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Abstract

Objective: To establish differences in basal ganglia and thalamic volume between preclinical carriers
and non-carriers of the Huntington’s disease (HD) gene and to link the volume to motor, cognitive
and behavioural characteristics in carriers.

Methods: Sixteen HD gene carriers without overt clinical motor signs and 14 non-gene carriers
underwent clinical evaluation and a MRI scan. Volumes of the caudate nucleus, putamen, gobus
pallidus and thalamus were measured using T1-weighted MR images. Motor, cognitive and
behavioural functioning was assessed using the Unified Huntington’s Disease Rating Scale (UHDRS),
cognitive testing and the Beck Depression Inventory (BDI-1).

Results: Volumes of the caudate nucleus, putamen and globus pallidus were significantly smaller in
carriers than in non-carriers while no differences between groups were found on clinical evaluation.
In gene carriers smaller globus pallidus volume was associated with more motor abnormalities.

A smaller putamen volume correlated significantly with worse psychomotor function on the Symbol
Digit Modalities Task and the Trail Making Test B.

Conclusions: In line with previous research we demonstrated that basal ganglia abnormalities
precede overt disease manifestation of HD. Besides we showed that smaller basal ganglia volumes
are related to subtle motor abnormalities and worse psychomotor performance in gene carriers
without clinical diagnosis. Motor and psychomotor measures may be suitable clinical markers in

future neuroprotective trials when combined with volumetric imaging.

Basal ganglia volume and clinical correlates in preclinical Huntington’s disease

Introduction

Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative disorder
characterized by progressive motor, cognitive and behavioural deficits. The most striking
neuropathological changes are found in the caudate nucleus and the putamen, but other subcortical
and cortical regions of the brain also exhibit neuronal loss.*? As the age at onset, progression rate
and severity in HD are very variable, insight in these aspects by studying the disease development

in gene carriers without overt clinical signs should help in selecting suitable clinical and biological
markers for future neuroprotective trials.

Up to now subtle motor, cognitive and behavioural abnormalities have been reported in preclinical
carriers, but with inconsistent results.37 Volumetric imaging studies focusing on the basal ganglia

in this group showed evidence of preclinical abnormalities and reported smaller volumes of caudate
nucleus and putamen many years before the clinical diagnosis could be made.®™ Approaching
disease onset globus pallidus volume and thalamus volume was found to be reduced as well 9
Interestingly, alterations in these structures have been associated with specific clinical
characteristics in the symptomatic phase of HD. Striatal changes have been linked to motor
impairment and cognitive deficits, including attention problems, memory impairment, executive
and psychomotor dysfunction." In one study smaller thalamus volume was found to be associated
with impairment in psychomotor tasks.” Relatively few studies investigated such associations in
the preclinical phase of HD. Smaller striatal volume has been linked to worse motor functioning

in some preclinical studies.9'92°Furthermore smaller striatal volume was associated with worse
psychomotor performance in one study® and with lower scores on a verbal episodic memory task.”#
The associations between striatal volumes and specific clinical characteristics in the preclinical
phase of HD needs further investigation to find a combination of biological and clinical markers
suitable to predict and monitor the earliest changes in HD. Furthermore, to our knowledge globus
pallidus and thalamic volumes have not yet been studied in relation to motor, cognitive and
behavioural functioning in preclinical HD. Therefore, this study aimed firstly to establish differences
in the volume of the caudate nucleus, putamen, globus pallidus and thalamus between HD gene
carriers and non-carriers and secondly to relate these volumes to motor, cognitive, and behavioural

characteristics in gene carriers.

Patients and Methods

Seventeen preclinical Huntington’s disease gene carriers and 15 non-gene carriers were invited to
participate in this study. All participants had undergone gene testing at an earlier time. According
to the international guidelines gene carriers were defined by more than 35 CAG repeats, while those
with fewer than 27 repeats were considered non-gene carriers.2 The gene carriers in this study had a
CAG-repeat ranging from 40 to 49 (table 1). Gene carriers were considered ‘preclinical’ in the absence
of unequivocal motor signs on the Unified Huntington’s Disease Rating Scale (UHDRS), as assessed
during their last visit to our outpatient clinic. Reassessment of motor functioning during study
enrolment resulted in the exclusion of one gene carrier who was rated as ‘unequivocal’ HD. One non-

gene carrier who showed evidence of neurological disease on MRI was also excluded from analysis.
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The clinical data are summarized in table 1. The estimated probabilities of neurologic symptom onset
within 5 years were determined according to the formulas described by Langbehn et al. (2004) based

on current age and CAG repeat length.z

The study had been approved by the LUMC Medical Ethical Committee. All subjects gave informed consent.

Assessment
All participants underwent motor, cognitive, behavioural and MRI investigations, with no more than

four months between clinical assessment and MRI-scan (mean: 30 days, SD: 44 days).

Motor functioning

The motor part of the Unified Huntington’s Disease Rating Scale (UHDRS)* was scored by a
neurologist (RACR/YAMG) who was blind to genetic status. A Total motor score was calculated by
summing up all separate motor items (range 0-124), with higher scores representing more motor

abnormalities.

Cognition

Neuropsychological tests included the Mini Mental State Examination (MMSE),? Wechsler Memory
Scale (WMS),?¢ Hopkins Verbal Learning Test (HVLT),?” the Trail Making Test, consisting of a simple
(TMT A) and a more complex (TMT B) version,?® the Stroop colour-word test,* the Controlled Oral
Word Association Test (FAS),3° the Symbol Digit Modalities Test (SDMT),3 the Boston naming

task,3? reaction time measurements,3 and VMI perception.3* Tests were administered by a trained

psychological assistant under supervision of a psychologist (CKJ).

Behaviour

The behavioural part of the UHDRS was administered by a psychologist (CKJ). The Total behavioural
score was retained for analysis, obtained by adding the products of frequency and severity for

each item. Additionally, the Beck Depression Inventory (BDI-II) was administered.3s Higher scores

correspond with more depressive feelings.

MRI

MRI was performed using a 3.0 Tesla device (Philips Medical Systems, Best, The Netherlands). MRI
consisted of 3D-T1-weighted images (acquisition parameters were as follows: TR = 9.8 msec; TE = 4.6
msec; flip angle = 8°; section thickness = 1.2 mm; number of sections = 120; no section gap; whole
brain coverage; FOV = 224 mm; matrix = 192, reconstruction matrix = 256). Whole brain volume

was measured, using an automated method, the cross-sectional version of the Structural Image
Evaluation of Normalized Atrophy (SIENAX, part of FMRIB Software Library).3®* Manual segmentation
of the caudate nucleus, putamen, globus pallidus and thalamus was performed using Software for
Neuro-Imaging Processing in Experimental Research (SNIPER), designed by the Laboratory for Clinical
and Experimental Image Processing (LUMC, Radiology). Two raters (CKJ/LvdW) who were blinded to

subject identity and genetic status performed volumetric measurements on axial images.

Basal ganglia volume and clinical correlates in preclinical Huntington’s disease 23

For each structure volume in cc was calculated by multiplying voxel size and the number of
segmented (colored) voxels. Boundaries of the basal ganglia were comparable to Aylward et al.
(1994).2 Segmentation began in the most superior slice in which the caudate nucleus was first
visible. Measurement continued in an inferior direction until the last slice in which the caudate
and putamen were still clearly separated by the internal capsule. The borders of the caudate were
defined laterally by the anterior limb of the capsula interna and medially by the lateral ventricle.
The borders of the putamen were defined laterally by the external capsule. At more superior levels,

the medial borders are defined by the internal capsule and at more inferior levels by the globus

pallidus. Whole thalamus segmentation started when the top of the thalamus appeared as a dark
round and ended when the thalamus outlines were not visible anymore. The thalamus is defined
medially by the third ventricle and laterally by the capsula interna. Structure outlines were rechecked
in the coronal and the sagital plane. Ten randomly selected brains were segmented twice to assess
interrater reliability of the volumes (intraclass correlation coefficients (ICC) for caudate= 0.9s, for

putamen= 0.91, for globus pallidus= 0.94, for thalamus= 0.82).

Statistical analysis

SPSS for Windows (release 12.0.1) was used for data analysis. Group differences were analyzed with
parametric or non-parametric tests when appropriate.

Analysis of covariance was used to control group differences for possible confounding variables.
Pearson correlation analysis was used to investigate associations between MRI volumes and clinical
measures. Partial correlations were used to control for age and brain size. The level of statistical

significance was set at p< 0.o1.

Results

Demographic and clinical characteristics

There were no significant differences between groups for gender, age or years of education and for
motor, cognitive or behavioural functioning (table 7). In gene carriers the estimated probabilities of

neurological symptom onset within 5 years ranged from 0% to 73% (median 17%).

MRI

Gene carriers had significantly smaller volumes of the caudate nucleus, putamen and globus pallidus
compared to non-carriers (table 2). These results did not alter significantly when corrected for age
and whole brain volume. No significant left right differences were found. No differences between

groups emerged for whole brain volume and thalamus volume.

Associations between measures in gene carriers

The results of the correlation analyses in gene carriers are given in table 3. A strong association
between globus pallidus volume and UHDRS Total motor score (r=-.78, p< .001) was found. Putamen
volume was associated with TMT B (r= -.69, p= .003) and SDMT (r= .67, p=.005). Smaller volumes

corresponded with more motor abnormalities and worse psychomotor performance (figure 1).
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No associations were found with behavioural measures. Thalamus volume was not associated
with any of the clinical characteristics. Results did not change when partial correlation analyses
controlling for age and whole brain volume were performed. A greater probability of developing
the disease within 5 years was only significantly associated with more motor abnormalities on

the UHDRS (r= .65, p=.008) whereas a trend significance was found with a smaller globus pallidus

(r="-.59, p=.02). There was no correlation between CAG repeat and any of the structural volumes.

Table 1. Demographic and clinical characteristics

Gene carriers (n = 16) Non gene carriers (n = 14)
Male/ female? 6/10 6/8
Age (years) 41.9 (10.0) 472(9.2)
CAG repeat length® 42 (40-49) 19 (16-24)
Probability of onset within 5 years® 17 (0-73)
Education (years) 12.9 (2.7) 12.6 (2.8)
UHDRS Total motor score? 3.5(3.5) 2.4(23)
Neuropsychological tests
Global MMSE 28.4(1.2) 29.1(1.0)
Memory WMS MQ 114.0 (19.3) 124.2 (14.1)
HVLT 25.8 (4.5) 26.9 (5.0)
Psychomotor TMT Ae 29.3 (10.2) 25.1(7.0)
TMT B¢ 54.1(20.5) 41.9 (14.1)
Stroop color 72.3(13.0) 80.9 (16.2)
Stroop word 96.6 (10.6) 100.1(19.6)
Stroop interference 42.3(77) 45.6 (6.8)
FAS 38.5(13.6) 39.0 (10.4)
SDMT 52.5 (11.8) 60.6 (11.7)
Language Boston 272 (2.5) 28.5 (1.5)
Reaction time RT simple® 478.6 (73.8) 465.7(97.9)
RT complex® 634.7 (84.0) 624.8 (131.4)
Perception VMI 23.6 (2.0) 24.0 (2.3)
UHDRS Total behavioural score? 12.4 (11.4) 15.8 (17.6)
Beck depression inventory* 10.4 (8.6) 83(73)

Values in the table are means with SD in parentheses. No significant motor, cognitive or behavioural differences were found between carriers and
non-carriers. Student’s t-test analysis, 2Pearson’s y>-test, "Median (range). Estimated probabilities of neurologic symptom onset within 5 years in %.
dHigher scores correspond with more abnormalities. °Higher scores correspond with worse performance. UHDRS= Unified Huntington’s Disease

Rating Scale. MMSE= Mini Mental State Examination, WMS MQ= Wechsler Memory Scale Memory Quotient, HVLT= Hopkin’s Verbal Learning Task
(number correct imediate recall), TMT= Trail Making Test (sec), Stroop (number correct), FAS= Verbal fluency (number correct), SDMT= Symbol Digit

Modalities Test (number correct), Boston= Boston naming task (number correct), RT simple= Reaction time single stimulus conditions (milliseconds),

RT complex= Reaction time complex conditions (milliseconds), VMI= Visual Motor Integration, subtest visual perception (number correct).
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Table 2. Structural brain volumes

Gene carriers (n = 16) Non gene carriers (n =14) P value
Whole brain volume 1150.1(86.2) 1205.2 (108.8) 133
Caudate nucleus 6.4 (1.1) 7.6 (0.9) .002*
Putamen 6.0 (1.1) 7.2 (1.1) .004*
Globus pallidus 1.2 (0.5) 1.8 (0.5) .004*
Thalamus 10.6 (1.3) 1.3 (1.1) 109

Values in the table are means with SD in parentheses. Student’s t-test analysis, *p< 0.01. Volumes in cc.

Table 3. Associations between structural brain volumes and motor, cognitive and behavioural

assessment in gene carriers (n=16)

Caudate Putamen Globus Thalamus
nucleus pallidus
UHDRS Total motor score -.56 -52 -.78** a3
Neuropsychological tests
Global MMSE 48 53 58 -0
Memory WMS MQ 25 33 -05 =25
HVLT 43 14 30 -25
Psychomotor TMT A -30 -58 -1 -37
TMT B -50 -69" -56 -10
Stroop color 44 33 29 -18
Stroop word 15 23 28 -30
Stroop interference 32 27 24 -1
FAS 15 -.02 .04 -4
SDMT 59 67" 53 -02
Language Boston -27 57 44 -n
Reaction time RT simple =17 -45 54 -35
RT complex .08 -20 -22 -18
Perception VMI 14 .08 33 -29
UHDRS Total behavioural score 18 -.04 31 -10
Beck depression inventory -.07 -22 -34 -.06

Values are Pearson’s correlation coefficients. Significant associations are printed bold. *Correlation with p< .o1. **Correlation with p<.oo1.
UHDRS= Unified Huntington’s Disease Rating Scale. MMSE= Mini Mental State Examination, WMS MQ= Wechsler Memory Scale Memory
Quotient, HVLT= Hopkin’s Verbal Learning Task, TMT= Trail Making Test, FAS= Verbal fluency, SODMT= Symbol Digit Modalities Test, Boston=
Boston naming task, RT simple= Reaction time single stimulus conditions, RT complex= Reaction time complex conditions, VMI= Visual Motor

Integration, subtest visual perception.
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Discussion

In line with previous studies we demonstrated that structural brain abnormalities precede overt

Figure 1. Scatter plots of significant

associations between gobus pallidus

volume and UHDRS total motor score (A), clinical signs of HD. The main new finding is that smaller basal ganglia volumes in gene carriers

putamen volume and TMT B () and were associated with subtle motor abnormalities and worse performances on psychomotor tasks.

putamen volume and SDMT (C) in

. The results confirm previous MRI studies showing that gene carriers in the preclinical stage of HD
gene carriers.

UHDRS total motor score

have a smaller caudate nucleus, putamen and globus pallidus compared to non-gene carriers.90122037

However, we could not confirm the finding that thalamus volume was reduced in gene carriers.™

An explanation may be the heterogeneity in closeness to disease onset in this group, with the

majority of the participants being more than 5 years away from estimated disease onset.

L1 05 10

Globus palldus (cc) Being closer to onset was slightly associated with a smaller globus pallidus. Only the presence
of more motor abnormalities was significantly related to approaching onset. This confirms that

the currently existing models for estimating age of onset are mainly suitable in predicting HD

B motor symptom onset.

Only one previous study focused on associations between the volumes of basal ganglia and motor
as well as cognitive functioning in preclinical HD." In the present study we extended volume
measurements to include the globus pallidus and thalamus and added behavioural measurements.

We showed that smaller globus pallidus volume corresponds with more motor abnormalities on the

Trail Making Test B (sec)

UHDRS, especially subtle eye movement abnormalities and slight involuntary movements. These are

among the minor motor changes described previously in preclinical HD.23 Smaller putamen volume

was strongly associated with worse performance on the psychomotor tasks Trail Making Test B and

T T
40 50 a0 T

Putaman {c<} Symbol Digit Modalities Test, confirming the results of Campodonico et al (1998). These associations
cannot be explained exclusively on the basis of motor phenomena as after controlling for the TMT

A, that highly depends on motor skills, results did not change significantly. We could not confirm

C two previous studies that smaller striatal volumes were related to worse performance on a verbal
memory task in carriers of the HD gene without clinical diagnosis.'»* Harris et al (1996) suggested
that putamen volume was generally superior to caudate nucleus volume for correlation with motor
as well as cognitive tasks. However, studies in symptomatic HD subjects most often linked putamen
volume to the motor deficits and stated that caudate atrophy parallels with cognitive decline.3® An

extensive meta-analysis of studies on basal ganglia lesions also demonstrated a substantial role of

Symbol Digit Modalities Test (score)

the globus pallidus and the putamen in motor functioning and of the caudate nucleus in cognitive

functioning.3 Interestingly, we could confirm the association with motor functioning, even in the

preclinical phase of disease. Degenerative diseases however have a more widespread pathology than

T T T
40 0 60 70

Putamen {cc) focal lesions therefore resulting in a more complex influence on the equilibrium of facilitating and
inhibiting pathways in the cortico-basal ganglia-thalamo-cortical circuits.
Joel et al (2001) state that a disruption at any level of these circuits may result in altered motor,
cognitive and behavioural functions.+° They propose an open interconnected model where
restricted damage to only one of the basal ganglia circuits can result in coexisting symptoms.

Therefore, future studies should at least include caudate nucleus, putamen as well as globus
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pallidus to monitor disease onset and progression. Furthermore, alterations in these structures
may be seen as a predictor of specific motor and psychomotor abnormalities. Cognitive studies
already pointed out the sensitivity of psychomotor tasks>4 and we expect TMT B and SDMT to be
sensitive for the transition into manifest HD in our group. Longitudinal evaluation, including also
individuals further from estimated disease onset than in the current sample, and individuals with
early clinical HD, should give more insight in the time course of these structural changes and the
clinical consequences. Besides, more brain regions in a larger sample could be included since recent
preclinical research provided evidence of more widespread brain abnormalities including decreased
white matter volume and cortical changes and linked these to clinical functioning in the preclinical
phase as well.»4243 Behavioural changes and even clinical heterogeneity may be related to this type
of degeneration.’

In conclusion, our findings indicate that structural brain changes in ‘preclinical’ HD already result
in subtle motor and psychomotor alterations, beneath the clinical diagnostic threshold. The current
study included quantitative and reliable segmentation methods, striatal as well as extrastriatal
structures and evaluated all phenotypical characteristics of HD. Combining volumetric and clinical
evaluation is helpful in determining suitable endpoints for future therapeutic trials in HD and in
developing predictive models that are based not only on the first motor signs but focus on other

clinical and biological markers as well.

Acknowledgements

We thank Prof.dr. J.G. van Dijk for critical reading of the manuscript and valuable comments.

Basal ganglia volume and clinical correlates in preclinical Huntington’s disease 29

References

1.

Rosas HD, Koroshetz WJ, Chen Yl et al. Evidence for more widespread cerebral pathology in early HD -
An MRI-based morphometric analysis. Neurology. 2003; 60:1615-1620

Bates G, Harper PS, Jones L. Huntington’s disease. Third ed. Oxford University Press, 2002

Kirkwood SC, Siemers E, Stout JC et al. Longitudinal cognitive and motor changes among
presymptomatic Huntington disease gene carriers. Arch Neurol.1999; 56:563-568

Witjes-Ané MNW, Vegter-van der Vlis M, van Vugt JPP et al. Cognitive and motor functioning in

gene carriers for Huntington’s disease: A baseline study. Journal of Neuropsychiatry and Clinical

Neurosciences. 2003;15:7-16

Snowden JS, Craufurd D, Thompson J, et al. Psychomotor, executive, and memory function in preclinical
Huntington’s disease.Journal of Clinical and Experimental Neuropsychology. 2002; 24:133-145
Witjes-Ané MNW, Zwinderman AH, Tibben A et al. Behavioural complaints in participants who
underwent predictive testing for Huntington’s disease. Journal of Medical Genetics. 2002; 39:857-862
Kirkwood SC, Siemers E, Viken R et al. Longitudinal personality changes among presymptomatic
Huntington disease gene carriers Neuropsychiatry Neuropsychology and Behavioral Neurology. 2002;
15:192-197.

Aylward EH, Codori AM, Barta PE et al. Basal ganglia volume and proximity to onset in
presymptomatic Huntington disease. Arch Neurol.1996; 53:1293-1296

Aylward EH, Brandt J, Codori AM et al. Reduced Basal Ganglia Volume Associated with the Gene for
Huntingtons-Disease in Asymptomatic At-Risk Persons. Neurology.1994; 44:823-828

Harris GJ, Codori AM, Lewis RF et al. Reduced basal ganglia blood flow and volume in pre-symptomatic,
gene-tested persons at-risk for Huntington's disease. Brain. 1999, 122:1667-1678

Aylward EH, Sparks BF, Field KM et al. Onset and rate of striatal atrophy in preclinical Huntington
disease. Neurology. 2004; 63:66-72

Paulsen JS, Magnotta VA, Mikos AE et al. Brain structure in preclinical Huntington’s disease.

Biological Psychiatry. 2006; 59:57-63

Harris GJ, Aylward EH, Peyser CE et al. Single photon emission computed tomographic blood flow
and magnetic resonance volume imaging of basal ganglia in Huntington’s disease.

Arch Neurol.1996; 53:316-324

Montoya A, Price BH, Menear M et al. Brain imaging and cognitive dysfunctions in Huntington’s
disease. Journal of Psychiatry & Neuroscience. 2006; 31:21-29

Peinemann A, Schuller S, Pohl C et al. Executive dysfunction in early stages of Huntington's disease

is associated with striatal and insular atrophy: a neuropsychological and voxel-based morphometric
study.J Neurol Sci. 2005; 239:11-19

Starkstein SE, Brandt J, Bylsma F et al. Neuropsychological Correlates of Brain Atrophy in Huntingtons-
Disease - A Magnetic-Resonance-Imaging Study. Neuroradiology. 1992; 34:487-489

Bamford KA, Caine ED, Kido DK et al. A Prospective Evaluation of Cognitive Decline in Early
Huntingtons-Disease - Functional and Radiographic Correlates. Neurology. 1995; 45:1867-1873
Kassubek J, Juengling FD, Ecker D et al. Thalamic atrophy in Huntington’s disease co-varies with

cognitive performance: A morphometric MRI analysis. Cerebral Cortex . 2005;15:846-853



30

Chapter 2

20.

21.

22.

23.

24.

25,

26.

27.

28.

29.
30.

31.

32.
33.

34.

35

36.

37

38.

39

40.

Campodonico JR, Aylward E, Codori AM et al. When does Huntington’s disease begin? Journal of the

International Neuropsychological Society. 1998; 4:467-473 41.

Paulsen JS,Hayden M, Stout JC et al. Preparing for preventive clinical trials - The predict-HD study.

Arch of Neurol. 2006; 63(6):883-890 42.

Solomon AC, Stout JC, Johnson SA et al. Verbal episodic memory declines prior to diagnosis in

Huntington’s disease. Neuropsychologia. 2007; 45:1767-1776. 43.

American College of Medical Genetics/ American Society of Human Genetics Huntington Disease
Genetic Testing Working Group. ACMG/ASHG statement Laboratory guidelines for Huntington
disease genetic testing. American Journal of Human Genetics.1998; 62:1243-1247

Langbehn DR, Brinkman RR, Falush D et al. on behalf of an International Huntington’s Disease
Collaborative Group. A new model for prediction of the age of onset and penetrance for Huntington’s
disease based on CAG length. Clinical Genetics. 2004; 65:267-277

Kieburtz K, Penney JB, Como P et al. Unified Huntington’s disease rating scale: Reliability and
consistency. Movement Disorders.1996; 11:136-142

Folstein MF, Folstein SE, McHugh PR.‘Mini-mental state’. A practical method for grading the cognitive
state of patients for the clinician.J Psychiatr Res.1975;12:189-198

Wechsler DA. A standardized memory scale for clinical use.J Psychology. 1945;19:87-95

Brandt J. The Hopkins Verbal Learning Test: development of a new memory test with six equivalent
forms. Clin Neuropsychol.19971; 5:125-142

Reitan RM. Validity of the Trail Making Test as an indicator of organic brain damage. Percept Mot Skills.
1958; 8:271-276

Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol.1935;18:643-662

Benton AL, Hamsher.KdS. Multilingual Aphasia Examination. lowa city: University of lowa Press, 1976
Smith A. The Symbol Digit Modalities Test: a neuropsychologic test for economic screening of learning
and other cerebral disorders. Learn Disord.1968; 3:83-91

Kaplan EF, Goodglass H, Weintraub S.The Boston Naming Test. Boston: Kaplan and Goodglass, 1978
Vienna Reaction Unit software. www.schuhfried.co.at/e/wts/hards.htm, 1992

Beery KE. Developmental Test of Visual-Motor Integration (VMI). 4 ed. Parsippany: Modern Curriculum
Press, 1997

Beck AT, Steer RA, Garbin MG. Psychometric Properties of the Beck Depression Inventory - 25 Years of
Evaluation. Clinical Psychology Review.1988; 8:77-100

Smith SM, Zhang YY, Jenkinson M et al. Accurate, robust, and automated longitudinal and cross-
sectional brain change analysis. Neuroimage. 2002;17:479-489

Thieben MJ, Duggins AJ, Good CD et al. The distribution of structural neuropathology in pre-clinical
Huntington’s disease. Brain. 2002; 125:1815-1828

Starkstein SE, Brandt J, Folstein S et al. Neuropsychological and Neuroradiological Correlates in
Huntingtons-Disease. Journal of Neurology Neurosurgery and Psychiatry. 1988; 51:1259-1263

Bhatia KP, Marsden CD.The behavioural and motor consequences of focal lesions of the basal ganglia
in man. Brain.1994;117:859-876

Joel D. Open interconnected model of basal ganglia-thalamocortical circuitry and its relevance to the

Basal ganglia volume and clinical correlates in preclinical Huntington’s disease

clinical syndrome of Huntington’s disease. Mov Disord. 2001;16:407-423

Ho AK, Sahakian BJ, Brown RG et al. Profile of cognitive progression in early Huntington’s disease.
Neurology. 2003; 61:1702-6

Reading SAJ,Yassa MA, Bakker A et al. Regional white matter change in pre-symptomatic Huntington’s
disease: A diffusion tensor imaging study. Psychiatry Research-Neuroimaging. 2005; 140:55-62

Rosas HD, Hevelone ND, Zaleta AK et al. Regional cortical thinning in preclinical Huntington disease

and its relationship to cognition. Neurology. 2005; 65:745-747.

31




