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Summary
Repeated PET cerebral blood flow measurements using H15
2 O
were performed in 13 patients with confirmed Huntington’s
disease and nine age-matched controls. The activation
paradigm consisted of an externally triggered finger
opposition task (1.5 Hz) with the dominant hand, the control
condition being the auditory input. In the patients with
Huntington’s disease, impaired activity of the striatum and
its frontal motor projection areas (rostral supplementary

motor area, anterior cingulate and premotor cortex) could
be demonstrated along with enhanced activity mainly in
parietal areas during movement. The results suggest that the
pathology of Huntington’s disease causes impairment of the
output part of the basal ganglia-thalamo-cortical motor
circuit and may induce a compensatory recruitment of
additional accessory motor pathways involving the parietal
cortex.
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Introduction
Huntington’s disease is a progressive neurodegenerative
disorder with autosomal dominant inheritance and complete
penetrance, but with variable expression. Age of onset is
usually between 30 and 50 years, and clinical symptomatology
is characterized by the combination of a choreatic movement
disorder, intellectual decline and psychopathological changes
(Mayeux et al., 1986). Although chorea is the most prominent
motor symptom, bradykinesia, rigidity and dystonia are
observed as well (Girotti et al., 1984).
The disease-causing mutation, an unstable DNA sequence
in the coding region of the Huntington gene on chromosome
4p, has been identified (Huntington’s Disease Collaborative
Research Group, 1993). This expansion of a (CAG)n
trinucleotide repeat can be detected using the polymerase
chain reaction, thus providing a direct gene test. In
Huntington’s disease patients, the number of repeats ranges
from 37 to 121 in comparison with 9 to 36 in the normal
population (Martin, 1993). The length of the trinucleotide
repeat and age of onset show a positive correlation (Duyao
et al., 1993).
© Oxford University Press 1997

The characteristic pathological finding in Huntington’s
disease is a loss of small to medium size spiny neurons,
beginning in the dorsal medial head of the caudate with
subsequent progression to the ventrolateral striatum (Vonsattel
et al., 1985; Myers et al., 1988). A less pronounced neuronal
loss is also found in palaeostriatum, substantia nigra,
thalamus, hypothalamus, cerebellum and cortical areas (Lange
et al., 1976; Vonsattel et al., 1985; Myers et al., 1991).
Corresponding to these changes at the neuronal level, glucose
metabolism measured by [18F]fluorodeoxyglucose (FDG)PET is severely reduced in the caudate and moderately
reduced in the lentiform nucleus at very early stages of
disease, even before patients become symptomatic (Kuhl
et al., 1982; Leenders et al., 1986; Kuwert et al., 1993).
Cortical metabolism is not reduced at initial stages of the
disease but with progression a pronounced frontal
hypometabolism becomes apparent (Grafton et al., 1992;
Kuwert et al., 1993).
At the level of the basal ganglia, combined studies of
neurotransmitter markers and neuronal density measurements
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Table 1 Clinical features of the 13 Huntington’s disease
patients included in the analysis

Age (years)
Age of onset (years)
Duration of disease (years)
Abnormal Involuntary
Movement Scale (score)
Number of CAG repeats
CAMCOG (score)

Group 1
(n 5 7)
Mean (range)

Group 2
(n 5 6)
Mean (range)

45
41
4
1

61
55
6
1
2
45
57

(27–69)
(22–66)
(3–6)
(n 5 7)

46 (42–50)
78 (67–87)

(54–73)
(42–68)
(2–12)
(n 5 2);
(n 5 4)
(42–48)
(49 –64)

have shown that pertinent reductions of ‘small’ size spiny
neurons in Huntington’s disease are directly correlated with
decreases in GABA concentration (Kanazawa et al., 1985).
This predominant loss of striatal GABAergic neurons
projecting from neostriatum to globus pallidus and substantia
nigra directly affects basal ganglia output to the cortex.
Hence, the primary aim of this study was to identify changes
of motor-associated cortical activation at a stage of disease
when no major cortical abnormalities are present. A PET
activation study using a sequential motor task was performed
for this purpose.

Methods
Subjects
A total of 15 right-handed patients with inherited Huntington’s
disease and nine age-matched normal volunteers were studied.
The patients were examined by two experienced
neurologists who defined the extent of hyperkinesia using
the Abnormal Involuntary Movement Scale according to
Lane et al. (1985). According to this scale, the hyperkinesia
in all cases was mild to moderate (Table 1). Only three of
the patients had a very mild, hardly detectable degree of
rigidity. Pronounced rigidity present in the Westphal variety
of Huntington’s disease was not observed. Clinically,
bradykinesia was not apparent in these patients, although
precise data were not available for all cases to enable us to
quantify its presence or absence. In addition, the intellectual
impairment was measured using the appropriate section
(CAMCOG) of the Cambridge Mental Disorders of the
Elderly Examination (CAMDEX) (Roth et al., 1986).
The diagnosis of Huntington’s disease was confirmed
by measurements of CAG repeat length (Huntington’s
Disease Collaborative Research Group, 1993). All patients
included in the study had a CAG repeat length above 40.
The mean disease duration was 4 years (range, 2–12
years). All patients underwent CT scans of the brain to
exclude any structural lesions of the basal ganglia and
other conditions that could have potentially affected the
stereotactic normalization of the PET scans (see below).
Caudate atrophy in all patients did not exceed a moderate

degree. No patient had a history of cerebrovascular disease,
hypertension or diabetes.
Two patients were excluded from the subsequent analysis
because they exhibited uncontrolled involuntary choreatic
movements during the PET study, which interfered with the
motor task. During the scans all other patients showed either
no choreatic movements or only very mild ones, which were
barely visible in most cases and did not interfere with the
sequential motor task.
In order to generate a homogenous group of Huntington’s
disease patients comparable to the control population, the
remaining 13 patients were separated into two groups
according to their performance in the motor task during the
PET study. A total of seven patients were able to perform
the motor task with a 100% response to the given external
trigger signal and with a failure rate of ,25% (see below).
This group of patients (Group 1) was used for the statistical
comparison with the normal database. It consisted of four
females and three males; age range 27–69 (mean 45 years).
The remaining six patients had a higher failure rate and/
or did not show a 100% response to the external trigger
(Group 2). Their motor performance did not match that of
the control group; therefore, these patients were only included
in the correlation analysis (see below). In this group all
patients except one were female, and their age ranged from
54 to 73 (mean 61 years). The clinical characteristics of all
patients are summarized in Table 1. The groups did not differ
as far as duration of disease and CAG repeat length were
concerned. They were, however, different according to
measures of intellectual impairment (P , 0.001) and age of
onset (P , 0.01).
For statistical comparisons, nine age-matched, right-handed
control subjects were studied (four females, five males;
age range 34–71; mean 54 years). None had a history of
neurological or any severe internal disease. Handedness in
patients and controls was determined by the Edinburgh
handedness inventory (Oldfield, 1971).
In accordance with the declaration of Helsinki, all control
subjects and patients gave their informed written consent to
participate in the study after the experimental procedure and
radiation effects had been explained. The experiment had the
approval of the Ethics Committee of the Faculty of Medicine
of the Technical University, Munich and the radiation
protection authorities.

Paradigm design
The paradigm used was a modification of a motor task
described in previous PET studies (Colebatch et al., 1991;
Weiller et al., 1992).
Each subject was scanned six times in the same session.
Scans were performed under two conditions: (i) at rest; (ii)
during sequential, finger-to-thumb opposition of the right,
dominant hand. The rate of opposition was driven by a
metronome at two oppositions every 3 s. This rate was
chosen to allow as many patients as possible to perform the
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task accurately and to have a sufficiently high amount of
motor actions during the scanning period. To control for
activation due to auditory input, the metronome sounded
during all six scans. Brief training was given to each subject
prior to the scanning. To avoid systemic effects due to
habituation, an alternating sequence of the two conditions
was used, varying the starting condition in a random order.
Scans were performed with the subjects’ eyes open in
dimmed, ambient light. To avoid visual control of the
movements, the hand was placed outside the visual field and
the subjects were instructed not to control their finger
movements visually.

Measurement of motor performance
To measure motor performance in the finger opposition task,
we used a force transducer which was fixed to the thumb of
the subjects. With a commercially available tape recording
machine, we recorded the pressure of each fingertip on one
channel and the sound of the metronome on a second channel.
From these recordings, error score and response time for
each subject were calculated. During the scans, the patients
were monitored by two video cameras to exclude involuntary
movements of all limbs and to control the exact sequence of
finger opposition.
A motor action was considered as being a failure when a
finger other than the next in the sequence was used. If the
next finger or the index finger were used after a failure, this
was not considered a mistake. When they had problems in
continuing, patients and subjects were instructed to start
again with the index finger.

PET scanning and image reconstruction
PET measurements were performed using a Siemens 951 R/
31 PET scanner (CTI, Knoxville, Tenn., USA) in twodimensional mode with a total axial field of view of 10.5
cm and no inter-plane dead space under standard resting
conditions (eyes open in dimmed ambient light). Attenuation
was corrected using a transmission scan with an external
68Ge/68Ga ring source obtained prior to the tracer injection.
A semibolus injection of 40 mCi H15
2 O was administered
intravenously over 35 s using an infusion pump. A dynamic
acquisition protocol was performed starting with the infusion:
it consisted of a sequence of eight short-duration frames: one
15 s frame followed by seven 10 s frames, covering a total
scan time of 85 s. The motor task started with the beginning
of the scan.
Following corrections for randoms, dead time and scatter,
images were reconstructed by filtered back-projection with
a Hanning filter (cut-off frequency 0.4 cycles/projection
element), resulting in 31 slices with a 1283128 pixel matrix
(pixel size 2.0 mm) and interplane separation of 3.375 mm.
Since time–activity curves of the whole brain showed initial
tracer appearance during scan 4 and its maximum between
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scans 4 and 8 in all subjects, frames 4–8 were added to a
single frame consisting of 50s for further analysis.

Statistical analysis
Determination of areas showing regional cerebral
blood flow increase during activation within each
group
Tracer counts were proportionally normalized to the global
cerebral activity, which was arbitrarily set to 1000, in order
to perform analysis on relative tissue regional cerebral blood
flow (rCBF) activity (Fox and Raichle, 1984). An automated
program (Statistic Parametric Mapping Software from the
University of Michigan; SPMS-Mich.) to coregister, reslice
and transform the image arrays into the stereotactic space of
Talairach and Tournoux (1988), as described previously
(Minoshima et al., 1993, 1994), was used. To eliminate
individual differences in gyral anatomy, these images were
further smoothed with a three-dimensional Gaussian filter to
give an effective resolution of ~18 mm (full width half
maximum). Repeated control and activation images were
averaged for each within a subject. Differences between
control and activation images were then averaged across
subjects and were expressed as voxel-by-voxel t statistic
values using a pooled variance estimated from the whole
brain grey matter (Worsley et al., 1992). Since the resulting
t statistic map by the method described above is known to
be a good approximation for a standard Gaussian distribution
(Worsley et al., 1992), we describe those values as Z-scores.
In order to determine a threshold for significant activation
on the resulting Z-map, we calculated the image smoothness
(Friston et al., 1991) and estimated a statistical threshold at
a one-tail (positive) probability of P 5 0.05 using a statistical
model which adjusts multiple comparisons and the inherent
correlation of neighbouring voxels (Montreal threshold)
(Worsley et al., 1992).
These comparisons were performed independently for the
nine normal volunteers and the seven patients of Group 1.

Comparison of rCBF increases during activation
In addition to these comparisons within each group (normal
subjects and the patients of Group 1), we sought to identify
areas in which the task in the patients evoked more or less
activation in the patients than in the control subjects. This
was done by comparing the changes in rCBF between the
rest and the activation condition between groups in order to
identify voxels at which these changes were significantly
different. To compare differences in activation between the
groups the adjusted error variance was estimated for each
group and its mean was used to compute the t statistics. A
one-tailed t test was used and a significance level of 0.01
without correction for multiple comparisons was allowed
(Kew et al., 1993). To exclude the detection of subtle
differences in areas where no relevant or only inconsistent
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Table 2 Areas with significantly decreased FDG uptake under resting conditions in patients of both groups
Area

Right caudate
nucleus
Left caudate
nucleus
Right putamen
Left putamen
Right anterior
cingulate (BA 24)

HD patients (Group 1) (n 5 7)

HD patients (Group 2) (n 5 6)

Talairach
coordinates

Talairach
coordinates

Z-score
% difference in
(significance level) normalized
rCMRGlc

x

y

z

–10

10

14

6.3 (P , 0.0001)

6

12

11

–21
21

3
1

2
0

Z-score
% difference in
(significance level) normalized
rCMRGlc

x

y

z

49

–10

12

9

6.3 (P , 0.0001)

53

5.3 (P , 0.0001)

41

6

12

9

6.3 (P , 0.0001)

52

5.1 (P , 0.0001)
4.9 (P , 0.0001)

40
36
–3

14

20

4.5 (P , 0.0001)

37

Brain areas showing significant decreases in rCMRGlc (above the Montreal threshold) under resting conditions in the patients in Groups
1 and 2 compared with seven age-matched controls. The Talairach coordinates, the Z-score and the relative decrease of rCMRGlc of the
voxel in each area showing the maximum significant difference are listed. HD 5 Huntington’s disease.

activation had occurred, this analysis was restricted to voxels
where rCBF increases during activation in either the patients
group or the normal subjects achieved a Z-score above 1.64
(P 5 0.05, one tail) (Wenzel et al., 1996). To estimate the
change in normalized rCBF, the voxels showing maximally
different motor task activation were used.

Correlation analysis
To assess the effect of the failure rate on the areas of motor
planning and motor execution, Pearson’s linear correlation
was performed on a pixel-by-pixel basis. The correlation
coefficient was used after Fischer’s transformation to calculate
the Z-values. This analysis was again restricted to voxels
where activation in either the patients group or the normal
subjects achieved a Z-score above 1.64. This correlation
analysis was done using the data of all 13 patients, deliberately
including patients with a wide range of error scores during
task performance. A correlation analysis using the motor
actions performed during the scanning period as the external
variable was performed as well in these patients.

FDG–PET of patients
To confirm the presence of striatal metabolic reduction in all
patients and to determine other areas of potentially impaired
glucose consumption under resting conditions, an additional
measurement of cerebral metabolic rate for glucose
(rCMRGlc) was performed using the same scanner,
reconstruction and correction parameters as described above.
All FDG scans were performed within an interval of 2 months
of the activation study. PET images were obtained 30 min
after the intravenous administration of 10 mCi FDG. They
comprised a sequence of three frames of 10 min duration
which were later added to a single frame. Unfortunately,
there were no quantitative data available for some of the

patients, and therefore a semiquantitative comparison had to
be performed.
To confirm the striatal metabolic reduction in each patient,
an automatic realignment of the image set to the
bicommissural line (AC–PC line), as described previously
(Minoshima et al., 1993), was performed prior to anatomical
standardization in the stereotactic system using linear and
non-linear warping techniques (Talairach and Tournoux,
1988; Minoshima et al., 1994). Striatal metabolic activity
was analysed semiquantitatively after normalization to the
global mean and was compared with an image database
consisting of seven age-matched normal controls scanned
under similar conditions (mean age 47, range 31–71 years).
To quantify the metabolic deficits, the normalized striatal
activity of each patient was compared with the normal
database on a pixel-by-pixel basis by means of a Z-score. A
positive Z-score here represents a reduced rCMRGlc in the
patient relative to the control mean. The derived data were
displayed as Z-score images using transversal images
(Minoshima et al., 1995). From these Z-score images, the
mean Z-scores for the striatum of both sides were derived
using a predefined set of regions of interest covering the
respective areas.
In addition, an across-subject comparison was performed
between Group 1 and the seven age-matched controls. The
same comparison was done with the six patients of Group 2
and the seven controls. For these comparisons, tracer counts
were proportionally normalized to the global cerebral activity
in a way equivalent to that described above (Fox and Raichle,
1984) using the same automated program (SPMS-Mich.) to
coregister, reslice and transform the image arrays into the
stereotactic space of Talairach and Tournoux (1988). To
eliminate individual differences in gyral anatomy, these
images were further smoothed with a three-dimensional
Gaussian filter to give an effective resolution of ~18 mm
(full width half maximum). Differences between patient and
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Fig. 1 Comparison of the rCMRGlc under resting conditions between the patients of Group 1 (n 5 7) and seven age-matched controls.
For illustrative purposes all voxels are displayed where the decrease of rCMRGlc in the patients reached a significance level of 0.001,
not corrected for multiple comparisons. Transversal images are oriented with the left side of the brain on the right side of the image.

control images were expressed as Z-scores. In order to
determine a threshold for significant differences on the
resulting Z-map, the image smoothness was calculated
(Friston et al., 1991) and a statistical threshold at one-tail
(positive) probability of P 5 0.05 was estimated using a
statistical model which adjusts multiple comparisons and
inherent correlation of neighbouring voxels (Montreal
threshold) (Worsley et al., 1992). To quantify the decrease
in rCMRGlc the relative difference of normalized rCMRGlc
between patients and controls in the voxel exhibiting the
highest Z-score was determined.

Results
Measurement of motor performance
When performing the motor task, the normal volunteers had
a mean failure rate of 0.2% and all normal volunteers had
,1% incorrectly performed actions.
For the patients in Group 1, the failure rate was ,25% in
all cases. The mean failure rate in this patient group was

8%, ranging from 2 to 22%. The other six patients (Group
2) performed very heterogeneously. They all performed
.80% of the motor actions. The mean failure rate was 41%
for these patients (range 19–80%).

Determination of rCMRGlc in the resting state
Striatal glucose consumption was substantially reduced in
all patients scanned. The Z-score images derived for each
individual revealed a mean Z-score below the normal database
of 3.4 (range 2.5–5.8) for patients of Group 1 and a mean
Z-score of 3.9 (range 2.9–5.7) for Group 2. Striatal glucose
consumption was not statistically different between the two
groups.
The across-subject comparison between Group 1 and
seven age-matched controls showed significant decreases in
rCMRGlc (P , 0.05 ) in the striatum of both sides. Table 2
summarizes the areas where the increases reached a Zscore above the estimated threshold of 4.31 for P 5 0.05,

1558

P. Bartenstein et al.

considering multiple comparisons and the inherent correlation
of neighbouring voxels.
In this comparison the only other area showing a decreased
rCMRGlc above the 0.001 significance threshold (not
corrected for multiple comparisons) was located in the
anterior cingulate [Brodmann area (BA) 24]. The Talairach
coordinates of the voxel reaching maximum statistical
significance were x 5 1; y 5 19; z 5 18; the average
decrease of normalized rCMRGlc in this voxel was 19%
(Fig. 1). Differences in rCMRGlc in motor-associated areas
of the frontal cortex (central, premotor, prefrontal cortex and
supplementary motor area with adjacent parts of the cingulate)
did not reach significance above the threshold of 0.01 (not
corrected for multiple comparisons).
The comparison between Group 2 and the seven controls
revealed significant differences in the striatum of both sides
and in the anterior cingulate. There were no differences in
rCMRGlc in other motor associated areas of the frontal
cortex above the threshold of 0.01 (not corrected for multiple
comparisons in this group also). The right part of Table 2
gives summaries of the areas where the increases in this
comparison reached a Z-score above the estimated threshold
of 4.49 for P 5 0.05, considering multiple comparisons and
the inherent correlation of neighbouring voxels.

Determination of areas showing rCBF increase
during activation within each group
In the normal controls, the stereotyped motor task induced
significant increases in rCBF (P , 0.05 corrected for multiple
comparisons) in the contralateral (left) primary sensorimotor
cortex, the dorsal and rostral supplementary motor area with
adjacent parts of the cingulate gyrus, the bilateral premotor
cortices (BA 6), the inferior parietal cortices (BA 40), the
ipsilateral cerebellum and the contralateral striatum (Fig. 2A)
When patients performed the finger opposition task, they
activated the left sensorimotor cortex, the part of the
supplementary motor area dorsal to the anterior commissure
(dorsal supplementary motor area), the inferior parietal
cortices and the ipsilateral cerebellum to the same extent. In
contrast to controls, there was no activation reaching the
given significance level in the left striatum, the lateral
premotor cortices of both sides and the rostral part of the
supplementary motor area with the adjacent part of the
anterior cingulate (Fig. 2B; Table 3). For further analysis and
description, the supplementary motor area was separated into
a dorsal (dorsal supplementary motor area) and rostral part
(pre-supplementary motor area); the border between the two
parts was defined by the anterior commissure (Stephan
et al., 1995).

Motor processing in Huntington’s disease
Table 3 summarizes the areas where the increases reached
a Z-score above the estimated threshold of (4.62 in controls,
4.36 in patients) for P 5 0.05, considering multiple
comparisons and the inherent correlation of neighbouring
voxels.
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were mainly the right parietal cortex (BA 7 extending to
BA 40), reaching a maximum significance level of P ,
0.001, the left parietal cortex (BA 40) and the posterior
cingulate (BA 31), at a significance level of P , 0.01, along
with a small area of the most inferior part of the right
premotor cortex BA 6 (Fig. 3B; Table 4B).

Determination of differences in activation
between controls and patients

Correlation analysis

In the Huntington’s disease patients of Group 1, testing
activation differences confirmed impaired activation in the
left striatum of both premotor cortices and the rostral part of
the supplementary motor area along with the adjacent anterior
cingulate and the right sensorimotor cortex (Fig. 3A; Table
4A). The significance level reached in the left striatum, rostral
supplementary motor area/anterior cingulate, left premotor
cortex and right sensorimotor cortex was P , 0.01. For the
right premotor cortex it was P , 0.001. The cerebellum was
not included in the SPMS-Mich. analysis because it was not
in the field of view in all studies.
In some areas there was significantly higher activation in
the patients of Group 1 compared with the controls. These

Pearson’s linear correlation on a pixelwise basis including
all 13 patients with Huntington’s disease from both groups
revealed a significant negative correlation between the failure
rate and neuronal activity, inducing relative rCBF changes
in the supplementary motor area predominantly rostral to the
intercommissural line and adjacent parts of the cingulate
(BA 6/24/32), reaching a significance level above P , 0.01.
The same appeared to be true for a smaller area of the left
parietal cortex at the border of BA 2 and BA 40. This
indicates that there was a decrease of activation in these
areas with a decrease in task accuracy, reflecting impaired
higher order motor control (Fig. 4). Table 5 summarizes the
areas showing negative correlation with the failure rate, their

Fig. 2 Comparison of the activation conditions versus rest. (A) Control group (n 5 9). (B) Huntington’s disease patients (Group 1) (n 5
7). Increases of rCBF during the automated motor task. All significant voxels above the adjusted statistical threshold (controls 5 4.62;
patients 5 4.36; P , 0.05 corrected for multiple comparisons) are displayed. All voxels displayed white indicate a Z-score .5. Shaded
areas of the normalized MRI indicate areas not in the field of view in all subjects.
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Talairach coordinates, the regression coefficient r, their Zscores and their significances.
The correlation analysis using the motor actions as the
external variable did not reveal areas with a significant
correlation (above P , 0.05).

Discussion
Methodological considerations
In the normal volunteers, the automated motor task used in
the present study showed a significant rCBF increase in
contralateral
(left)
primary
sensorimotor
cortex,
supplementary motor area with adjacent parts of the cingulate,
bilateral premotor cortices (BA 6), inferior parietal cortices
(B 40), ipsilateral cerebellum and contralateral striatum. This
pattern was very similar to the pattern described in previous
studies using an equivalent paradigm (Colebatch et al.,
1991; Weiller et al., 1992). By incorporating the same
methodological approach as Colebatch et al. (1991), the
average increase of the maximum significant voxel, the
increase in the sensorimotor cortex of the normal volunteers
in the present study was 24%. This is consistent with the
data from Colebatch et al. (1991), who reported 21% flow
increase during a finger opposition task, and Fox et al.
(1985), who reported a 24% increase during fist-making for

the sensorimotor cortex. The Talairach coordinates of the
maximum increase in the normal volunteers for the
sensorimotor cortex determined by the statistical mapping
method used in the present study were very similar to the
coordinates reported by Colebatch et al. (1991) and Weiller
et al. (1992) for this task. This suggests that there were no
methodological differences present which would introduce a
systematic bias between the method used in the present study
and methods used by these authors and others whose results
are discussed below. Indeed we have reanalysed our data using
another pixel-based statistical analysis program (SPM 95;
Wellcome Department of Cognitive Neurology, London UK)
and have reconfirmed all the main results reported here with
SPMS-Mich.
Patients who were used to compare the rCBF increases
during activation performed the same number of motor
actions and had no abnormalities in rCMRGlc in the
sensorimotor cortex or other motor-related areas of the frontal
lobe under resting conditions compared with the controls.
The frontal decrease of rCMRGlc was restricted to the most
anterior part of the cingulate, which can be attributed to the
limbic part of the basal ganglia–thalamocortical circuits rather
than to the motor part (Alexander et al., 1990). Consequently,
no major differences between the patients and the controls
in the activation of the sensorimotor cortex were detectable
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during the task. Similar findings have been reported for other
disorders inducing dysfunction of the basal ganglia, for
instance for striatocapsular infarction (Weiller et al., 1992).
In Parkinson’s disease, impaired striatal activation did not
result in relevant differences in the activation of the
sensorimotor cortex either (Playford et al., 1992). In contrast
to this, patients with idiopathic dystonia, as with Huntington’s
disease, a primarily hyperkinetic extrapyramidal disorder,
exhibited in addition to striatal overactivity a bilateral reduced
activation of both sensorimotor cortices in a joystick paradigm
(Ceballos-Baumann et al., 1995).

Impaired activation in patients with
Huntington’s disease
As expected, a decrease in glucose metabolism in the resting
state and significant impairment in activation were observed
in the striatum of all patients with Huntington’s disease. This
finding demonstrates the bilateral impairment of striatal
function specific for this disease present in all patients and
the dysfunction of these nuclei during motor activation
(Hallet and Ravits, 1986). The impairment of striatal glucose
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metabolism during the resting condition was not predictive
for the ability to perform the automated motor task required
in this study.
Areas showing impaired activation in the patients were,
besides the putamen, mainly located in the frontal cortex. It
was possible to demonstrate that parts of the premotor cortex
and of the supplementary motor area with adjacent cingulate
areas are not adequately activated in the Huntington’s disease
patients. The hypoactivity of these areas during the motor
action was bilateral.
The activation of the supplementary motor area rostral to
the anterior commissure and adjacent areas of the cingulate
was closely correlated with the ability of the patients to
perform the task accurately. Although some of the patients
used for the correlation analysis performed slightly fewer
motor actions, it is unlikely that these differences (,20%)
are responsible for the hypoactivity of these non-primary
motor areas. First, there was no correlation between the
motor actions performed and the activation of the
supplementary motor area with the adjacent cingulate.
Furthermore, Blinkenberg et al. (1996) demonstrated in their
PET study, using a repetitive motor task with different tapping

Fig. 3 Comparison of the differences in activation between the control group and the patients of Group 1 (P , 0.01 not corrected). (A)
Voxels that showed significantly greater activation in the control group. (B) Voxels that showed significantly greater activation in the
patient group.
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Fig. 4 Correlation analysis showing the voxels with significant correlation to the failure rate (P , 0.01 after Fisher’s transformation from
r to Z). This analysis was based on all 13 patients included in the study. The voxels showing negative correlation with the failure rate are
displayed, demonstrating areas where better performance was associated with a higher increase in rCBF.

Table 3 Areas with significant rCBF increases during the motor task
Area

Controls (n 5 9)

HD patients (n 5 7) (Group 1)

Talairach coordinates

Left striatum
Left sensorimotor cortex (BA 4)
SMA rostr./ant. cing. (BA 6/24/32)
SMA dorsal (BA 6)
Left premotor cortex (BA 6)
Left parietal cortex (BA 40)
Right premotor cortex (BA 6)
Right parietal cortex (BA 40)
Right cerebellum

Z-score

x

y

z

28
33
–1
6
51
50
–24
–44
–17

–4
–22
8
–8
3
–36
–4
–37
–51

2
52
40
56
14
44
56
50
–18

Talairach coordinates
x

6.7
14.8
7.5
7.1
5.1
8.4
4.8
5.2
10.7

y

Z-score

z

35

–19

50

10.0

10

–4

52

5.5

–39
–12

–33
–55

38
–9

4.5
5.6

Brain areas showing significant increases in rCBF (above the Montreal threshold) during the motor task. The Talairach coordinates and
the Z-score of the voxel in each area showing maximum significance are listed. On the left side the areas with significant increases in the
control population are listed and on the right side in the patients of Group 1. HD 5 Huntington’s disease; SMA 5 supplementary motor
area.

frequencies, that the activation of non-primary motor areas
such as the supplementary motor area is not frequencydependent, but is constant in a wide frequency range. Sadato
et al. (1996) even found a decrease in rCBF in non-primary
motor areas when a motor task was performed with increased
frequency.
It has been shown that the cytoarchitectonic organization
and the connections of the two parts of the supplementary
motor area are different (Luppino et al., 1993). The dorsal

part, where activation was apparently not impaired in the
patients, represents the classical somatotopically organized
supplementary motor area more related to motor execution
than to motor preparation (Luppino et al., 1993). The rostral
area of the supplementary motor area receives higher order
information from the prefrontal cortex and supposedly has a
role in motor control more related to movement preparation
than to movement execution (Luppino et al., 1993; Damasio
et al., 1996). The adjacent areas of the cingulate BA 32 and
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Table 4
Area

Talairach coordinates
x

y

Z-score
(significance level)

z

% Change in normalized rCBF
Controls

(A) Areas with significantly greater rCBF increases in the controls than in the Huntington’s disease patients
Left striatum
30
–1
4
3.4 (P 5 0.005)
6.2
SMA rostral/anterior cingulate (BA 6/24/32)
–3
8
40
3.1 (P 5 0.007)
6.1
Left premotor cortex (BA 6)
46
5
52
3.1 (P 5 0.007)
2.8
Left premotor cortex (BA 6)
24
–13
56
2.9 (P 5 0.01)
2.5
Right premotor cortex (BA 6)
–35
5
58
4.5 (P 5 0.0005)
3.5
Right sensorimotor cortex (BA 4)
–46
–15
52
2.9 (P 5 0.01)
2.9
(B) Areas with significantly greater rCBF increases in the Huntington’s disease patients than in the controls
Left inferior parietal cortex (BA 40)
28
–46
40
3.5 (P 5 0.003)
3.4
Right premotor cortex (BA 6)
–60
3
9
3.3 (P 5 0.005)
0.2
Right superior parietal cortex (BA 7)
–19
–42
52
3.6 (P 5 0.003)
0.2
Right inferior parietal cortex (BA 40)
–35
–44
40
5.1 (P 5 0.0002)
0.5
Posterior cingulate (BA 31)
12
–15
45
3.1 (P 5 0.008)
0.1

HD

2.9
1.1
1.6
1.5
1.8
1.2
4.9
4.2
5.3
4.4
3.2

Brain areas showing significantly greater increases in rCBF in the control group (A) and in the Huntington’s disease patients (HD) of
Group 1 (B). The Talairach coordinates of the voxel in each area showing maximum significant difference in motor activation and the
percentage increase in normalized rCBF for this voxel are listed.

Table 5 Correlation analysis
Area

SMA/anterior cingulate (BA 6/42/32)
SMA rostral/anterior cingulate (BA 6/24/32)
Left parietal cortex (BA 2/40)

Talairach coordinates
x

y

z

–4
–12
39

3
5
–33

40
38
54

Regression
coefficient

Z-score
(significance level)

–0.92
–0.92
–0.94

3.35 (P 5 0.002)
3.35 (P 5 0.002)
3.80 (P 5 0.0003)

Talairach coordinates of the voxel in each area showing maximum significant correlation with the failure rate in all 13 patients included
in the study. The table lists areas with significant negative correlation, corresponding to a decrease of rCBF response with decrease of
performance. SMA 5 supplementary motor area.

24 are functionally closely related to the rostral supplementary
motor area (Wiesendanger and Wise, 1992). Consistent with
this are results obtained in PET studies in normal volunteers
by Boecker et al. (1996), which have shown that the rostral
supplementary motor area is the predominant region where
activation is related to the central control of complex
sequential motor tasks. Although it can be assumed that the
task was more complicated for the patients than for the
controls, there was no increased activation in the patients in
areas attributable to the supplementary motor area or to the
premotor cortex (with the exception of a small area in the
inferior part of the right premotor cortex), but instead
extensive hypoactivity of these non primary motor areas
was present. Furthermore, these areas (rostral supplementary
motor area/anterior cingulate) were those where the
correlation analysis revealed an increase of activation
depending on the ability to perform the given motor task.
The localization of the areas appearing in this correlation
analysis is similar to the region where Boecker et al. (1996)
demonstrated in normal volunteers a dependence of activation
on the complexity of a motor task. They concluded that these
areas are responsible for the central on-line control of complex
sequential limb movements. Their results agree with primate

studies showing that lesions in these areas produce deficits
in performing complex sequential movements (Wiesendanger
and Wise, 1992). These findings may explain why
Huntington’s disease patients not able to recruit these areas
cannot perform a sequential motor task adequately.
The most pronounced impairment of activation in the
Huntington’s disease patients of the present study was
observed in the lateral premotor cortex. This area has been
shown to be involved in the preparation of movements similar
to the supplementary motor area and pre-supplementary motor
area, but it receives striatal input from areas anatomically and
functionally different from these (Hoover and Strick, 1993;
Thaler et al., 1995). Although there is some apparent overlap
in the functional specialization, lateral premotor cortex seems
to be more involved in the planning of motor action guided
by external cues (Halsband and Passingham, 1985). This is
reflected by the extended bilateral activation of these areas
in our control population during the externally triggered
motor paradigm. Differences between the activation pattern
of medial and lateral premotor areas have been observed in
patients with Parkinson’s disease (Samuel et al., 1996). In
this study, equivalent impairment of activation during a
sequential finger movement task to that of our Huntington’s
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disease patients of pre-supplementary motor area along with
anterior cingulate was reported. However, in contrast to the
observations in our Huntington’s disease patients, the patients
with Parkinson’s disease in the study by Samuel et al. (1996)
showed increased and not impaired activation of lateral
premotor areas (Samuel et al., 1996).
Patients with idiopathic dystonia show hyperactivation of
both lateral premotor areas and the rostral supplementary
motor area with the anterior cingulate during the performance
of a motor task (Ceballos-Baumann et al., 1995). They
are similar in this respect to patients with striatocapsular
infarction, where a sequential finger opposition task reveals
enhanced activation in areas attributable to the supplementary
motor area and lateral premotor cortex (Weiller et al., 1992)

Enhanced activation in patients with
Huntington’s disease
Areas with enhanced activation in the patients were
predominantly located in the posterior part of the brain and
included the parietal cortex and the posterior cingulate. The
patients showed a predominantly right-sided enhancement of
activation of parietal areas covering BA 7 and 40. Correlation
analysis revealed that patients with a higher activation in the
left parietal cortex had better performance. Enhanced parietal
activation was also observed in patients with Parkinson’s
disease (Samuel et al., 1996). In contrast to the findings in
patients with idiopathic dystonia, impaired activation of the
parietal cortex (BA 5 and 7) was reported (Ceballos-Baumann
et al., 1995).
The parietal cortex is known to be involved in the spatial
processing requirements of a given motor task. Colby and
Duhamel (1991) demonstrated the selective dependence of
subgroups of parietal neurons located in BA 5 and 7 on
different components of motion perception necessary for hand
and mouth coordination, i.e. there are neurons responding
selectively to rotation of the upper limb joint. They postulate
a special role of the parietal cortex in the sensory motor
integration. This would implicate, for the present study, an
increased demand in Huntington’s disease patients for this
kind of integration.
Consistent with this hypothesis are observations with PET
and functional MRI, which show increasing activity of
these parietal regions matching the increasing complexity of
sequential finger movements or selection of one of a number
of possible responses in normal subjects (Deiber et al., 1991;
Boecker et al., 1996; Rosen et al., 1996). These studies
showed, in addition, an increase in activity in the secondary
motor regions, the rostral supplementary motor area and
lateral premotor cortex, all of which showed impaired
activation in our Huntington’s disease patients.
For methodological reasons, the comparison of cerebellar
activation has been limited in the present study. Cerebellar
hyperactivation following motor activation was reported in
patients with striatocapsular infarction, but not in patients

with Parkinson’s disease and dystonia (Playford et al., 1992;
Weiller et al., 1992; Ceballos-Baumann et al., 1995).
In addition to the parietal hyperactivity, there were small
areas of the posterior cingulate and the inferior premotor
cortex that showed hyperactivation in the Huntington’s
disease patients. This could suggest that the recruitment of
additional motor related areas is necessary for Huntington’s
disease patients to perform this sequential motor task.

Reorganization of the motor cortex in patients
with Huntington’s disease
At first sight, it is surprising that the differences in activation
between Huntington’s disease patients and the control
population were more similar to the differences observed in
patients with Parkinson’s disease than in patients with the
purely hyperkinetic disorder of idiopathic dystonia (Playford
et al., 1992; Ceballos-Baumann et al., 1995; Samuel et al.,
1996).
However, as already mentioned, the pattern of activation
impairment was not completely equivalent in Parkinson’s
disease and Huntington’s disease patients. Activation of
lateral prefrontal areas was impaired in Huntington’s disease
patients but enhanced in Parkinson’s disease patients (Samuel
et al., 1996). Although the motor task in the present study
was not directly comparable with that used in the study of
Ceballos-Baumann et al. (1995) on patients with idiopathic
dystonia, it revealed a similar pattern of enhanced and
impaired activation of frontal and parietal areas in
Huntington’s disease.
If one assumes a critical role of the direct and the indirect
pathway of the basal ganglia-thalamo-cortical motor circuit
in the activation of the above-mentioned non-primary frontal
motor areas, the differences and similarities of the activation
patterns are easily explained (DeLong, 1990).
In Huntington’s disease, there is the apparent paradox of
the coexistence of chorea and bradykinesia. Thompson et al.
(1988) attributed this to both pathways, the direct and the
indirect pathway of the basal ganglia-thalamo-cortical motor
circuit being underactive in Huntington’s disease. This
assumption is consistent with the results in the present study,
which have demonstrated the hypoactivity in this disease of
all areas in the mesial and lateral frontal cortex representing
the frontal lobe targets that receive basal ganglia output of the
motor portion of the basal ganglia-thalamo-cortical circuits.
It has been proposed that the involuntary movements
exhibited in idiopathic dystonia are a result not of
underactivity, but of overactivity of both pathways (Hallet,
1993). Assuming this, one would expect hyperactivation in
the frontal lobe targets of the motor portion of the basal
ganglia-thalamo-cortical circuits, a situation mirrored to
Huntington’s disease. This was indeed observed by CeballosBaumann et al. (1995). Akinetic–rigid Parkinson’s disease is
thought to be associated with reduced direct and increased
indirect pathway activity (Hallet, 1993). The observed pattern
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of enhanced and impaired activation in functionally different
frontal non-primary motor areas would be consistent with
this (Playford et al. 1992).
So it is tempting to speculate that in Huntington’s disease
the lack of basal ganglia input via both pathways, to the
thalamus and hence into the premotor target areas, is the
prime cause of the impaired activation during sequential
finger movements, rather than the lack of prefrontal input
into these areas, although prefrontal atrophy is reported
in patients in more advanced stages of disease (Kuwert
et al., 1993).
Consistent with this view is the observation that
Huntington’s disease patients are able to recruit motor-related
parietal areas in an equivalent way to Parkinson’s disease
patients (Playford et al., 1992; Samuel et al., 1996). Activation
of these areas is not critically dependent on basal ganglion
input (Colby and Duhamel, 1991). The hypothesis raised in
studies with Parkinson’s disease patients that impaired basal
ganglion function induces a shift from the frontal motor
circuit, which includes the basal ganglia, towards a loop
supporting motor action, including the parietal cortex, is
supported by the observations in the present study (Playford
et al., 1992; Samuel et al., 1996).
The dependence of the ability to coordinate sequential
externally triggered movements with the ability to activate
the rostral cingulate and supplementary motor area for
Huntington’s disease patients was demonstrated in the
correlation analysis. These areas are equivalent to those
shown to be hypoactive in Parkinson’s disease (Samuel et al.,
1996). This may indicate that, although rigidity and akinesia
in Huntington’s disease patients in the early stages of disease
are not dominant, impairment of the direct pathway could
have affected more the ability to perform the automated
motor task correctly. This finding can be explained partly by
the design of the study. All patients exhibiting relevant
choreatic hyperkinesias during the scan were excluded. Thus
any hyperkinetic component was minimized in the
Huntington’s disease patients that were analysed, which
would directly influence the measured motor action. The aim
of controlling involuntary movements as much as possible
has led to selection bias towards patients with more
hypokinetic forms of Huntington’s disease, although
bradykinesia and rigidity were not predominant in these
patients. But the fact that rostral cingulate and supplementary
motor area are the main areas appearing in the correlation
analysis is also a strong indicator of their critical importance
for the coordinated execution of an externally triggered motor
task (Damasio et al., 1996). The degree to which Huntington’s
disease patients are able to recruit these areas, rather than
the total impairment of basal ganglion function itself, may
determine their ability to perform automated motor tasks
adequately.

Conclusion
This study has demonstrated, in patients with Huntington’s
disease, impaired activity of the striatum and its frontal motor
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projection areas and enhanced activity mainly of parietal
motor related areas, during voluntary movement. This
imbalance in cerebral function can be explained in terms of
the pathology of Huntington’s disease, which leads to global
impairment of all output channels of the basal gangliathalamo-cortical motor circuit projecting to the cortex and
the compensatory recruitment of additional accessory motor
pathways involving the parietal cortex.
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