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a b s t r a c t

Objectives: Visuomotor integration deficits have been documented in Huntington disease (HD), with dis-
proportionately more impairment when direct visual feedback is unavailable. Visuomotor integration
under direct and indirect visual feedback conditions has not been investigated in the stage before clinical
onset (‘premanifest’). However, given evidence of posterior cortical atrophy in premanifest HD, we pre-
dicted visuomotor integration would be adversely affected, with greater impairment under conditions
of indirect visual feedback.
Methods: 239 subjects with the HD CAG expansion, ranging from more than a decade before predicted
clinical onset until early stage disease, and 122 controls, completed a circle-tracing task, which included
both direct and indirect visual feedback conditions. Measures included accuracy, speed, and speed of
error detection and correction. Using brain images acquired with 3T magnetic resonance imaging (MRI),
we generated grey and white matter volumes with voxel-based morphometry, and analyzed correlations
with circle-tracing performance.
Results: Compared with controls, early HD was associated with lower accuracy and slower performance
in both circle-tracing conditions. Premanifest HD was associated with lower accuracy in both conditions
and fewer rotations in the direct condition. Comparing performance in the indirect condition with the
direct condition, HD gene expansion-carriers exhibited a disproportionate increase in errors relative to
controls. Premanifest and early HD groups required longer to detect and correct errors, especially in the

indirect condition. Slower performance in the indirect condition was associated with lower grey matter
volumes in the left somatosensory cortex in VBM analyses.
Conclusions: Visuomotor integration deficits are evident many years before the clinical onset of HD, with
deficits in speed, accuracy, and speed of error detection and correction. The visuomotor transformation
demands of the indirect condition result in a disproportionate decrease in accuracy in the HD groups.
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Slower performance und
somatosensory cortex, w

. Introduction
Huntington disease (HD) is an autosomal dominant inher-
ted neurodegenerative condition characterized by progressive
nvoluntary and voluntary motor dysfunction and cognitive dete-
ioration. The voluntary motor disorder presents as slowed
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irect visual feedback was associated with atrophy of the left-hemisphere
ay reflect the proprioceptive demands of the task.

© 2010 Elsevier Ltd. All rights reserved.

movements (Hefter, Homberg, Lange, & Freund, 1987) that are
irregular in velocity, force and timing (Quinn, Reilmann, Marder, &
Gordon, 2001). Neuroimaging and neuropathological studies have
historically focused on striatal atrophy, which occurs early in the
disease process and is a neuropathological hallmark of HD. How-
ever, recent neuroimaging studies have documented prominent

progressive cortical thinning in parietal and occipital cortices, even
in the years preceding motor onset (Rosas et al., 2002, 2005). Given
this posterior cortical involvement together with striatal atro-
phy, HD patients likely show deficits in activities that have visual,
spatial and motor demands. Such deficits are important to under-
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tand because of their functional implications. For example, driving
equires an integration of visual, motor and spatial demands.

Several studies in manifest HD using small subject samples
<20) have demonstrated deficits in visuomotor integration in
aboratory-based tasks (Boulet et al., 2005; Georgiou, Bradshaw,
hillips, Chiu, & Bradshaw, 1995; Lemay, Chouinard, Richer, &
esperance, 2008; Lemay, Fimbel, Beuter, Chouinard, & Richer,
005). In addition, motor control during visually guided rapid arm
ovements has been shown to be relatively jerky in premanifest

nd manifest HD patients (Smith, Brandt, & Shadmehr, 2000). Given
hese findings of problems of visuomotor integration deficits, and
euroimaging findings in premanifest and manifest HD document
trophy in brain regions strongly associated with visual, spatial and
otor processes, a primary goal of the current study was to extend

hese findings to a large, stratified sample that would make it pos-
ible to differentiate whether visuomotor integration deficits are
resent more than 10 years prior to estimated onset in the pre-
anifest period, and whether these findings could be consistently

bserved across both Stage 1 and Stage 2 (early) HD.
A seminal study of visuomotor integration in HD by Lemay et al.

2005) examined the effects of varied levels of visual feedback on
ccuracy and efficiency in a visuomotor integration task. Thirteen
ubjects with manifest HD and a comparison group of control sub-
ects were asked to trace a circle on a computerized touchscreen
aptop placed horizontally in front of them. One condition provided
irect visual feedback during tracing, which allowed the subject to
iew their hand and the resulting trace path directly on the screen
n which they traced. In the other condition, the subject’s trac-
ng hand was obscured. Instead the subject was provided with a
econd computer monitor displaying their tracing path in a verti-
al position in front of them. This latter indirect visual feedback
ondition was more challenging in that it required visual infor-
ation presented in one plane (vertical) and proprioceptive cues

n a another plane (horizontal) to be transformed into a common
rame of reference to produce accurate motor output (Lemay et al.,
005).

Lemay et al. (2005) found that HD patients performed more
lowly and made more errors than controls in both direct and indi-
ect circle-tracing conditions. Unsurprisingly, controls performed
ore poorly in the indirect than the direct condition in terms of

peed and accuracy. HD patients, compared with controls, dis-
layed a disproportionate reduction in accuracy and speed of
racing when contrasting performance in the indirect with the
irect condition. The HD group also spent longer for detecting and
orrecting errors in both conditions, as indicated by longer trace
urations away from and towards the target, respectively. Inter-

stingly, Lemay et al. found that HD was associated with a more
ronounced delay in error correction than error detection in the

ndirect condition. This is somewhat surprising given the role of
he striatum in error detection during motor actions (Falkenstein
t al., 2001). Furthermore, the striatum has been linked to the selec-

able 1
ubject demographics, CAG repeat length, disease burden score, predicted years to onset

Controls
n = 122

PreHD-A
n = 62

Sex (F:M) 67:55 33:29
Age in yearsa 46.0 (10.2) 41.1 (8.6)
Educational levela,b 4.0 (1.3) 4.1 (1.1)
CAG repeat lengtha – 42.1 (1.8)
Disease burden scorea – 259.1 (30.1)
Predicted years to onseta,c – 14.1 (3.1)
UHDRS total motor scorea 1.5 (1.7) 2.2 (1.4)
UHDRS total functional capacitya 13.0 (0.1) 12.9 (0.4)

a All data are represented as M (SD).
b Education level based on the ISCED education classification system (UNESCO, 1997).
c Langbehn et al. (2004).
gia 49 (2011) 264–270 265

tion of motor actions in response to environmental cues (Marsden &
Obeso, 1994), which would be more consistent with greater delays
in error detection than in error correction. In addition, dysmetric
overshooting has been observed in HD patients (Carella et al., 2003),
which could contribute to greater error detection delays.

This study extends the work of Lemay et al. (2005) by exam-
ining direct and indirect visuomotor integration in a large cohort
of premanifest and manifest HD subjects. To our knowledge, no
studies thus far have contrasted direct and indirect visual feed-
back on visuomotor integration in premanifest HD. Consistent with
Lemay et al., we predicted that HD would be associated with more
errors and slowed performance in both the direct and indirect
conditions. We also predicted that deficits would be present in
premanifest HD. Furthermore, owing to the relatively greater visuo-
motor transformation demands in the indirect compared with the
direct condition, we predicted that the indirect condition would
be more sensitive in revealing deficits in the premanifest period.
Importantly, given the somewhat surprising findings of greater
delays in error correction than in error detection reported by Lemay
et al., we re-examined error types to see whether this differential
error effect could be replicated in a larger sample. Finally, given the
findings in separate studies suggesting, on the one hand, posterior
cortical changes and, on the other hand, deficits in visuomotor inte-
gration in HD, we tested the possibility that these findings could be
related by examining the relationships between regional grey and
white matter volumes and circle-tracing performance in premani-
fest and manifest HD.

2. Methods

2.1. Participants

Three hundred and sixty-one subjects from the TRACK-HD study (Tabrizi et al.,
2009) participated at four study sites: London, Leiden, Paris and Vancouver. All
at-risk individuals had undergone genetic testing prior to recruitment. Those with
genetically confirmed CAG repeats in the normal range were included in the control
group, along with partners of HD gene expansion-carriers. As part of the study, all
HD gene expansion-carriers were re-sized for CAG repeat length at Biorep, Milan.
Subjects were included in the premanifest groups if their burden of pathology score
was greater than 250 (age × [CAG − 35·5) (Penney, Vonsattel, MacDonald, Gusella,
& Myers, 1997), but they had no substantial motor signs, as measured by the
Unified Huntington’s Disease Rating Scale-99 (UHDRS-99: total motor score ≤5)
(Huntington Study Group, 1999). The premanifest sample was then split at the
median time to estimated onset of motor symptoms (10.8 years), computed as per
Langbehn, Brinkman, Falush, Paulsen, and Hayden (2004), into furthest from esti-
mated onset ‘PreHD-A’ and closer to estimated onset ‘PreHD-B’. For those subjects
with manifest HD, we classified them as HD Stage 1 ‘HD1’ and HD Stage 2 ‘HD2’
according to Shoulson and Fahn (1979) criteria. We attempted to match the ages of
the HD-gene expanded groups with the control group. However, the premanifest
group was younger than the early HD group, which is expected given the progres-

sive nature of HD (see demographics in Table 1). Other inclusion criteria were: being
aged between 18 and 65 years; suitability for MRI; having no concomitant major
psychiatric, neurological or medical illness, current illicit drug use or participation
in a drug trial; and no history of significant head injury. Further details of subgroup
selection are outlined in Tabrizi et al. (2009). Local ethics committees at each site
approved the study. Each subject gave written informed consent.

and clinical variables by group.

PreHD-B
n = 57

HD1
n = 75

HD2
n = 45

33:24 45:30 21:24
40.6 (9.3) 47.6 (10.0) 51.2 (8.6)
3.8 (1.3) 3.8 (1.3) 3.2 (1.4)
44.2 (2.5) 43.6 (2.8) 43.5 (2.4)
332.3 (29.7) 362.3 (72.0) 396.4 (67.8)
8.7 (1.3) – –
2.8 (1.8) 19.4 (9.2) 30.1 (9.3)
12.8 (0.7) 12.3 (0.9) 8.6 (1.1)



266 M.J. Say et al. / Neuropsychologia 49 (2011) 264–270

F ng a c
i lly po
s ces fr
t

2

2

c
t
c
9
s
a
s
i
c
t
w

ig. 1. Circle tracing apparatus and sample traces. (A) A right-handed subject traci
ndirect condition (right top) using indirect feedback projected on a second, vertica
ubject’s hand was obscured from sight by a suspended sheet. (B) Sample performan
rial.

.2. Materials and procedures

.2.1. Circle-tracing task
Subjects completed a circle-tracing task that included both direct and indirect

onditions. The task was administered on a horizontally placed Lenovo ThinkPad X61
ablet laptop, using an additional vertically placed desktop monitor for the indirect
ondition (see Fig. 1). For both conditions, the subject viewed a display showing a
0 mm diameter circle and 5 mm thick white annulus on a grey background. As the
ubject traced the circle, a thin line reflecting the trajectory of their tracing path

ppeared in blue on the display. For both conditions, subjects were instructed to
tart at the vertical apex of the circle and trace as quickly and accurately as possible
n the clockwise direction without leaning their hand on the screen. In the direct
ondition, subjects could directly observe both their hand and the path they were
racing on the tablet screen. In the indirect condition, the subject’s arm and the tablet
ere obscured from sight by a suspended sheet. Feedback was viewed instead on
ircle on a horizontally positioned laptop for the direct condition (left top) and the
sitioned monitor. Note that although not shown here, in the indirect condition the
om a control, a premanifest, and an early HD subject during the first 10 s of the first

a separate display monitor in vertical orientation about 80 cm in front of them,
showing a copy of the target circle and the stylus trajectory. The approximate visual
viewing angle for both the direct and indirect conditions was 55◦ in the horizontal
axis, but on the vertical axis, it was approximately 55◦ in the indirect condition, but
somewhat less, approximately 50◦ , in the direct condition due to the difference in
distance from the eyes between the top of the circle, which was relatively further
away than the bottom of the circle. This difference was not expected to have created
additional difficulty in the direct condition. Subjects completed three 45-s trials in
each condition. The order of conditions administered was counterbalanced across

subjects.

Prior to the task, a practice trial was administered. Most subjects completed
just one rotation for practice. If a subject appeared not to have grasped the basic
task requirements (for example, tracing anti-clockwise), they were permitted to
continue practicing until they appeared to comprehend the requirements of the
task.
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Outcome measures from the circle-tracing task included: (1) as an index of speed,
he total number of rotations completed; and (2) as an index of accuracy, the num-
er of outward errors per rotation. Errors were considered to have occurred each
ime the stylus was moved beyond the outer edge of the annulus for >100 ms. Addi-
ionally, we distinguished errors according to a period of error detection, defined as
he average time per rotation spent tracing beyond the outer limit of the annulus
way from the circle, and error correction, defined as the average time per rotation
pent tracing beyond the outer limit of the annulus towards the circle. We applied
log transformation to the number of rotations, and square root transformations

o all error measures to improve normalization of the data, and used the resulting
ransformed data in the data analyses.

.2.2. Magnetic resonance imaging (MRI) acquisition and analysis
Subjects underwent high resolution sagittal T1- and T2-weighted MRI on 3-T

iemens (Siemens AG, Australia) or Phillips (Royal Philips Electronics Inc, Amster-
am) whole body scanners. T1-weighted images were acquired using a 3D MPRAGE
cquisition sequence with the following imaging parameters (Siemens/Philips):

R = 2200 ms/7.7 ms, TE = 2.2 ms/3.5 ms, FA = 10◦/8◦ , FOV = 28 cm/24 cm, matrix size
56 × 256/224 × 224 208/164, slice thickness 1.0 mm, no slice gap.

Volumetric analyses were performed only in premanifest and HD subjects, but
ot in controls. Only right-handed subjects were included to avoid the possible con-

ounding effects of hemispheric asymmetry. In total, we analyzed 179 structural MRI
atasets. Voxel-based morphometric analysis was performed using statistical para-

able 2
stimate values, 95% confidence intervals, and p values comparing HD gene expansion-ca
er rotation (square root transformed), and out error time per rotation (square root trans

PreHD-A vs. controls PreHD-B vs. co

Number of rotations (as percentage of controls)
Direct

M 85.1 81.5
95% CI [74.6, 97.1] [70.6, 94.2]
P 0.017 0.006

Indirect
M 91.6 83.1
95% CI [76.4, 109.9] [70.5, 97.9]
P 0.3 0.027

Indirect vs. Direct
M 107.6 101.9
95% CI [93.1, 124.3] [89.0, 116.7]
P 0.3 0.8

Number of errors per rotation (square root)
Direct

M −0.07 0.06
95% CI [−0.13, 0.002] [−0.01, 0.14]
P 0.057 0.09

Indirect
M 0.17 0.31
95% CI [0.02, 0.32] [0.17, 0.45]
P 0.027 <0.001

Indirect vs. Directa

M 0.23 0.25
95% CI [0.08, 0.39] [0.11, 0.39]
P 0.003 0.001

Out error time per rotation (square root milliseconds)
Direct/Away

M −0.90 0.55
95% CI [−1.86, 0.07] [−0.50, 1.60]
P 0.07 0.3

Direct/Towards
M −0.78 0.57
95% CI [−1.72, 0.16] [−0.45, 1.59]
P 0.1 0.3

Indirect/Away
M 1.75 5.09
95% CI [−0.97, 4.48] [1.86, 8.33]
P 0.2 0.002

Indirect/Towards
M 1.46 4.58
95% CI [−0.98, 3.89] [1.68, 7.49]
P 0.2 0.002

ote: Number of rotations was transformed to the log scale for analyses, thus, the estim
ere a result analyses on log transformed data. However, to facilitate interpretability for d

s a percentage of the number of rotations in controls. The number of errors per rotation a
ifferences between HD groups and controls for these outcomes are thus reported on the s
f 5 relative to controls on the square root scale is equivalent to a raw score in the HD gro
riginal scale.
a Increase in the number of errors per rotation (vs. controls) in the indirect condition c
gia 49 (2011) 264–270 267

metric mapping (SPM) version 5 (www.fil.ion.ucl.ac.uk/spm). Grey and white matter
segments were generated using unified segmentation and DARTEL, after which they
were modulated and smoothed with a 4 mm full width at half maximum kernel.

2.2.3. Data analyses
Separate regression models were fitted for number of rotations and number of

errors per rotation. The main predictors in these two models were Group (Con-
trols, PreHD-A, PreHD-B, HD1 and HD2), Condition (Direct and Indirect) and a
Group × Condition interaction. We analyzed error detection and correction together
in a third model using error time per rotation as the outcome using Group, Condition
and Direction (Away and Towards) as predictors. In this third model we also specified
a three-way Group × Condition × Direction interaction as well as all two-way inter-
actions. All three models were fitted using generalized estimating equations (GEE)
with a working assumption of exchangeability, and robust standard errors (Liang &
Zeger, 1986). This approach allows for correlation between the repeated measures
for each participant, but, unlike repeated measures analysis of variance, it places
no homogeneity restrictions on the variances of each measure or on the magnitude

of the correlations between pairs. GEE test statistics are referred to as chi-square
distributions (rather than F or t distributions) to assess statistical significance. All
analyses were adjusted for age, sex, educational level and site.

A hypothesis-free analysis was performed to explore associations between grey
and white matter and the measures from the circle-tracing task. Regression analyses
were performed with age, gender, study site, education, CAG, disease burden and

rrier groups with controls on the variables: number of rotations, number of errors
formed).

ntrols HD1 vs. controls HD2 vs. controls

72.6 56.6
[63.3, 83.2] [48.1, 66.7]
<0.001 <0.001

67.3 63.5
[57.4, 78.8] [53.5, 75.3]
<0.001 <0.001

92.7 112.1
[80.8, 106.4] [97.7, 128.6]
0.3 0.1

0.23 0.35
[0.16, 0.30] [0.22, 0.49]
<0.001 <0.001

0.64 0.92
[0.47, 0.80] [0.67, 1.16]
<0.001 <0.001

0.41 0.56
[0.25, 0.58] [0.34, 0.79]
<0.001 <0.001

2.60 4.84
[1.50, 3.70] [2.93, 6.75]
<0.001 <0.001

2.76 4.98
[1.68, 3.85] [3.07, 6.89]
<0.001 <0.001

11.59 16.41
[8.20, 14.99] [11.10, 21.71]
<0.001 <0.001

10.78 16.34
[7.71, 13.85] [11.30, 21.38]
<0.001 <0.001

ated differences between HD-gene carrier groups and controls shown in this table
isplay of the findings in this table, the results were back transformed and expressed
nd error time per rotation was transformed to square roots for analyses. Estimated
quare root scale. If controls scored 250 on the original scale, an estimated difference
up in question of (

√
250 + 5)2 = 433 or a difference of (

√
250 + 5)2 − 250 = 183 on the

ompared to direct condition (square root).

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 2. A comparison of direct and indirect circle tracing task performance across
groups. (A) Fewer rotations were completed on the indirect condition, completion of
fewer rotations was associated with increased disease burden, and the ratio of rota-
tions in the indirect compared with the direct condition was similar in HD groups
and controls. (B) There were more errors in the indirect condition, HD groups pro-
duced more errors than controls, and the trend for more errors on the indirect than
68 M.J. Say et al. / Neurops

ntracranial volume as covariates. Associations between grey and white matter and
ircle-tracing measures were examined using statistical parametric maps, which
rovided information on how volume related to task performance after correction
or overall disease severity and the other covariates. These results were corrected
or multiple comparisons using the false discovery rate set at the default value of
< 0.05.

. Results

.1. Accuracy and speed

As expected, we found a main effect of condition showing
hat the indirect condition yielded slower performances (number
f rotations �2(1) = 2456.21; p < 0.0001) and more errors (num-
er of outward deviations from the annulus target, �2(1) = 371.10;
< 0.0001). Importantly, we also found highly significant group
ffects on speed (number of rotations �2(4) = 53.46; p < 0.0001)
nd accuracy (number of errors �2(4) = 131.9; p < 0.0001). Specif-
cally, pairwise comparisons showed that each expansion-carrier
roup was significantly slower (i.e., completed fewer rotations)
han controls in both the direct and indirect conditions, with the
nly exception being the PreHD-A group in the indirect condition
see Table 2). In the direct condition, PreHD-A completed 85.1%,
reHD-B completed 81.5%, HD1 completed 72.6% and HD2 com-
leted 56.6% of the number of rotations completed by controls. In
he indirect condition, PreHD-A completed 91.6%, PreHD-B 83.1%,
D1 67.3% and HD2 63.5% of the number of rotations completed
y controls (see Table 2 for 95% confidence interval ranges). Pair-
ise comparisons also indicated that all premanifest and early
D groups made significantly more errors than controls in the

ndirect condition, whereas, in the direct condition, only the two
anifest groups made significantly more errors than controls, and

reHD-A tended towards more accurate performance than controls
p = 0.057).

.2. Visuomotor transformation

To determine whether the visuomotor transformation demands
f the indirect condition led to greater impairment in pre-
anifest and early HD compared to controls, we examined
roup × Condition interactions within the same models exam-

ned for the speed and accuracy results above. As predicted, the
ffect of increasingly severe levels of HD (i.e., PreHD-A < PreHD-
< Stage 1 < Stage 2) on number of errors was greater for the

ndirect condition than the direct condition as indicated by a signifi-
ant Group × Condition interaction (�2(4) = 47.75; p < 0.001). There
as no Group × Condition interaction in speed as measured by the
umber of rotations. On average, all groups completed approxi-
ately three times as many rotations in the direct as in the indirect

ondition (estimate: 3.26 times; 95% CI: 3.11–3.43).

.3. Error detection and error correction

For the direct visual feedback condition, time spent on error
etection vs. error correction did not differ as a function of group, as

ndicated by a non-significant Direction (away from the annulus vs.
owards the annulus) × Group interaction (�2(4) = 4.56; p = 0.34).

oreover, across groups the amount of time spent on error detec-
ion was comparable to that spent on error correction, as indicated
y a lack of main effect of Direction (�2(1) = 2.56; p < 0.11). Consis-
ent with the findings for number of errors reported above, greater
evels of disease severity were associated with longer durations of

rror detection and correction, as indicated by a significant main
ffect of Group (�2(4) = 75.48; p < 0.0001).

In contrast to the direct condition, in the indirect condition
cross groups, subjects spent significantly more time on error
etection (i.e., deviation away from the annulus) than on error cor-
the direct condition became more pronounced in association with increased disease
burden. (C) Time spent outside the annulus target split into error detection and error
correction times for the direct and indirect conditions by group.

rection (i.e., tracing back towards the annulus), as indicated by a
significant main effect of error direction, �2(1) = 50.09; p < 0.0001.
Along with this main effect of error direction, there was a signifi-
cant main effect of group (�2(1) = 84.65; p < 0.0001), with PreHD-B,
HD1 and HD2 (but not PreHD-A) spending significantly more time
on error detection and correction compared with controls. How-
ever, there was no significant interaction between error direction

and group (�2(4) = 5.25; p < 0.26) (see Fig. 2). Thus, in contrast to
the results reported by Lemay et al. (2005), we found no preferen-
tial deficit in either error detection or correction as a function of
disease status.
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ig. 3. Statistical parametric maps of grey matter atrophy associated with CT task p
ithin the medial segment of the post-central gyrus in the left parietal lobe correla

ene expansion-carriers.

Overall, error correction and detection consumed significantly
ore time in the indirect than in the direct condition, an effect

hat was increasingly pronounced across the HD groups as shown
y a significant Group × Condition interaction across both error
irections (�2(4) = 44.54; p < 0.0001). Taken together, the results
or number of errors and for error detection and correction times
uggest that the increased visuomotor transformation demands of
he indirect condition have a more detrimental effect on accuracy
or individuals with premanifest and early HD than the direct con-
ition in which visuomotor transformation demands are minimal.
owever, there is no evidence in our data of differential effect of
D on error detection vs. correction.

.4. Associations between circle-tracing performance and grey
nd white matter volumes

For the direct condition, we found no significant associations
etween either speed or accuracy measures from the circle-tracing
ask and the regional grey or white matter volumes at the q < 0.05
evel. Similarly, we found no significant correlations between
ircle-tracing measures and regional grey and white matter vol-
mes in the indirect condition, except that lower grey matter
olumes in the medial post-central gyrus of the left parietal lobe
i.e., primary somatosensory cortex), were significantly correlated
ith slower performance (i.e., few rotations) (see Fig. 3).

. Discussion

Our results document the presence of visuomotor integration
eficits in a large cohort of premanifest and early HD CAG-
xpansion carriers in conditions of both direct and indirect visual
eedback. As predicted, and consistent with the findings of Lemay
t al. (2005), the data showed that the HD patient groups per-
ormed more slowly and less accurately than controls in both direct
nd indirect conditions. The current data extend these earlier find-
ngs by demonstrating the sensitivity of a circle-tracing task in
remanifest HD. Specifically, in the direct condition, both preman-
fest groups, PreHD-A and PreHD-B, were slower than controls,
nd in the indirect condition, PreHD-B was slower than controls.
oth premanifest groups were significantly less accurate than con-
rols in the indirect condition, whereas PreHD-B performed with
imilar levels of accuracy to controls in the direct condition and
reHD-A showed a tendency for greater accuracy than controls.
he pattern of data for the PreHD-A group in the direct condition
ndicates a different response style than controls, with more accu-
ate, slower performance. Overall, these findings are noteworthy
s they demonstrate visuomotor integration deficits more than a

ecade before estimated clinical diagnosis.

Overall, HD was associated with slowed performance in both
isual feedback conditions, which most likely reflects psychomotor
lowing. In contrast, accuracy was disproportionately compro-
ised in HD groups when indirect visual cues were used, which is
mance. Panels (A) sagittal view; (B) coronal view; and (C) axial view show atrophy
gnificantly with number of rotations on the indirect condition for right-handed HD

suggestive of a more cognitive explanation. The reduced accuracy
in the indirect condition cannot be accounted for by choreic move-
ments given that errors did not feature prominently in the HD group
in the direct condition. We believe that this increased error effect in
the indirect condition may have a more neurocognitive basis given
the added complexity of the indirect visual feedback condition,
which necessitates greater reliance on proprioceptive feedback
and on the transformation of movement trajectories across differ-
ent frames of reference. The increased error effect in the indirect
feedback condition may also reflect the relatively greater visuospa-
tial, rather than motor, demands required for using indirect visual
feedback to execute the tracing movement. These findings in the
indirect visual feedback condition are consistent with a study by
Carella et al. (2003), in which blindfolded HD patients drew a square
at a similar speed as controls, but with less accuracy. The finding in
our study that accuracy decreased disproportionately in the indi-
rect condition, and that such an effect was apparent even in the
PreHD-A group, suggests that tasks with high demands for visuo-
motor transformation and the use of proprioception may be highly
sensitive to early disease processes. If these effects can be extended
in a longitudinal analysis, then the indirect circle-tracing condi-
tion may be useful as a clinical marker of disease progression in
premanifest HD.

Interestingly, imaging correlations revealed an association only
between slower tracing in the indirect condition and lower volumes
in a region of the left somatosensory cortex. The somatosensory
cortex is implicated in proprioception and tactile functions (Burton
& Sinclair, 2000; Nelson, Staines, & McIlroy, 2004). Thus, this
structure–function correlation is consistent with the propriocep-
tive demands of the indirect condition and previously published
findings of somatosensory cortex degeneration in HD (Rosas et al.,
2005). The lack of association between speed and accuracy mea-
sures from the circle-tracing task and volumes of the visual and
motor cortices may be attributable to the multifactorial demands
of the circle-tracing task and/or the multiple functions of the visual
and motor regions of the cortex. Alternatively, there may simply be
a lack of sensitivity for relating structural imaging measures with
tasks such as the circle-tracing task; volumetric MRI detects macro-
scopic structural change and other imaging modalities may be more
sensitive to subtle early dysfunction. Nevertheless, considering the
visual processing demands of circle-tracing, the data are sugges-
tive of a functional impact of posterior cortical pathology on the
clinical phenotype of HD, even in premanifest expansion-carriers,
in line with imaging data of posterior pathology in this stage of the
disease process (Rosas et al., 2002, 2005).

A second focus of the study was on whether HD is associated
with a more pronounced delay in error correction, as suggested

by Lemay et al. (2005), or error detection. In contrast with Lemay
et al.’s findings and our hypothesis, we found that error detection
vs. correction did not differ as a function of group for either the
direct or indirect condition. Greater levels of disease severity were,
however, associated with delays in both error detection and cor-
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ection. In the direct condition, this effect was only detected in the
anifest HD1 and HD2 groups, which spent significantly longer

n both error detection and correction than controls. The effects
n the indirect condition were somewhat more consistent, with
onger error detection and correction in the PreHD-B, HD1 and HD2
roups. Thus, our data demonstrate delays in detection and correc-
ion in both premanifest and early HD, but no preferential deficit in
ither error detection or correction as a function of disease status.

There are several possible reasons for the discrepancy between
ur findings and those reported by Lemay et al. (2005) in error
etection/correction. We do not know how comparable Lemay
t al.’s manifest HD group was to our manifest group in terms of
isease severity, as they did not specify the UHDRS motor or total
unctional capacity scores. However, because we found increased
ime spent on both error detection and correction, even in the
reHD-B group, our findings are unlikely to be attributable to dif-
erences in disease severity or disease stage between patients in the
wo studies. Given the substantially larger sample of HD expansion-
arriers in our study (n = 239) compared with Lemay et al. (n = 13),
e had greater power to detect any difference in the magnitude of

rror detection and correction delays relative to healthy controls.
he pattern of data was also inconsistent with our predictions of
elatively greater delays in error detection in HD. Our hypothe-
is was based on lines of evidence of striatal involvement in error
etection (Falkenstein et al., 2001) and in altering motor actions

n response to environmental cues (Marsden & Obeso, 1994), as
ell as dysmetric overshooting in HD patients (Carella et al., 2003).
owever, accurate and efficient error correction is also reliant on
djusting motor actions in response to environmental cues and may
lso be impacted by dysmetric overshooting. Therefore, while dif-
erent mechanisms underly error detection and error correction,
D-related cognitive and motor deficits appear to contribute to
elays in both.

For consistency with the Lemay et al. (2005) study, our study
sed only the dominant hand. Future studies could investigate
hether using the non-dominant hand to examine circle-tracing
erformance may yield stronger findings, as is suggested by previ-
us findings revealing greater sensitivity of the non-dominant hand
o visuomotor integration impairments (Oepen, Mohr, Willmes, &
hoden, 1985).

Our findings demonstrate significant, early deficits in visuomo-
or integration, which are detectable even in premanifest HD. With
eplication of these findings, and extension to longitudinal time
oints, tests of visuomotor integration may become useful as out-
ome measures in studies of interventions to reduce HD symptoms
r modify disease progression. Visuomotor integration and trans-
ormation are abilities that warrant further investigation in HD
iven their functional relevance in daily life.
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GEE: generalized estimating equations
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M: mean
mm: millimeter
ms: millisecond
MRI: magnetic resonance imaging
SD: standard deviation
SPM: statistical parametric mapping

TE: echo time
TR: repetition time
UHDRS: Unified Huntington’s Disease Rating Scale
VBM: voxel-based morphometry
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