUSSION

Using voxel-based DTI analysis, we showed that cogni-
tive, behavioral and motor deficits were associated with
distinct regionally specific cortico-striatal degeneration.
These results suggest that the clinical dysfunction in HD
results from cortical as well as subcortical damage. We
also confirm that water diffusivity and anisotropy are dif-
fusely altered in the brain of HD patients in early stages of
the disease.

This study took advantage of the well controlled
TRACK-HD studies to examine structural correlates
between DTI and the analyzed tasks. We showed that in
early HD there was increased MD and decreased FA in
the gray and white matter involving the occipital, tempo-
ral, parietal and frontal lobes with relative preservation of
prefrontal areas. These results are in accordance with
numerous previous DTI studies; which reported lower FA
using ROI analysis in presymptomatic gene carriers and
symptomatic HD in the frontal [Reading et al., 2005; Rosas
et al., 2006, 2010], occipital [Reading et al., 2005; Rosas
et al., 2006], and parietal lobes [Rosas et al., 2006], in the
white matter of the corpus callosum and the internal cap-
sule [Kloppel et al., 2008; Rosas et al., 2006], and in the
fronto—striatal connections [Kloppel et al., 2008]. Using
whole brain methods, decreased FA was demonstrated
along the white matter of the fronto striatal fibers, the in-
ternal capsule, the centrum ovale [Weaver et al., 2009],
and associated fiber bundles [Stoffers et al., 2010]. We also
found increased FA and MD in the caudate nucleus and
the putamen bilaterally, in line with the higher MD
[Douaud et al., 2009; Henley et al., 2009; Mascalchi et al.,
2004] and FA [Douaud et al., 2009] reported in both HD
and presymptomatic gene carriers [Rosas et al., 2006]. FA
increase in the striatum and globus pallidus was attributed
to a decreased dispersion of fiber orientation, with a pref-
erential loss of connections along specific radiating direc-
tions from the striatum while other fibers were relatively
spared [Douaud et al., 2009].

HD patients and premanifest gene carriers showed
impaired performance during self-paced timing tasks that
worsened with disease progression [Bechtel et al., 2010;
Michell et al., 2008; Rowe et al., 2010; Zimbelman et al.,
2007]. We found that the variability of tap deviation at
1.8 and 3Hz correlated with diffusion changes in the
superior temporal and parietal regions, and the anterior
part of the striatum. Activity in the superior temporal
gyrus has been previously demonstrated using fMRI in
voluntary timing tasks involving auditory stimuli: paced
finger tapping synchronized with an external auditory
cue [Jantzen et al., 2004, 2005], taping using rhythmic
sequences [Lewis et al., 2004], and reproduction of rhyth-
mic sequences [Penhune et al., 1998]. In the synchroniza-
tion—continuation paradigm, superior temporal activity
was seen with auditory stimuli, but not with visual stim-
uli [Jantzen et al., 2005]. Together with the inferior frontal
and parietal regions, the posterior and dorsal part of the
superior temporal gyrus constitutes a dorsal auditory
stream that is involved in auditory-motor control [Hickok
et al., 2000]. Involvement of auditory areas in HD
patients may reflect that the sequences were learned from
auditory stimuli or that an auditory metronome was used
to set the tempo in the self-paced tapping task. We also
observed a correlation between task performances and
diffusion changes in anterior striatal regions. The vari-
ability of tap deviation in self paced tapping tasks was
previously correlated with striatal volume in HD [Biglan
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Figure 4.

(A) Positive correlation between MD and TMT B timing scores:
correlations were found in the parahippocampal gyrus and the
superior longitudinal fasciculus in the right hemisphere, the
superior parietal gyrus, the globus pallidus and the anterior
putamen in the left hemisphere. (B) Negative correlation
between FA and TMT B timing scores: correlations were found
in the white matter of the left anterior corona radiata and the

et al., 2009] and premanifest gene carriers [Bechtel et al.,
2010]. In healthy subjects performing self-paced finger
tapping tasks, the basal ganglia were constantly activated
[Jenkins et al., 2000; Lehericy et al., 2006; Witt et al., 2008;
Wu and Hallett, 2005; Wu et al., 2004]. Striatal activation
was observed in anterior regions corresponding to those
with diffusion changes observed here [Jenkins et al,,
2000]. Lastly, a correlation was also observed in the pre-
frontal cortex at 3 Hz but not at 1.8 Hz. Involvement of
the prefrontal cortex is in agreement with the observation
that this region was recruited at high (3 Hz) but not low
movement frequencies [Lehericy et al., 2006]. Paced tim-
ing tasks required subjects to tap in time to the tones
from working memory. At 3 Hz the task became more
difficult as shown by the increased SD as compared with
1.8 Hz and therefore probably required greater involve-
ment of the prefrontal cortex. The structural correlates of
self tapping tasks were not reported previously in HD.
However, motor symptoms expression in HD subjects
was associated with distinct cortical involvement [Rosas

anterior limb of the internal capsule. (C) Positive correlation
between mental flexibility index and MD in the left prefrontal
region, the left superior temporal gyrus, the left globus pallidus,
the right parahippocampus, and the right lingual gyrus. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

et al.,, 2008]. Bradykinesia and chorea were associated
with extensive damage of lateral premotor, supplemen-
tary motor, and prefrontal areas than in chorea, in spite
of similar reductions in caudate volumes between the
two clinical phenotypes [Rosas et al., 2008].

Correct identification of the odor name is a complex
task involving the hippocampus, the amygdala, the piri-
form, entorhinal, perirhinal, orbitofrontal, and inferior
frontal regions and the insula [Kareken et al., 2003]. The
caudate nucleus was implicated during the smelling of
single odors and the discrimination of odor quality [Savic
et al., 2000]. Deficits in odor discrimination, identification,
and detection occur in patients with HD [Bylsma et al.,
1997; Hamilton et al., 1999; Moberg and Doty, 1997; Nor-
din et al., 1995] and neuropathology studies have demon-
strated that huntingtin aggregates in the olfactory system
[Hamilton et al., 1999; Nordin et al., 1995]. In our study,
specific deficit in the UPSIT test correlated with abnormal-
ities in the insula, and the anterior part of the caudate nu-
cleus bilaterally and the medial temporal cortex, these
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TABLE VI. Anatomical regions of correlations between MD and FA and the trail making test

MNI coordinates

Brodmann area Side X y z T score

MD Trail B timing positive correlation

Superior parietal gyrus 7 L —34 —58 60 5.13
Parahippocampal gyrus 31 R 20 —6 —26 4.98
Superior longitudinal fasciculus R 28 —22 40 4.46
Putamen anterior L —20 2 4 4.31
Globus pallidus L -20 0 4 427
MD Mental flexibility index positive correlation

Middle frontal gyrus 46 L —40 36 16 6.30
Superior temporal gyrus 22 L —54 —36 10 5.14
Parahippocampus R 26 —28 —20 431
Lingual gyrus 18 R 10 —46 4 4.45
Globus pallidus L -20 -8 -2 5.02
FA Trail B timing negative correlation

Anterior capsule L —24 10 16 5.10
Anterior corona radiata L —24 12 16 5.07

Prwe < 0.05 corrected after SVC correction.

regions being associated with olfaction [Kareken et al.,
2003]. This result is in line with previous study, which
demonstrated that volume loss in the insula and the cau-
date nucleus had significant impact on olfactory function
in HD patients [Barrios et al., 2007].

TMT is a measure of executive functions that assesses
cognitive flexibility, selective attention, visual scanning,
and visual-motor tracking [Zakzanis et al., 2005]. In our
HD subjects, the mental flexibility index correlated with
diffusion changes in the left prefrontal cortex and the
white matter of the frontal lobe. Performances at the TMT-
B correlated inversely with diffusion changes in the supe-
rior longitudinal fasciculus, the superior parietal lobe, and
the temporal areas. This is in line with a previous study in
HD, which related the volume of the frontal and temporal
cortex to performances at the TMT-A and TMT-B [Back-
man et al, 1997]. The TMT-B has the greatest working
memory demands [Crowe, 1998] and is sensitive to dorso-
lateral frontal damage [Stuss et al., 2001]. Functional imag-
ing studies have also demonstrated that set-shifting in the
TMT test recruits temporal and parietal regions in addition
to frontal regions [Zakzanis et al., 2005]. In healthy ageing,
decline in set-shifting performance in TMT tests was asso-
ciated with decreased FA in the corpus callosum and asso-
ciation tracts that connect frontal cortex to posterior brain
regions, including the inferior fronto-occipital fasciculus,
the uncinate fasciculus, and the superior longitudinal fasci-
culus [Perry et al.,, 2009]. Taken together, our data and
these previous studies suggest that accurate performance
at the TMT involves a number of functionally specialized
frontal, parietal, and temporal regions and that the integ-
rity of white matter tracts connecting these regions is a
critical factor of performance. Reduced cortical thickness
in frontal cortical areas has been previously shown to cor-
relate with worse performance in cognitive tests including

emotion recognition [Henley et al., 2008], symbol digit in
presymptomatic gene carriers [Rosas et al., 2005].

Apathy, depression and irritability are commonly
observed in HD [Thompson et al., 2002]. Apathy can be
observed even before motor symptoms occur [Kingma
et al.,, 2008]. Apathy is also strongly correlated with dis-
ease progression [Craufurd et al.,, 2001]. In contrast with

Apathy scores

Figure 5.
Correlation between scores of apathy and FA. There was a neg-
ative correlation between scores and FA in the white matter of
the gyrus rectus bilaterally. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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the irritability and depression subscales, scores on the Ap-
athy subscale of the PBA-HD strongly correlated with
measures of cognition and motor functions [Thompson
et al., 2002]. Here, apathy correlated with FA changes in
the white matter underlying the gyrus rectus bilaterally.
The orbitomedial prefrontal cortex (OMPFC) is connected
to limbic and visceromotor brain regions, including the
ventral striatum [Ongur et al.,, 2003]. Behavioral and elec-
trophysiological studies in monkeys [Levy and Dubois,
2006] and imaging studies in humans [Elliott et al., 2003]
indicated that the OMPEC is essential to provide the con-
textual value of reward and to integrate the rewarding
value of a stimulus into behavior. Electrophysiological
studies in monkeys have demonstrated that lesions or dys-
functions of the OMPFC can lead to insensitivity to
reward, which may in turn lead to a decreased number of
voluntary actions [Tremblay and Schultz, 1999]. Apathy
may in this case be related to a disruption of affective and
emotional processing. We did not find any correlation
between the ventral striatum and apathy scores. An expla-
nation may be that the ventral limbic striatum is relatively
preserved in early HD in histological studies [Vonsattel,
2008].

For each score, clinical deficits were correlated with
higher MD and lower FA. Increased MD in cortical areas
and basal ganglia was consistent with the neuronal loss in
patients. The most significant neuropathological change in
HD is a preferential loss of medium spiny neurons in the
neostriatum, but other regions, including the cortex
become increasingly affected as the disease progresses. A
significant loss of neurons, a decreased cortical neuron
number, reduction in cortical width and increased glial
density are observed in the cerebral cortex of HD patients
at moderate and terminal stages of the illness including
frontal, parietal and temporal regions [Heinsen et al., 1994;
Mann et al., 1993; Selemon et al., 2004]. In the white mat-
ter, decreased FA may either reflect the secondary neuro-
nal damage due to deafferentation or the axonal
degeneration. Histopathological studies have documented
a marked reduction in the number of axonal fibers and
synaptic proteins early in the course of HD [Li et al,
2001]. The distribution of huntingtin aggregates in the
axons of striatal projection neurons was specifically associ-
ated with axonal degeneration [Li et al., 2001]. Axonal
degeneration was also found in corticostriatal pathways in
the brains of HD patients [Sapp et al., 1999]. Fibers in the
subcortical white matter of HD patients had significantly
increased huntingtin immunoreactivity compared with
those of controls [Sapp et al., 1997]. These neuropathologi-
cal changes may underlie DTI changes that demonstrated
early signs of white matter degeneration in pre sympto-
matic HD and suggested that alterations in neuronal con-
nectivity play a major role in HD pathology.

In conclusion, this study showed that the clinical symp-
toms observed in HD were related to region-specific corti-
cal as well as basal ganglia damage. Our findings suggest
that while striatal degeneration clearly plays a major role

in movement disorders of HD, cortical dysfunction in
region-specific areas contribute to the different clinical
expression in line with previous reports.
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